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Preface

Ten years have lapsed between the first and second editions 
of Small Animal Clinical Pharmacology and Therapeutics. An 
increased recognition of the importance and benefits of the 
human−companion animal bond by the profession has con-
tributed to the remarkable changes that have occurred in the 
provision of health care to dogs and cats. Many private spe-
cialty practices now supersede academic veterinary teaching 
hospitals in terms of cases, clinicians, facilities, and diagnostic 
or therapeutic interventions. Corporate veterinary medicine 
has become an influential force in the provision of health care 
to dogs and cats. Electronic media and pharmacy services are 
simultaneously a blessing and a bane; discriminating between 
the two can be difficult.  “Natural” products are increasingly 
perceived by consumers as the safer and preferred approach 
to prevention or treatment of diseases. The decade has seen 
a focus on public health in terms of antimicrobial resistance, 
bioterrorism, and translational medicine. Excitingly, an appre-
ciation of the importance of naturally occurring diseases in 
dogs and cats as translational models for the same disease in 
humans has emerged in human and veterinary medicine, pav-
ing the way for integrated clinical research. The client’s expec-
tation of better care for their pet contributes to an urgency in 
the provision of quality care to our canine and feline patients. 
It has been accompanied by an explosion of information, sci-
entific and otherwise, that must be used judiciously.  

Among the goals of this second edition is the provision 
of information that will facilitate this judicious use. 
Pharmacology is directed physiology; as such, it is a dose 
away from toxicology (the dose does make the poison).  With 
every therapeutic intervention we implement in our patient, 
our intent is to supersede signals that the patient’s body 
has put in place to maintain normal physiology or correct 
pathophysiology. Each dose increases the risk of adversity as 
a result of therapeutic failure, medication error, or an adverse 
drug reaction.   It is only with an accurate assessment of what 
we know, and a deep respect of and acknowledgement for 
what we don’t know, that we should approach the use of drugs 
in our patients. Yet, today’s veterinary curriculum often do not 
provide the education needed to promote judicious drug use, 
inadvertently promoting a more cavalier approach based on 
formulary-derived recipes rather than literature-based science. 
Today’s pharmaceutical market provides fewer approved 
drugs, leading to increased use of drugs and preparations 
(e.g., compounded products) that are not approved for use—
and thus not scientifically studied—in the target species. 
Surveillance of adverse drug events or medication errors is 
paramount to safe drug use in the patient. Yet, the availability 
of such data to the veterinary profession is hampered by 

limitations in  practitioner reporting, user-friendly reporting 
sites, and the ability of regulatory or other agencies to analyze 
and to report the data to the profession in a timely and effective 
fashion. Accordingly, this edition continues to emphasize the 
basic principles of pharmacology, factors that impact plasma 
drug concentrations and the nuances of the individual patient 
that mandate an individualized approach to drug therapy.
For newer drugs or therapeutic approaches in particular, the 
intent is to encourage judicious use through discussion of 
the physiology of the target organ, the pathophysiology of  
the target disease, and the clinical pharmacology of the drugs 
of interest. The second edition includes an increased emphasis 
on rational antimicrobial use, pharmacogenetics, and, in each 
chapter,  expansion of tabular data that summarizes drug use 
and the addition of key points to emphasize major concepts. 

Among the most time consuming efforts made toward 
improvement of the second edition is an assessment of  the 
evidentiary basis for the therapeutic intent of each drug. This 
is manifested in part by a transition from a non-referenced to 
a reference-based textbook. Many time-honored therapeutic 
interventions are based on anecdotal evidence or standard 
of care expressed by experts; such information is difficult to 
reference. Indeed, dosing regimens offer an excellent example 
in that regimens for the same drug may vary widely. Multiple 
texts or formularies were consulted for dosing regimens 
provided in this table. For some dosing regimens, consensus 
could be determined; for others, an attempt was made to 
represent the diversity. The nature of scientific evidence is 
also diverse. For some therapeutic interventions, case reports 
are cited.  For others, systematic reviews (often largely based 
on human data) are cited. However, the last decade has 
seen a marked increase in the report of clinical trials (not a 
sufficient number to allow meta-analyses), and an attempt has 
been made to identify and summarize the relevance of these 
studies to drug use in dogs or cats.  Randomized, placebo-
controlled (cross-over or parallel) blinded studies are the 
minimum criteria for a well-designed clinical trial attempting 
to demonstrate a treatment effect in sample populations.  
When possible, whether the study succeeded in minimizing 
bias and selecting a representative patient sample population 
is addressed. Among the more common assessments was 
the validity of statements regarding treatment effects. Most 
clinical trials are designed to minimize the risk of identifying 
a difference as real rather than from probability (a Type I 
error). However, failing to identify a true treatment effect  
(a Type II error) also is important, and it is this error (the 
power of the study) that is most negatively impacted by a small 
sample size.  Readers and investigators tend to over-interpret 

xi
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the failure of a study to demonstrate a significant difference. 
The assumption is made that such failure is evidence that a 
treatment does not have an effect, or worse, that treatments 
have equal effects.  Accordingly, for many of the clinical trials 
reviewed in this text that did not demonstrate a treatment 
effect, the assessment includes a statement as to whether the 
investigators cited the power of the study to detect a significant 
difference.  A related concern is the issue of statistical versus 
clinical differences among treatment groups. The commonly 
chosen p value of 0.05 is not sacrosanct; as clinicians, a p value 
of 0.1 (the probability that the different response between 
groups would occur despite no treatment effect is ≤10% rather 
than ≤5%) may be just as relevant to our patient.  On the other 

hand, even a statistical difference may not justify a therapeutic 
intervention if the magnitude of differential response between 
the treatment groups is not clinically relevant.  

This text focuses on evidenced-based therapeutic 
interventions. Among the limitations of texts such as these 
is the risk that important, clinically relevant information 
was potentially missed despite exhaustive data base reviews. 
Nonetheless, it is with pleasure, humility, and honor that I 
offer the updated second version of this text. My hope is that 
it provides helpful evidence-based assessment of therapeutic 
interventions that can be provided to the canine and feline 
patient through the practitioner.

PREFACE
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S E C T I O N  1   • Introduction to Drug Use in Dogs and Cats

1
Principles of Drug Therapy
Dawn Merton Boothe

Chapter Outline

DOSE–RESPONSE RELATIONSHIP
DETERMINANTS OF DRUG DISPOSITION

Mechanisms of Drug Movement
Plasma Drug Concentrations
Enantiomers and Drug Disposition

FIXED DOSING REGIMENS
Dose
Interval
Accumulation

PHARMACOKINETICS
Compartmental Analysis
Noncompartmental Analysis
Alternative Pharmacokinetics

OTHER CONSIDERATIONS
Dosing Based on Allometric Scaling and Body Surface 

Area
Routes of Administration
Oral Administration
Parenteral Administration

The intent of drug therapy is to induce a desired pharmacologic 
response for a sufficiently long period of time while preventing 
adverse drug events (see Chapter 4). For most drugs the mag-
nitude of pharmacologic response is proportionately related 
to the (log of) drug concentration at the tissue (receptor) site 
(Figure 1-1). Understanding the relationship among dose, drug 
concentration, and response requires an understanding of the 
pharmacodynamics (i.e., the science of drug action), or the 
physiologic and biochemical effects of a drug and their rela-
tionship to the drug’s mechanism of actions. Most commonly, 
the response is measured in the animal but may also occur in 
a microbe or parasite.1 Pharmacodynamics may be studied 
in vitro (isolated cells or tissue), ex vivo (isolated cells or tis-
sues after exposure to the drug in the intact animal), or in vivo 
(exposure and study occurs in the whole animal). Pharmaco-
dynamics ultimately should be integrated with the science of 
pharmacokinetics, that is drug movements through the body.

DOSE–RESPONSE RELATIONSHIP

Pharmacodynamic responses occur at many levels, ranging from 
single molecules to whole animals. Drugs induce their responses 
through a number of mechanisms, most of which involve direct 
or indirect interactions with cell macromolecules and generally 
proteins. Direct interactions with nonprotein molecules are less 
common, but examples include nucleic acids (e.g., cancer che-
motherapeutic agents), metal chelating drugs, or antacids used 

to chemically neutralize gastric acid. Drug responses more com-
monly reflect the interaction of the drug, acting as a ligand, with 
receptors (Figure 1-2). A receptor most commonly is a large 
protein macromolecule (e.g., structural, enzymatic, carrier, or 
ion channel proteins) responsible for cellular signaling. Recep-
tors may be located on or in the cell membrane, in the cytosol, 
or within an intracellular structure (i.e., nucleus). Physiologic 
functions of the body generally are regulated by multiple recep-
tor-mediated mechanisms, each responding to different molec-
ular stimuli. Examples of target receptor categories include 
hormones, neuromodulatory receptors, and neurotransmitters.

Interaction between a drug and its receptor generally results 
in activation (either directly or indirectly) of cellular biochem-
ical processes (e.g., ion conductance, protein phosphorylation, 
or DNA transcription) by way of a transduction pathway that 
ultimately brings about the pharmacologic effect.1 A time 
lag may be associated with transduction (Figure 1-2). Acti-
vation reflects the drug’s mechanism of action, whereas the 
sequelae of the stimulation at the molecular, cellular, or tis-
sue level reflect the drug’s pharmacodynamic effects. Second-
ary intracellular messenger molecules are often activated by 
drug–receptor interaction; they subsequently set in motion a 
cascade of events that eventually causes the response. Among 
the most common receptors are transmembrane receptors 
linked to guanosine triphosphate–binding proteins (G pro-
teins). These then activate second messenger systems such 
as adenylyl cyclase (e.g., beta-adrenoceptors), the cytosolic 
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inositol triphosphate pathway (e.g., alpha-adrenoceptors), or 
membrane-bound diacylglycerol (DAG).

Two properties describe drug-receptor interactions: affin-
ity, or the capacity of a drug to bind to a receptor, and intrin-
sic efficacy (or activity), or the capacity of a drug to activate 
or inactivate a receptor. The latter is a complex relationship 
dependent on drug concentration, receptor activation, and 
cellular response. Affinity is usually mathematically defined as 
the reciprocal of the dissociation constant of the drug for the 
receptor.1 A receptor often is characterized by multiple types 
(e.g., alpha- and beta-adrenergics; mu, kappa, and delta opioid 
receptors) and subtypes (e.g., alpha 1 and 2, beta 1, 2, or 3; mu 
1 or 2). The selectivity of a drug action generally reflects the 
specificity of the drug for the target receptor binding. Drugs 
often target multiple receptors, although interactions may be 
concentration dependent or may result in blocking rather than 
activating specific receptors. Receptor characteristics (e.g., 
numbers and affinities) are influenced by both external and 
intracellular conditions. Tissues vary in receptor numbers and 
subtypes; indeed, proper physiologic responses are dependent 
on this variability. The relationship between a drug and phar-
macologic response was at one time assumed to be directly 
proportional to the number of receptors occupied by the drug, 
with a maximal response reflecting 100% occupancy and activa-
tion (i.e., the drug receptor theory). However, the interactions 
are much more complex than that described by a simple linear 
relationship. Different kinetic relationships (linear, log-linear, 
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Figure 1-1 The relationship among log plasma or tissue 
drug concentration and dose and response generally can 
be considered linear within the concentrations used thera-
peutically. Ideally, plasma drug concentration will fall within 
the therapeutic range (between Cmax and Cmin) throughout 
most of the dosing interval. A representative concentration 
versus response curve generally yields a sigmoidal shape. 
At lower (20% response) and higher concentrations (>80% 
response), larger dose increases are required to stimulate a 
response. Therapeutic doses should target the linear portion 
of the curve, between 20% and 80% of the maximal effect. 
Above that point increasingly larger doses again are needed 
to generate a change in response, and the risk of toxicity 
increases, although the dosing interval may be prolonged for 
safe drugs.
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3CHAPTER 1 Principles of Drug Therapy

polynomial), multiple activation states, (active, inactive, rest-
ing), cell amplification of the drug-receptor signal, and exis-
tence of spare receptors are some examples of the complexities 
that determine the relationship between drug concentration 
and response. The scientific description, examination, and 
ultimate prediction of drug–receptor interactions are often 
accomplished by generation of dose–response curves; the 
graphic representation most generally is represented by a sig-
moidal curve (Figure 1-3; see also Fig. 1-1). The curve indi-
cates that increasing drug concentration at the receptor site 
increases the number of bound receptors and thus drug effect. 
If concentration–response curves are plotted on a logarithmic 
(x) axis, the portion of the curve that lies between 20% and
80% of the maximal response is generally linear. This is the
portion most relevant to therapeutic concentrations and thus
encompasses the therapeutic range. Increasing a drug dose
within this range generally results in a proportional increase in
response. However, once the 80% mark is passed, as receptors
become saturated, a much larger increase in concentration
(dose) is necessary to increase response. Although this may
increase the risk of adverse effects, for drugs which are safe,
it may also prolong the dosing interval since the response will
not change much as concentrations decline to the 80% level.
At that point, drug concentration declines exponentially (gen-
erally first order), and response will also decline log-linearly
with time (e.g., 50% decline with one half-life). Note that for
some drugs (i.e., drugs that irreversibly interact with recep-
tors, drugs with active metabolites,), response may not be
related to plasma (tissue) drug concentrations.

The interaction of a drug with a receptor is similar to that 
between a substrate binding to the active site of an enzyme. As 
such, similar equations and parameters are used to describe 
the relationship between dose and response. The effective dose 
(ED) is the quantity of administered drug that will produce the 

(desired) effects for which it is administered. The median effec-
tive dose (ED50) is the dose that produces the desired effect in 
50% of a population. However, dose is a less accurate descriptor 
of what is happening at the receptor than is effective concentra-
tion (EC). The affinity of the drug for the receptor is described 
by the (effective concentration) EC50, the drug concentration 
that yields 50% of the maximal response (see Figure 1-3, A). 
The different actions of a drug, such as therapeutic and adverse 
effects, are often due to the drug binding to different recep-
tors with different EC50 values. Ideally, the EC50 for an adverse 
event is higher than that of a therapeutic response. The ratio of 
adverse event EC50 to the therapeutic effect EC50 is the thera-
peutic index and provides some indication of drug safety in that 
the larger the index, the safer the drug. Efficacy and potency are 
two terms used to describe the relationship among drug, con-
centration, and response. Efficacy refers to the maximum effect 
(Emax) a drug can have (e = 1 indicates a full response), whereas 
potency is a comparative term that describes the concentra-
tion of two drugs necessary to induce the same magnitude of 
response. Generally, plots describing efficacy and potency are 
based on log 10 concentration versus percent response curve. 
(see Figure1-3, A). Drugs are considered equal in efficacy if they 
can cause the same magnitude of response; the more potent 
drug will cause an EC50 at a lower concentration. As such, the 
dose of a less potent drug may simply need to be increased to 
achieve the same effect of the more potent drug.

Drug–receptor interactions do not always yield the maxi-
mal response. Receptor interaction with a drug that acts as an 
agonist (generally, a structural analog of the targeted receptor) 
results in some level of activation. The occupation theory of 
drug–receptor interaction indicates that the magnitude of the 
response produced by an agonist is directly proportional to the 
number of receptors occupied.1 Pharmacodynamic antagonism 
occurs when one drug inhibits the agonistic effects of another 
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response (Emax), they are equally effective, whereas drug B is less effective (B). However, drug B is more potent than drug C, and 
drug A is more potent than both because the dose or concentration of A necessary to achieve a 50% maximum response (ED50 
or EC50) is less than that for B or C. A similar set of curves can be used to describe competitive and noncompetitive inhibition. 
A drug that noncompetitively inhibits another drug will prevent it from reaching its maximum effect, and thus decrease the Emax 
(plot B, with noncompetitive drug present, plot A without it). In contrast, a drug that competitively inhibits another drug will not 
alter its Emax, but will increase the concentration of the drug necessary to achieve it (plot C represents a drug with a competitor 
present; plot A, drug without competitor).
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through actions at the same pathway, although this does not 
have to occur at the receptor. Like an agonist, an antagonist 
interacts selectively with receptors, but it lacks intrinsic efficacy 
and thus is able to block or reduce the action of an agonist at 
the receptor. Drugs that target opioid receptors (at least three 
types, with mu receptors having at least two subtypes) offer an 
example of the different sequelae of drug–receptor interactions. 
The “full” agonist (e.g., fentanyl) results in the maximal effect 
(e.g., at mu receptors). A drug that acts as a “reversal” agent 
would reduce the effect of an exogenous agonist (e.g., nalox-
one reverses the effects of fentanyl) whereas a “blocking” drug 
antagonizes endogenous agonists (e.g., catecholamines tar-
geted by beta- or alpha-blockers). Drugs might have dual ago-
nist and antagonist properties at the same receptor (although 
to variable degrees in different tissues). Because the response is 
not maximal, they are referred to as partial (low-efficacy) ago-
nists; buprenorphine is a partial agonist opioid at mu receptors. 
Drugs might also act as an agonist at some receptors and an 
antagonist at other receptors. Butorphanol is a mixed agonist/
antagonist (at kappa and mu receptors, respectively).

The relationship between an antagonist and receptor can 
be described as competitive or noncompetitive. Competition 
between compounds occurs at the same receptors and can be 
reversible or irreversible. Reversible antagonists easily disso-
ciate from the receptor, whereas irreversible antagonists form 
a stable chemical bond with the receptor (e.g., in alkylation). 
If the interaction is reversible, an agonist present at sufficiently 
high concentrations can displace an antagonist. As such, 
reversal of the agonist or the response may require a higher 
dose (or a repeat dose) of the antagonist (see Figure 1-3, B). In 
contrast, an irreversible antagonist cannot be displaced from 
the receptor. As such, the cellular response can not occur until 
the receptor is replaced (duration dependent on rate of recep-
tor turnover) and any remaining unbound antagonist has been 
removed from the body. The presence of a reversible competi-
tive inhibitor will decrease the potency of a drug because a 
higher concentration will be necessary to induce the same 
pharmacologic response. 

In contrast, the presence of an irreversible competitive 
inhibitor will decrease the efficacy of the drug by prevent-
ing the maximal possible response. In contrast to competitive 
antagonists, noncompetitive antagonists interact with receptors 
at a site different from the agonist–receptor interaction site. The 
interaction often involves a site in the transduction pathway 
between the receptor and the pharmacodynamic response.1 
Noncompetitive interactions are generally, but not always, 
reversible. Note that three other types of antagonism, in addi-
tion to pharmacodynamic, can occur between drugs: chemical 
antagonism results from a direct chemical interaction between 
two drugs (i.e., a weak acid and weak base), physiologic antago-
nism occurs when two drugs act in the same physiologic system 
but act on different receptors or pathways, and pharmacoki-
netic antagonism occurs when one drug alters the response to 
another drug through changes in disposition (see Chapter 2).

Pharmacodynamic responses are also influenced by the 
presence of drugs beyond activation. Receptor upregulation 
and downregulation is an adaptive mechanism that may affect 

clinical response. Sequelae may include but are not limited to 
tachyphylaxis, a rapidly decreasing response to a drug after 
administration of only a few doses; tolerance, a decreasing 
response to repeated constant doses of a drug that will neces-
sitate a concentration and thus dose increase, if the response 
is to be maintained; and withdrawal, the syndrome of often 
painful physical and psychological symptoms that occurs 
when an addictive substance is discontinued.

The pharmacodynamic response to a drug ideally will occur 
with any given dose within a therapeutic range. The therapeu-
tic range provides a target for the dosing regimen. It consists 
of a minimum effective plasma drug concentration (PDC) 
(trough or Cmin), below which therapeutic failure is likely to 
occur, and a maximum effective PDC (peak or Cmax), above 
which a type A adverse reaction (see Chapter 4) is more likely 
to occur (see  Figures 1-1 and 1-3).2,3 Dosing regimens are 
composed of a dose (e.g., mg/kg) and an interval (e.g., every 
8 hours) for each route. The dose of the regimen generally is 
designed to achieve and maintain PDC within the therapeutic 
range throughout most of the dosing interval. Thus targeted 
peak PDCs often approximate but do not exceed Cmax, whereas 
trough concentrations approximate but generally do not drop 
below Cmin. However, a therapeutic range is a population sta-
tistic that describes the concentrations between which most 
animals will exhibit the (desired) pharmacodynamic response; 
each animal will respond (therapeutically or adversely) at a dif-
ferent point in the range. Although most animals will respond 
at some point within the range (the majority in the middle of 
the range), a small percentage will respond above or below the 
range. Therapeutic drug monitoring (see Chapter 5) is used to 
establish where in the therapeutic range the individual animal 
will respond; in other words, it will establish the patient’s thera-
peutic range. Ideally, studies that determine the dosing regimen 
in a target species reflect integration of pharmacokinetic and 
pharmacodynamic studies in that species.4 Two primary com-
ponents of a dosing regimen are dose interval. In general, dose, 
which ultimately determines PDC, is influenced primarily by 
the tissue that dilutes the drug (i.e., volume of distribution), 
whereas interval is influenced by elimination of the drug (i.e., 
half-life). Unfortunately, studies that describe the time course 
of a drug in animals are limited and, when available, generally 
focus on healthy rather than diseased animals. As such, clini-
cians are faced with individualizing dosing regimens in the 
patient according to the principles of clinical pharmacology—
that is, the study of drugs5 and their behavior (disposition)6 in 
animals.

DETERMINANTS OF DRUG DISPOSITION

Mechanisms of Drug Movement
Drugs move through the body by two major mechanisms: 
bulk flow and passive diffusion. The cardiovascular system is 
the primary determinant of bulk flow; glomerular filtration 
is one of the more important specific examples. The chemi-
cal nature of the drug does not affect bulk flow. Most drugs 
are characterized by a molecular weight (MW) of 350 or less, 
ensuring movement of unbound drug between endothelial 
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cells despite the presence of protein filters in the endothelial 
gaps. Exceptions are made for those tissues whose capillar-
ies are not fenestrated, because endothelial cell junctions are 
tight. Drug movement for these tissues must occur across cell 
membranes. Drugs can move through cells directly through 
the lipid layers of the cell (e.g., passive diffusion), through 
aqueous pores formed by aquaporins (proteins) that span the 
width of the membrane, by combination with transmembrane 
carrier proteins, and by pinocytosis. Of these, transmembrane 
(passive) diffusion and carrier-mediated movement are most 
important.

Passive diffusion occurs independent of any other mecha-
nism of drug movement and requires no energy. Passive diffu-
sion through cell membranes depends on a number of factors. 
The single most important factor is concentration of diffus-
ible drug, which is most easily manipulated by increasing the 
dose. Additionally, host and drug factors will also influence the 
concentration of diffusible drug. Host determinants of passive 
diffusion are subject to change and include thickness of the 
membrane to be traversed (inversely proportional; e.g., edema-
tous compared with normal tissues), surface area (directly pro-
portional; e.g., small intestine versus stomach), environmental 
pH (see ionization), and temperature (directly proportional). In 
contrast, drug characteristics influencing passive diffusion are 
not subject to change, and thus cannot be easily manipulated. 
They largely influence lipid solubility of the drug.2,3 Lipid solu-
bility is, in turn, influenced by a number of drug characteristics, 
including the inherent chemical structure of a drug, such as 
molecular weight (smaller molecules diffuse more easily) and 
partition coefficient (PC). The PC is an experimental measure 
of relative lipid solubility as influenced by the chemical struc-
ture of the drug. The ratio is determined by mixing the drug in a 
combination of water and an organic solvent (e.g., octanyl). The 
difference in drug concentration between the two solvents once 
mixing is complete reflects, in part, the inherent lipid versus 
water solubility of the drug. Measurement of the concentration 
of drug in each solvent generates an octanyl:water coefficient 
or PC, which might be useful for predicting the ability of a 
drug to pass through cell membranes. A ratio greater than 1 
suggests greater distribution to the organic phase, indicating 
lipid solubility. For example, in regards to providing analge-
sia, fentanyl (PC of 717) is both more potent and more rapid 
acting, but shorter in duration, compared to morphine (PC of 
0.7), presumably because it can move more rapidly through the  
blood–brain barrier (Figure 1-4). Benzene rings, carbon dou-
ble bonds and methyl groups tend to make a drug more lipid 
soluble, whereas polar compounds such as amine or hydroxyl 
groups contribute to drug-water solubility.

In addition to lipid solubility, drug pKa and environmen-
tal (host) pH will also influence distribution of drug into body  

compartments. The Henderson-Hasselbalch equation describes 
the pH partition theory (Figure 1-5). Assuming a drug is suf-
ficiently lipid soluble to cross cell membranes, a steady-state 
equilibrium will be reached when the amount of drug moving 
from one area equals the amount moving in the opposite direc-
tion and the concentration of diffusible drug will be equivalent 
on either side of a membrane. However, in its ionized form, 
a drug is not diffusible, cannot traverse lipid membranes, and 
becomes trapped and thus “partitioned” by the pH in its sur-
rounding environment. Although the concentration of the non-
ionized (diffusible) portion on each side of the membrane will 
be equal (assuming a steady state equilibrium is reached), the 
total concentration on either side may differ if the pH on either 
side of the membrane is different (Figure 1-5). The difference 
depends on the pKa of the drug and the environmental pH on 
either side of the membrane. Drugs will be trapped by ioniza-
tion when present in an “unlike” environment. Drug pKa (the 
pH at which the drug is 50% ionized and 50% nonionized; ratio 
1:1), and its behavior as a weak acid or base defines the degree 
of ionization. For a weak acid, as local pH decreases (becom-
ing more “like”), the nonionized and thus diffusible proportion 
will increase. In contrast, for a weak acid, an increase in pH 
(“unlike”) will increase the ionized proportion. The opposite 
is true for a weak base: increasing pH will increase the non-
ionized or diffusible proportion, whereas a pH decrease will 
increase the ionized, nondiffusible portion (Box 1-1).

Although less common, drug movements other than pas-
sive diffusion and bulk flow influence PDC. Carrier-mediated 
transport includes both facilitated diffusion (nonactive) or 
active transport. An example important transport system is the 
P-glycoprotein system, an MDR-1 gene product best known
for imparting multidrug resistance to cancer cells (and to
microbes).7 However, this transport system occurs in several tis-
sues in the body, including renal tubular brush borders and bile
canniculi (responsible for drug excretion from the body); the
brain or other “sanctuaries” (responsible for keeping exogenous
componds out of critical tissues); characterized by a blood– 
tissue barrier; and in portals of entry, including the lower gastro-
intestinal tract (reducing oral drug bioavailability).8 Pinocytosis
is a rare drug movement exemplified by the uptake of vitamin
B12 in the ileum and aminoglycosides by renal tubular cells.

Plasma Drug Concentrations
Although response to a drug reflects concentrations at the 
tissue (or cellular level), because tissue samples cannot be 
collected easily, drug concentrations at the tissue site are 
approximated by measuring PDCs. After administration of a 
fixed dose of a drug, several drug movements act in concert to 
determine PDC (Figure 1-6).2,3,6,9 These movements largely, 
but not exclusively, depend on passive diffusion of the drug 
and include absorption (A) from the site of administration to 

KEY POINT 1-1 Passive diffusion is the most common 
method by which compounds move through the body. It is 
most influenced by the concentration gradient of diffusible 
drug across the membrane to be diffused.

KEY POINT 1-2 A drug will be more nonionized and more 
likely to diffuse into tissues when present in a “like” 
 environment—that is, acidic drugs in an acidic  
environment.
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Figure 1-5 The Henderson-Hasselbalch equation and the pH partition hypothesis predict the behavior of an ionizable compound 
on the basis of its pKa and the ambient pH. A weak base (bottom) will be predominantly ionized in an acidic environment (i.e., 
gastric pH), and thus is likely to be trapped. It is less likely to be ionized in a higher pH and thus is more diffusible (i.e., plasma). 
In contrast, a weak acid (top) is likely to be nonionized in the acidic environment and thus is more likely than the weak base to 
move across the lipid membrane and be absorbed. However, in the plasma the higher pH will increase the proportion of ionized 
drug, limiting its diffusion from plasma into cells. (see Box 1-1.)
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Figure 1-4 Lipid solubility of a compound can be predicted on the basis of the octanyl: water partition coefficient (PC), which in 
turn depends on chemical structure. A, Morphine and fentanyl both reach the central nervous system in sufficient quantity to pro-
vide analgesia. However, fentanyl is much more lipid soluble, as is supported by its octanyl:water partition coefficient of 717 com-
pared with that of morphine (0.7). Fentanyl is much more potent and more rapid acting, but it also has a shorter duration of effect. 
B, The PC among the fluorinated quinolones suggests that enrofloxacin would have better tissue distribution than ciprofloxacin. 
This is supported by the relative concentrations of enrofloxacin versus ciprofloxacin in serum compared with tissues 60 minutes 
after administration of 20 mg/kg intravenous enrofloxacin in dogs. Although PC is an important determinant of lipid solubility, 
it may vary with surrounding pH. (ENRO, enrofloxacin; CIPRO, ciprofloxacin; PRADO, pradofloxacin; MARBO, marbofloxacin.)
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Figure 1-6 The determinants of plasma drug concentration (ADME) act in concert after administration of a fixed dose. The drug 
must first be absorbed, most commonly from the gastrointestinal tract (Absorption–A). Orally administered drug passes through 
the liver before reaching systemic circulation (not shown). Once in circulation, drug not bound to plasma proteins (free drug) is 
distributed into tissues (Distribution–D), where it can be bound to tissues or distributed back to circulation. Elimination of the 
drug from the body occurs by hepatic metabolism (Metabolism–M) and renal or biliary excretion (Excretion—E) of the drug or its 
metabolites. Drugs that are protein bound will not be filtered by the kidney or metabolized by the liver unless actively secreted 
in the kidneys and or characterized by flow-limitation in the liver. Excreted drugs can be passively reabsorbed by the kidney or 
following biliary excretion after deconjugation in the gastrointestinal drug (enterohepatic circulation). (Adapted from Ettinger SJ, 
Feldman EF, editors: Textbook of veterinary internal medicine, ed 5, Philadelphia, 2000, Saunders.)

The pH Partition Hypothesis
The pH partition hypothesis is the ratio of ionized:nonionized 
drug and is based on pH (of the environment) and pKa (of the 
drug) (see Figure 1-5). The proportion of ionized to unionized drug 
is described by the Henderson-Hasselbalch equation. For acids, the 
ratio (ionized:nonionized) is 10n, and for a weak base the ratio is 10-n. 
The ratio of the ionized:nonionized (I:U) drug can be useful for 
predicting movement between tissues. A drug is considered signifi-
cantly ionized if the ratio (I:U) is greater than 100. Thus for a weak 
acid the drug is considered ionized in an environmental pH that is 2 
or more higher than its pKa (pH − pKa = 2; 10n = 102 = 100 I : 1 U) 
A weak base is considered ionized if the pH is or 2 or more below 
its pKa.. (pH − pKa = -2; 10-n = 10-(-2) = 102 = 100). Ideally, for drug 
movement to occur by passive diffusion, the pH will be no more 
than 2 pH units above the pKa for the acid and no more than 2 
pH units below the pKa for the base. The gastrointestinal tract (pH 
6.0) offers an example of how pH partition influences drug move-
ment. Orally administered aminoglycosides (weak bases with pKa 
approximating 7 to 9) are ionized at a ratio of approximately 1000:1 
(6 − 9 = −3, 10 -n = 10 –(-3), = 103 = 1000:1 [I:U]. Thus there is only 
one nonionized or diffusible ion for each 1000 ionized  amikacin 

molecules. The ionized molecules will be trapped and will not be 
absorbed, limiting absorption of this water-soluble drug. In con-
trast, the proportion of the ionized weak acid penicillin (pKa about 
2) would be 0.0001:1 (2 − 6=10-4); for every ionized molecule, 
10,000 molecules would be nonionized (the inverse of 0.0001:1). As 
such, if other factors are supportive (e.g., the drug is not destroyed 
by the gastric acidity), penicillin should be well absorbed from the 
gastrointestinal tract. The urine is another site where pH partition 
may influence drug movement. Penicillin located in urine with a 
pH of 7 would be ionized at a ratio of 10,000:1 (105), whereas the 
aminoglycoside would be ionized at a ratio of only 100:1. If the 
urine pH was 8, the ratio of I:U would be 10 for the aminoglyco-
side, which is not considered significant to preclude drug move-
ment. In either pH the aminoglycoside would be more likely than 
the penicillin to be passively resorbed and to penetrate microbial 
membranes. Drug that is partitioned by ionization acts as a reser-
voir, replacing nonionized drug that may leave the other side of the 
membrane in an open system. Eventually, assuming the nonionized 
side remains “open,” both sides of the membrane will eventually be 
depleted of drug.

Box 1-1
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systemic circulation, defined as the major vessels and well-
perfused organs; distribution (D) of the drug from systemic 
circulation to tissues (target and nontarget) and back again; 
and elimination of the drug from the body by metabolism (M) 
and excretion (E). These drug movements are dynamic, occur-
ring simultaneously, and their net effects determine PDC at 
any time during the dosing interval after administration of a 
fixed dose. Because passive diffusion is the major determinant 
of each drug movement, each in turn is influenced by a num-
ber of other factors. The impact of these factors on the drug 
movements and the time course of drug in the body as a result 
of these movements can be described or modeled mathemati-
cally, leading to the study of pharmacokinetics. Each drug 
movement is influenced by host and drug factors that may 
affect therapeutic success (see Chapter 2).

Absorption
Bioavailability, extent, and rate of absorption. The percent-

age of an administered dose of drug that reaches systemic cir-
culation and is thus able to induce a response is referred to 
as bioavailability (F).2,3,9,10 Bioavailability (see Pharmacoki-
netics section) is used to predict drug efficacy after different 
routes of administration or administration of different formu-
lations of the same drug. Absolute bioavailability or extent of 
absorption is the actual bioavailability and can be determined 
only by comparing the appearance of the drug preparation to 
that after intravenous administration of the drug. In contrast, 
relative bioavailability of two different preparations or by two 
routes of administration of the same drug can be evaluated 
by  comparing their area under the curve (AUC).10 The area 
under the concentration versus time curve (AUC) describes 
the entire time course of the drug. Because its magnitude 
depends on maximum drug concentration and rate of elimi-
nation, it is influenced by several drug movements, including 
absorption. The AUC is used to calculate several other phar-
macokinetic parameters; clinically, it is useful for determining 
response to certain drugs, particularly antimicrobials.11,12

The greater the bioavailability, or extent of absorption of 
a drug, the greater the anticipated pharmacologic response. 
However, pharmacologic response of two different drug 
preparations or the same drug given by different routes may 
vary even if equally bioavailable; two products are consid-
ered bioequivalent only if neither their rate nor their extent 

of absorption differ. Differences in the rate of absorption (e.g., 
absorption half-life [see Pharmacokinetics section]) may 
cause different time to onset, as well as lower peak concentra-
tions, although the duration of effect may be longer.

Factors impacting drug absorption are most profound for 
orally administered drugs. Factors impacting other routes are 
addressed under “Routes of Administration.”

Oral absorption. Most orally administered drugs reach sys-
temic circulation after absorption from the small intestine. 
The rate and extent of drug absorption in the gastrointestinal 
tract depend on a number of host factors, most of which affect 
passive diffusion (Figure 1-7).9 These include gastrointestinal 
pH, which favors absorption of weak acids; surface area, which 
favors absorption in the small intestine compared with the 
stomach; motility, which mixes the drug, the concentration 
of diffusible drug at the site of movement; permeability and 
thickness of the mucosal epithelium; and intestinal blood flow, 
which maintains the concentration gradient across the muco-
sal epithelium. The latter factor of blood flow is important only 
for drugs capable of rapid transfer across the  epithelium.

In general, the intestinal surface area is so large that changes 
seldom are of sufficient magnitude to effect absorption (see 
Chapter 2). However, changing particle size of the drug prepa-
ration may cause differences in the rate or extent of absorption 
and markedly different bioequivalences. Drug preparations 
often are specifically designed to alter rates of absorption by 
manipulation of particle size.

Bioavailability of an orally administered drug also is influ-
enced by factors after it passes into the gastrointestinal epithe-
lium. Bioavailability is decreased if the drug is metabolized by 
intestinal epithelial cells, microbes, or by the liver. Additionally, 
enterocytes can decrease oral bioavailability of a drug by caus-
ing its efflux from enterocytes, in part because of the presence of 
active transport proteins located on enterocyte cell membranes.13

Transport membranes may act alone or in concert with one 
another; for some drugs, one transporter may predominate, but 
for others, none may. Identifying the role of each transporter 
protein is complicated and difficult to study. Several families 
have been identified. (1) Transporters located on the apical cell 
membrane include the family of organic anion-transporting 
polypeptides (OATPs); these proteins are also located in the 
liver, kidney, and brain and influence distribution and excre-
tion. These proteins transport a large number of amphipathic 
drugs (e.g., digoxin, steroids) and endogenous compounds 
(e.g., steroids, thyroid hormones). (2) Proton-dependent oli-
gopeptide transporters (POTs), driven by a proton gradient, 
are present in the kidney, brain, and the gastrointestinal tract, 
where their activity appears to increase from the duodenum to 
the ileum. Among the drugs influenced by these transporters 
are beta-lactam antimicrobials, ACE-inhibitors, and prodrugs 
of selected antivirals. (3) The family of ATP-binding cassette 
(ABC) superfamily of transporters includes the P-glycopro-
teins. These include multidrug resistance protein (MRP1) and 
a multispecific organic anion transporter (MOAT) also located 
in other tissues. An efflux transporter, P-glycoprotein is charac-
terized by broad substrate specificity. Because it is abundant in 
enterocytes, it can profoundly decrease the oral bioavailability 

KEY POINT 1-3 Plasma drug concentrations at any point in 
time after administration of a dose reflect the combined 
effects of four dynamic drug movements: absorption, 
 distribution, metabolism, and excretion.

KEY POINT 1-4 Absolute bioavailability of a drug  preparation 
can be determined only by comparing its appearance to 
100% availability, which occurs only after intravenous 
 administration.
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of target drugs. It is associated and shares substrate specific-
ity with selected cytochrome-P450 enzymes (most notably, 
CYP3A), which decreases drug that is not effluxed from the 
cell by the transporter (see Chapter 2).13

Hepatic metabolism also can profoundly affect the PDC of 
an orally administered drug. After gastrointestinal absorption, 
drugs enter the portal vein and then the liver (Figure 1-8). As 
such, an orally administered drug is exposed to hepatocytes 
before it enters the systemic circulation. Drugs characterized 
by a high hepatic extraction ratio (>70% extracted) are almost 
completely removed from the blood by hepatocytes during 
the first passage of blood through the liver. As a result, after 
oral administration, drugs that undergo first-pass metabolism 
may not reach systemic circulation in concentrations suffi-
ciently high to cause a pharmacologic response. Despite good 
to excellent oral absorption, such drugs are characterized by 
poor bioavailability and are administered either parenterally 
(e.g., lidocaine) or in oral doses high enough to compensate 
for first-pass metabolism by the liver. Examples of drugs that 
are orally administered yet undergo significant hepatic first-
pass metabolism include selected cardiac drugs (e.g., pro-
pranolol and other beta-blockers, diltiazem in some species, 
hydralazine, nitroglycerin), diazepam, and opioid analgesics. 
The negative effects of first-pass metabolism on pharmaco-
logic response may be reduced if the drug metabolites (e.g., 
propranolol and diazepam) are also pharmacologically active.

Distribution
Once a drug reaches the systemic circulation, it must be dis-
tributed from the central (blood) compartment to periph-
eral tissues to impart a pharmacologic effect. Further, drug 

Luminal contents

Unstirred water layer

Gastric/intestinal pH

Surface area
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P-glycoprotein

Mucosal blood
flow

Figure 1-7 The determinants of oral drug absorption include local pH, the surface area to which the dissolved drug is presented, 
epithelial permeability, mucosal blood flow (particularly for drugs very rapidly absorbed), and smooth muscle motility. The drug 
must be diffusible, and thus must be in the dissolved state (to establish a concentration gradient). Most drugs are absorbed in the 
small intestine because of its larger surface area. The drug transport system, P-glycoprotein, decreases bioavailability through 
drug efflux from the intestinal epithelial cell.
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Figure 1-8 First-pass metabolism occurs as drug absorbed 
from the gastrointestinal tract (from the stomach to the lower 
colon) enters the portal vein and flows to the liver. Once in 
the liver, drugs that are characterized by a high extraction are 
removed rapidly from the blood before entering systemic cir-
culation. Plasma concentrations of such drugs may not reach 
therapeutic concentrations unless the dose is increased to 
compensate for first-pass metabolism. The amount of drug 
removed on the first pass from the liver differs among species 
and ages and according to the presence or absence of dis-
ease. First-pass metabolism can be avoided by transmucosal 
absorption in the oral cavity, or rectal absorption.
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in tissues will be distributed back into plasma so that it can 
be eliminated. The major factors that determine drug distri-
bution to and from tissues include drug lipid solubility and 
its ability to penetrate cell membranes, the degree to which 
the drug is bound to plasma or tissue proteins, and regional 
(organ) blood flow. The presence of transport proteins (p-gly-
coprotein, OATPs, and POTs) also influence drug distribution, 
particularly in “sanctuary” tissues characterized by tissue–
blood barriers (e.g., brain, cerebrospinal fluid, placenta).13

Binding of lipid-soluble drugs to plasma proteins facilitates 
their circulation. Drug binding to proteins may influence sev-
eral determinants of drug movement, including distribution.14 
Weakly acidic drugs tend to bind to albumin, whereas weakly 
basic drugs tend to bind to α1-glycoproteins.15 The large 
molecular weight of protein precludes movement of bound 
drug from circulation into tissues. As such, the protein-bound 
drug is not pharmacologically active; cannot be filtered in the 
normal glomerulus, and for some drugs (i.e., capacity-limited, 
discussed later), cannot reach drug metabolizing enzymes in 
the hepatocyte (or other organ). Presumably, drugs that are 
highly protein bound may be more likely to be involved in 
adverse reactions early in the dosing regimen because dis-
placement of only a small proportion of drug from the pro-
tein (e.g., due to competition with other protein-bound drugs 
or hypoalbuminemia) can increase the total amount of free, 
active drug (Figure 1-9).2,3 A drug is considered significantly 

(highly) protein bound if 80% or more bound; for a drug 
bound less than 80%, displacing enough drug to significantly 
increase the unbound proportion is difficult. For example, dis-
placement of only 1% of a drug that is 99% protein bound (e.g., 
nonsteroidal antiinflammatories) can double the concentra-
tion of pharmacologically active drug. In contrast, to double 
the pharmacologically active form of a drug that is only 80% 
bound (i.e., going from 20% to 40% unbound) would require 
displacement of 25% of the bound drug, which is clinically dif-
ficult to achieve. Yet even with highly protein-bound drugs, 
the clinical relevance of displacement and increased concen-
trations of unbound drug is questionable: in the face of nor-
mal renal and hepatic function, clearance of the freed drug 
by these organs will increase such that “extra” drug is rapidly 
removed.16 However, it is not clear that clearance will increase 
sufficiently in the face of organ dysfunction (e.g., renal or liver 
disease). Further, the package insert for Converia, which is 
highly protein bound, indicates that the plasma drug concen-
tration of several other highly protein bound drugs increased 
with co-administration.

Central compartment Interstitial fluid

99% bound

1% of dose causes drug action

98% bound

Only 1% of drug is displaced, but
active concentration has doubled.

80% bound

20% of dose causes drug action

60% bound

Active concentration has doubled,
but only following a 25% decrease
in bound drug.

Figure 1-9 Displacement of drug from protein-binding sites becomes significant only if a drug is greater than 80% protein bound. 
Displacement of only 1% of a drug that is 99% protein bound doubles the pharmacologically active form of the drug (top two dia-
grams). For a drug that is 80% protein bound, however, 20% of the dose is responsible for pharmacologic actions. Displacement 
of 25% of the drug is necessary to double the pharmacologically active drug. However, because unbound drug will be cleared 
more rapidly (assuming normal organ function), displacement of highly bound drugs may not be clinically important.

KEY POINT 1-6 If a protein-bound drug is displaced from its 
binding protein, the increase in concentration of free and 
thus active drug is likely to be short-lived as the free drug is 
cleared more rapidly in the normal animal, thus potentially 
offsetting any risk associated with increased concentration.
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In addition to its ability to reach target tissues and organs of 
elimination, distribution of a drug is important because of its 
influence on PDC and drug elimination. The amount of tissue 
to which a drug is distributed, often estimated by the theo-
retical parameter, volume of distribution (Vd) of the drug, 
directly but inversely influences PDC.2,3,17 Because it is theo-
retical, Vd is generally referred to as apparent Vd. The Vd of 
a drug also describes the ease with which the drug leaves the 
plasma. Simplistically, volume of distribution is also the vol-
ume to which a drug would have to be distributed if it were 
present throughout the body in the same concentration as that 
measured in the plasma after intravenous (IV) administration 
of a known dose. It can be exemplified by adding 5 g of dex-
trose (considered the dose) to each of two beakers contain-
ing a different but unknown volume of water. The dextrose is 
allowed to distribute equally throughout the beaker (no mem-
branes are present in the beaker) and then the concentration is 
measured. If the concentration in beaker A is 5% (50 mg/mL 
or 5 g/100 mL), then the volume of water in the beaker must 
be 100 mL. If the concentration in beaker B is 2.5% (25 mg/mL 
or 25 g/100 mL), the volume must be 200 mL. The Vd in bea-
ker A is twice that in beaker B. The Vd of a drug in an animal 

is determined essentially the same way: a known dose is given 
intravenously to ensure that all the drug reaches the site being 
measured, the drug is allowed to distribute until equilibrium 
(or pseudo-equilibrium) is reached, and the peak drug con-
centration is determined. The Vd is then calculated by dividing 
the dose by the peak concentration (the y intercept, Co, A or 
B): Vd = Dose/Co (see the Pharmacokinetics section).

The PDC (and response to) a drug at a known dose var-
ies inversely with Vd. Vd differences among species and ages 
(pediatric versus geriatric) can dramatically affect PDC (see 
Chapter 2). In addition, diseases associated with fluid reten-
tion or obesity are likely to increase the Vd of many drugs 
(and thus decrease PDC), whereas dehydration or weight loss 
is likely to decrease Vd and thus increase PDC (see Chapter 
2). The impact depends upon whether the drug is distributed 
to total body water (i.e., a lipid-soluble drug) or extracellu-
lar fluid (i.e., a water-soluble drug). Because the distribution 
of a drug to peripheral tissues removes drugs from organs of 
drug clearance, Vd also directly and proportionately influ-
ences elimination half-life (Figure 1-10). Thus any factor that 
increases Vd will tend to decrease PDC but prolong the elimi-
nation half-life and thus the presence of the drug in the body.

A A A

B B

B

C

C

A � Blood volume 
       (� 5%; 0.05L/kg)
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Figure 1-10 Despite its theoretical nature, the size of the apparent volume of distribution (Vd) may indicate the body compart-
ment to which the drug is distributed. These include (A) the blood compartment (i.e., a drug tightly bound to plasma proteins), 
(B) extracellular fluid (e.g., a water-soluble drug), or (C) total body water (i.e., a liphophilic drug that penetrates cell membranes). 
Increasingly larger volumes represented by these compartment inversely affect plasma drug concentration (PDC) and the slope 
of the elimination (kel) curve. This curve determines elimination half-life, which changes directly with Vd.
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If a semipermeable membrane divided the beakers used to 
exemplify Vd into two compartments, distribution of the dex-
trose throughout each beaker would have taken longer than if 
the membrane were not present. At distribution equilibrium, 
(the amount of drug moving from one side equals the amount 
of drug moving from the other side. Further, at equilibrium, 
although the amount of drug passing between the two com-
partments is equal, membrane or fluid characteristics result in 
different concentrations of drug on each side of the membrane 
after equilibrium has been reached. Thus both the rate (i.e., 
distribution half-life) and extent of drug distribution may be 
affected by membranes. The body contains many membranes 
whose characteristics are sufficiently complex that multiple 
compartments may be formed. Extracellular and intracellular 
compartments (which together make up total body water) are 
major compartments to which drugs distribute. Most capil-
laries are fenestrated and present no barrier to passage of 
unbound drugs from plasma to interstitial fluid. Hence water-
soluble drugs tend to be distributed to extracellular fluid (ECF; 
20% to 30% of body weight) and thus are often characterized 
by a Vd of 0.1 to 0.3 L/kg. Lipid-soluble drugs tend to cross cell 
membranes and thus distribute into both ECF and intracellular 
fluid (ICF; i.e., total body water [TBW]) and as such, generally 
have a larger Vd (>0.6 L/kg). The Vd of highly protein-bound 
drugs reflects the plasma compartment, and as such is very 
small (0.05% of the body weight, or 0.05 L/kg). Such drugs 
may appear to distribute to their total volume almost instanta-
neously, resulting in a PDC versus time described by a single 
component, or a one compartment model (see the pharma-
cokinetics section). However, it is the Vd of the unbound or 
pharmacologically active drug that is more descriptive of the 
disposition and pharmacologic effects of a highly bound drug.

Capillaries of selected organs, including the brain, cere-
brospinal fluid, eye, testis, and prostate, are not fenestrated, 
and drugs must diffuse through the capillary endothelium 
to penetrate these tissues.18,19 For treatment of such organs, 
lipid-soluble drugs (i.e., Vd >0.6 L/kg) are more likely than 
water-soluble drugs to penetrate the endothelial barrier and 
achieve therapeutic concentrations. However, simply because 
a drug has a Vd that equals or exceeds the volume of TBW does 
not assure lipid solubility nor does it guarantee sufficient tissue 
distribution. Drug distribution to various tissues differs with 
drug chemistry, and intracellular accumulation may occur for 
many reasons. Ion trapping was previously discussed; drugs 
also can bind to intracellular proteins (i.e., Na+ K+ ATPase 
of digoxin), bone (e.g., Ca2+ or Mg+ by tetracyclines) or other 
macromolecules (e.g., lysozymes by aminoglycosides). Bound 
drug is generally not active (unless binding occurs to target 
ligands), but bound drug may act as a reservoir for intersti-
tial and plasma drug concentration (e.g., the antimicrobial 
cefovecin). Ion trapping or binding of a drug will remove it 
from plasma; as such, as PDC decreases, for any given dose, 
the Vd will increase. The Vd of a drug characterized by such 
multicompartments may result in a Vd that is greater than the 
volume of the animal (e.g., >1 L/kg). Such a drug exemplifies 
the theoretical nature of Vd in that it simply (mathematically) 
describes the amount of tissue that is diluting the drug if the 

concentrations measured in plasma were the same throughout 
the body. Although Vd is a useful parameter, particularly for 
calculating drug dose, it should not be used to indicate where 
(i.e., ECF, ICF, TBW, or selected tissues) a drug has distributed. 
Further, because the rate and extent of drug distribution to 
tissues varies, the time to equilibrium also will vary. Calcu-
lations for Vd (and determining peak PDC) generally should 
not occur until distribution equilibrium has been reached.

The term distribution equilibrium, or steady-state equi-
librium, is often used to refer to the state in which the amount 
of drug leaving plasma for tissues is equivalent to the amount 
of drug leaving tissues for plasma. The reality is that distri-
bution equilibrium may not ever be achieved because drugs 
are characterized by an “open” system—that is, drug is con-
tinually being eliminated. Hence, the term pseudoequilibrium 
is more appropriate. Distribution equilibrium is less likely to 
be achieved for drugs with a short half-life, particularly when 
administered at a long dosing interval. Drugs that accumulate 
(given at a dosing interval that is shorter than the half-life; see 
later discussion) are more likely to reach a state of equilibrium 
between doses, although the actual concentrations may fluctu-
ate between Cmax and Cmin during a dosing interval.

Documenting the extent to which a drug distributes to a spe-
cific site is difficult because techniques are required that allow 
collection of interstitial versus intracellular tissue. Measurement 
of drug in interstitial fluid or ICF might confirm the site of drug 
distribution. However, collecting a sample of sufficient size using 
methods that are not traumatic (and thus do not impact drug 
movement) is difficult. Several techniques have been developed 
to collect fluid representative of ECF. Examples include tissue 
cage models; “wick” methods; and more recently and perhaps 
most appropriately, the use of microfiltration systems that col-
lect directly from ECF using a microprobe. A less representa-
tive method of reporting tissue concentrations is measurements 
of drug in homogenized tissues; this measures both extracel-
lular and intracellular drug. Drugs bound (trapped) inside a 
cell (e.g., as a result of binding to proteins, or ionization) may 
markedly increase drug concentrations in homogenized tissue, 
but the drug may not be pharmacologically active or available 
to interstitial tissues. However, intracellular drug may act as a 
reservoir, providing continued input to interstitial fluid even as 
PDCs decline. Drug-void cells, on the other hand, will artifi-
cially dilute actual drug concentrations in the ECF.

Thiobarbiturates and propofol undergo a phenomenon of 
redistribution, relevant only for drugs for which an imme-
diate effect can be realized (i.e., general anesthetics). After a 
rapid intravenous bolus administration of these drugs, they 
distribute first into a “central blood pool” composed of low-
volume, high-blood-flow organs such as the brain. Anesthetic 

KEY POINT 1-5 Volume of distribution is used to calculate 
the dose by estimating the volume of tissue that will dilute 
the drug after its intravenous administration. It is theoretical 
because it provides no information regarding the site of dis-
tribution. However, it proportionately impacts plasma drug 
concentration (inversely) and elimination half-life (directly).



13CHAPTER 1 Principles of Drug Therapy

effects occur rapidly. However, the drug effect rapidly termi-
nates, primarily because of redistribution from the brain to 
lean tissues such as muscle (Figure 1-11). Continued redis-
tribution to fatty tissues further reduces PDC and thus the 
pharmacologic effect; sight hounds (which lack body fat) tend 
to have a prolonged recovery with these drugs. The effects of 
these drugs are also magnified in the presence of hypovolemic 
shock because a higher percentage of blood containing the 
drug flows to the brain and heart.

Drugs that distribute to TBW may take longer than distri-
bution to ECF. Clinically, peak PDC (Cmax) cannot be assessed 
until distribution has reached equilibrium (or pseudo-equilib-
rium). If PDCs are being monitored in a patient, blood sam-
ples for peak drug concentrations should not be collected until 
this time. For orally administered drugs, distribution occurs 
during absorption and sampling should occur after absorption 
is complete, generally within 1 to 2 hours after administration.

Metabolism
The rate at which a drug is excreted from the body is the final 
determinant of PDC. Most drugs are eliminated by hepatic 
metabolism, renal excretion, or both.2,3 Lipid-soluble drugs 
require conversion to a water-soluble form before they can 
be eliminated by the kidney; otherwise, their passive resorp-
tion in the renal tubules would preclude excretion. A single 
change in the molecular structure of a lipid-soluble drug to 
a more water-soluble form may reduce a half-life of weeks 
or months to only a few hours. Metabolism can occur in two 

phases (Figure 1-12). Drugs or their metabolites may undergo 
both phases or only phase II metabolism. In general, phase 
I metabolism chemically changes the drug so that it is more 
water soluble and thus more susceptible to phase II metabo-
lism; phase II metabolism generally renders the drug suffi-
ciently water soluble to be renally excreted. An exception is 
made for some phase II metabolites (e.g., selected acetylated 
compounds) that may not only remain reactive but also may 
be more lipid soluble than the conjugated metabolite.

The majority of drug metabolism occurs in the liver. How-
ever, the liver is not the only site of drug-metabolizing enzymes; 
other organs with substantial metabolic capacity attributable 
to CYP or other enzymes include the kidney and portals of 
entry (i.e., lungs, skin, and gastrointestinal tract). Most drug-
metabolizing enzymes are located in the smooth endoplas-
mic reticulum (SER) of the hepatocyte; others are located 
in the cytosol of the cell. Those located in the SER generally 
consist of a protein (cytochrome) with an iron central core 
(pigmented like hemoglobin, hence “P”) that, when bound to 
carbon monoxide, absorbs light at 450 nm; as such, the iso-
zymes are referred to as cytochrome P450 enzymes (CYP450 or 
simply CYP). When the liver is subjected to homogenization 
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Figure 1-11 The phenomenon of redistribution involves the 
rapid distribution of drugs to a central blood pool composed 
of low-volume, high-blood-flow organs such as the brain fol-
lowed by rapid redistribution to lean tissues. Further redistribu-
tion to fatty tissues further reduces plasma drug concentration 
and thus the pharmacologic effect. Sight hounds tend to have 
a prolonged recovery with these drugs because redistribution 
to the fat compartment is less. The effects of these drugs are 
also magnified in the presence of hypovolemic shock because 
a higher percentage of blood containing the drug flows to the 
brain and heart.

Parent drug
metabolite
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Oxidation
Reduction
Hydrolysis

Glucuronidation
Glutathione
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Toxicity

Urine
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Figure 1-12 Hepatic metabolism can occur in one, two, or 
multiple phases. Phase I reactions are oxidative, most often 
accomplished by cytochrome-P450 (hepatic microsomal) 
enzymes. Phase I metabolites may be subjected to either 
phase I or phase II metabolism. Although phase I metabolites 
may be inactivated, they may also be the only active form of 
the drug (prodrugs). Metabolites may also exhibit similar, less, 
or more activity compared to the parent compound. Finally, 
they can also be an important source of drug-induced toxicity. 
Phase II metabolism generally inactivates the drug. The rate 
and extent of both phases of metabolism vary among spe-
cies, ages, and disease states.

KEY POINT 1-7 Perhaps more so than any other factor affect-
ing drug disposition, drug metabolism is complicated by 
physiologic, pharmacologic, and pathologic factors.
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and special centrifugation procedures, the SER forms vesicles 
or microsomes that contain drug-metabolizing enzymes; 
hence these enzymes also are referred to as microsomal drug-
metabolizing enzymes. These enzymes are actually an enzyme 
system that can be identified genetically as a superfamily con-
taining several families of enzymes.20-23 Classification and 
nomenclature of CYP450 is based on gene sequence similar-
ity. The importance of enzymes in humans and the propor-
tion of drugs metabolized by the respective enzyme are 1A2 
(13%), 2A6 (4%), 2B6 (1%), 2C (18%), 2D6 (1.5%), 2E1 (7%), 
and 3A4 (30%). All CYP-mediated drug metabolic reactions 
involve the addition of a single atom of oxygen onto the sub-
strate; as such the CYP drug-metabolizing system is actually 
an electron-transport system, and oxygen radicals are gener-
ated during the metabolic process. Iron serves as a mecha-
nism for separating molecules of oxygen; a lipid environment, 
(NADP reductase serves as the electron donor) and oxygen 
are required for CYP-catalyzed metabolism to occur. Not 
surprisingly, overlap among drug substrates for the different 
isozymes is among the reasons that isoenzyme activity can 

not be predictably extrapolated among species. Inducers and 
inhibitors differ in normal animals, among species, breeds, 
ages and gender, as well as tissue. Different concentrations of 
the various isoenzymes in tissues contribute to tissue specifici-
ties of some drug toxicities. The patterns of drug metabolism 
are complex, and the sequelae of the reactions variable. Drugs 
can be metabolized through several pathways, and metabolites 
often are further metabolized; metabolic pathways can also go 
backward to previous metabolites.

The major phase I drug-metabolizing reactions include 
oxidation (addition of oxygen across a carbon double bond 
[including on a benzene ring], addition of oxygen to a carbon 
chain, or deamination), hydrolysis (addition of water), and 
reduction (addition of hydrogen) (Figure 1-13).

The sequela of phase I metabolism commonly is drug 
inactivation (e.g., phenobarbital). However, phase I metab-
olites often are equally, more (i.e., primidone or prodrugs, 
which must be activated such as enalapril), or less (e.g., 
diazepam, cyclosporine) active than the parent compound. 
More problematic, phase I metabolites often are reactive 
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Figure 1-13 Propranolol offers an example of complex metabolism. Hepatic metabolism of propranolol follows multiple pathways, 
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(e.g., oxygen radicals) and thus are more toxic (e.g., acet-
aminophen) than the parent compound (see Chapter 3).23,24 
In such instances, phase II metabolism is critical to protect-
ing the liver (or other metabolizing tissue) from metabolic 
products.

Phase II metabolism, also known as conjugation, occurs 
when a large water-soluble molecule is chemically added to 
either the parent drug or its phase I metabolite; this phase is 
often referred to as synthetic (see Figure 1-13). Generally, with 
the exception of glutathione transferase, phase II reactions 
require energy. As with phase I enzymes, families of enzymes 
catalyze each of the synthetic reactions. Glucuronidation is the 
most common phase II reaction; common substrates include 
OH and COOH functional groups (see Figure 1-13). The cat is 
deficient in some (but not all) glucuronide synthetic enzymes 
and as such does not eliminate phenols or carboxylic acids well 
(see Chapter 2). Glucuronide conjugates are eliminated in the 
urine and bile; degradation in the gastrointestinal tract and 
reabsorption of the substrate results in enterohepatic circula-
tion. The glutathione transferase system targets electrophiles 
(compounds seeking electrons) and as such has several differ-
ent roles in the body, including detoxification of radical metab-
olites. However, the enzyme can be rapidly depleted, which 
increases the risk of liver, red blood cell, or other tissue damage; 
n-acetylcysteine is a precursor for glutathione that can be used
to replenish the system. Sulfonation targets hydroxyl groups
and as such compensates somewhat for glucuronide deficien-
cies in cats. Acetylation is a less common synthetic reaction;
sulfonamides are common substrates. The dog is a poor acetyl-
ator (see Chapter 2). With rare exceptions, phase II metabolites
are inactive. The most common exception is with acetylation,
which may result in formation of active metabolites (e.g., pro-
cainamide). Most hepatic drug metabolites are excreted in the
urine, although some conjugated drugs undergo biliary excre-
tion. Such drugs are potentially subject to enterohepatic circu-
lation. Species (and no doubt breed) differences in both phase I
and phase II metabolism are well recognized but insufficiently
described (see Chapter 2).

Exogenous products are not the only substrates for drug-
metabolizing enzymes. Many metabolic reactions are criti-
cal to formation or degradation of endogenous substances. 
Important noncytochrome metabolic enzymes include those 
that oxidize aldehydes or alcohols (esterases: e.g., acetylcholin-
esterases), monoamine oxidases (responsible for metabolism 
of endogenous catecholamines, dopamine, and related mole-
cules) and dehydrogenases (alcohol and aldehyde) responsible 
for many endogenous reactions.

Factors that can affect hepatic drug metabolism include 
the amount and activity of drug-metabolizing enzymes and, 
if the drug is characterized by a high extraction ratio (>70%, 
a flow-limited drug), and hepatic blood flow. For flow-limited 
drugs, removal by drug-metabolizing enzymes is so rapid that 
the only limitation to the rate of elimination is blood flow. In 
contrast, extraction of capacity-limited drugs is slow. Pro-
tein binding directly decreases the clearance and thus rate of 
elimination of capacity-limited, but not flow-limited, drugs. 
Disease, drug interactions, and species differences can have a 

profound impact on drug metabolism and thus drug elimina-
tion (see Chapter 2).

Enantiomers and Drug Disposition
Whenever a carbon atom has four different structures bonded 
to it, two different molecules can be formed. Stereoisomers are 
chemical compounds with the same molecular formula that 
differ only by the orientation of functional groups in space 
around the central atom (e.g., carbon). Enantiomers are stereo-
isomers that differ due to orientation of four different groups 
around a single carbon (or phosphorous or nitrogen) atom and 
are nonsuperimposable mirror images of one another (Figure 
1-14). The center atom around which the asymmetry occurs is
referred to as the chiral molecule. The enantiomers are differen-
tiated as to either D (dextrorotatory) or L (levorotatory). More
commonly, they are defined by the direction in which they
rotate light. As such, they are “optical isomers”: if one enantio-
mer rotates light to the left (S, or sinister [counterclockwise]),
the other will rotate it to the right (R, rectus [clockwise]) the
same number of degrees. The only physical difference between
enantiomers is the direction in which they rotate light. How-
ever, although the physical characteristics of enantiomers are
similar, the pharmacodynamics (including both potency and
efficacy) and pharmacokinetics (all phases of disposition)
may be profoundly different for each isomer. Most enantio-
meric drugs are sold as racemic mixtures (generally 50:50),
and administration of such drugs represents polypharmacy.25

Further complicating enantiomer disposition is the potential
for each enantiomer to be converted to the other after admin-
istration. Species differences are likely to be profound. Unfor-
tunately, analysis of enantiomers in tissue samples is difficult:
they are so physically similar that their physical separation
and thus quantitation from one another is difficult. Examples
of drugs that exist as enantiomers include selected anthelmin-
tics, verapamil, ketamine, inhalant anesthetics (isoflurane),
selected cardiac drugs (e.g., beta blockers, including proprano-
lol [see Figure 1-13], albuterol, and others), and a number of
nonsteroidal antiinflammatories (e.g., the profens [ketoprofen,
carprofen]). Occasionally, the name of a drug indicates it is a
sole isomer (e.g., levofloxacin is the L isomer of ofloxacin.)

Excretion
Renal excretion is the most important route of drug elimina-
tion for both parent (especially water soluble) drugs and their 
metabolites (Figure 1-15).2,3,26,27 Host factors that determine 
renal excretion include renal blood flow (including glomerular 
filtration rate), active tubular secretion, and tubular (generally 
passive) reabsorption. The kidney is also capable of metaboliz-
ing some drugs (e.g., imipenem), although this capacity is only 
occasionally of clinical importance.

Glomerular filtration is a passive process. Drugs enter 
the glomerulus by bulk flow, being excluded if too large  
(> 60,000 MW) as occurs for highly protein-bound drug if the 
glomerulus is healthy. In contrast, active transport of drugs 
in the proximal tubules is very efficient, rapid, and insensi-
tive to protein binding. However, it is susceptible to competi-
tion among drugs. Separate active transport (p-glycoprotein, 
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OATPs, POTs) systems exist for acid, basic, and neutral drugs. 
Probenecid has been used clinically to compete with and thus 
inhibit the renal excretion of other weakly acidic drugs such 
as expensive beta-lactam antimicrobials (e.g., penicillin histori-
cally and imipenem more recently), thus prolonging therapeutic 
PDC. Reabsorption of drugs from renal tubules into peritubu-
lar capillaries slows renal excretion. The extent to which a drug 
is reabsorbed depends on its lipid solubility and its ionization. 
Weakly acidic drugs are more likely to be reabsorbed in acidic 
urine but are trapped and excreted in alkaline urine. Urinary 
pH can be therapeutically altered such that the renal excretion 
rate of a drug can be modified, particularly in cases of overdose 
or toxicity. Drugs excreted in the urine that do not undergo 
passive reabsorption will be progressively concentrated in the 
renal tubule. Tubular cells may be exposed to higher concentra-
tions of drugs, which may increase the risk of nephrotoxicity. 
Drug concentration in the urine can be of therapeutic benefit 
in some situations, such as bacterial cystitis. Most antibacte-
rials excreted in the urine achieve concentrations that exceed 
plasma at least tenfold (see Chapter 6); for such drugs, culture 

and susceptibility data and, in particular, minimum inhibitory 
concentrations based on PDC may underestimate efficacy if 
infection is limited to the urine.

In contrast to renal excretion, biliary excretion is very slow 
and much less clinically important. Drugs are eliminated in 
the bile by at least three active transport (p-glycoprotein) 
systems: one each for organic acids, organic bases, and 
organic neutral compounds. Characteristics that determine 
biliary excretion of drugs include chemical structure, polar-
ity, and MW, with the latter being one of the major deter-
minants (generally drugs >600 MW in size). Drugs excreted 
in the bile are in greater contact with the intestine and its 
flora compared with other drugs and are thus more likely to 
cause adverse reactions in the gastrointestinal tract. In addi-
tion, conjugated (phase II) drugs excreted by this route may 
undergo enterohepatic circulation (Figure 1-16) if intestinal 
bacteria unconjugate the drug or metabolite, allowing intes-
tinal absorption to occur. Enterohepatic circulation prolongs 
drug elimination half-life and further exposes the gastroin-
testinal tract to drug.
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Figure 1-14 Enantiomers are stereoisomers that exist as mirror images that are not superimposable because of the presence of 
a chiral carbon (top). Rotation of the four groups attached to the chiral carbon results in either S or R isomers (depending on 
the rotation of light by each molecule). Although they are similar in MW and chemistry, the body often responds to and handles 
enantiomers differently. Most products are manufactured as racemic (1:1). Some compounds contain more than one chiral 
compound, complicating disposition. Further, interconversion among species contributes to the complexities that characterize 
the pharmacokinetics and thus predictability of disposition of these compounds. Examples of compounds that exist as stereo-
isomers include many nonsteroidal antiinflammatories (middle) or beta-blockers (bottom). Commercial products often contain 
mixtures of both enantiomers of a drug. However, some drugs are marketed as only the active enantiomer and are often named 
to indicate as such (e.g., “levo” as in levetiracetam or “dextro” as in dextromethorphan).
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Elimination and Clearance
The combined effects of hepatic metabolism and renal and 
biliary excretion, as well as other routes of elimination not 
discussed (e.g., pulmonary, sweat), irreversibly remove or 
clear the drug from the body. Elimination refers to the disap-
pearance of drug from plasma. Elimination half-life is among 
the more clinically relevant and the most often reported 
pharmacokinetic parameters. It is defined as the time nec-
essary for plasma or blood concentrations to decline by 
50%.28 Elimination half-life, however, is also dependent on 
Vd. Along with the therapeutic range, the elimination half-
life should be the basis for an appropriate dosing interval. 
The amount of fluctuation in drug concentrations during a 
chosen dosing interval depends on the elimination half-life 
of the drug. Further, drug elimination half-life determines 
the time to steady state when either a drug (or new dose) is 
begun or discontinued. For example, at one drug elimination 
half-life, 50% of the dose has been eliminated; by five drug 
elimination half-lives, more than 97% of the drug has been 
eliminated (Figure 1-17, Table 1-1, and Box 1-2). Finally, 
the elimination half-life, along with the dosing interval, also 

determines the amount of drug that accumulates with each 
dose as steady-state equilibrium is reached (see the discus-
sion of accumulation later in this chapter). This reflects first-
order elimination, which might be considered a protective 
mechanism to ensure rapid elimination of potentially toxic 
substances.

Clearance is a parameter often used to assess the excre-
tory capacity and thus physical well-being of an organ. 
Plasma clearance (CL) is the volume of plasma irreversibly 
cleared of the drug per unit time and represents the sum 
total of organ clearance (Figure 1-18) 2,3,30,31 As such, it is 
the most important of the pharmacokinetic parameters.32 
Clearance differs from elimination because it is a volume per 
unit time, not a rate constant (amount per unit time). If the 
drug is cleared exclusively by one organ (e.g., renal clearance 
of aminoglycosides or hepatic clearance of caffeine), then 
plasma CL also represents clearance of the specific organ and 
can be used to evaluate the function of the organ. With first-
order elimination, the volume of blood cleared per unit time 
by an organ is independent of PDC—that is, the same vol-
ume of blood will be irreversibly cleared of drug by an organ 
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Figure 1-15 Renal excretion is the most common route of elimination of drugs and their metabolites. Three drug movements 
determine the rate of renal excretion. Active tubular secretion in the proximal tubule is a rapid process not limited by protein 
binding. Glomerular filtration is a passive process; protein-bound drugs cannot be filtered through the glomerulus. The rates of 
both active tubular secretion and glomerular filtration both depend on renal blood flow. Nonionized drugs that are sufficiently 
lipid soluble may be passively resorbed. Because urine drug concentration increases, passive resorption should also increase 
the concentration.
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regardless of how much drug is in the blood. The exception 
occurs only if so much drug is present in the blood that the 
organ of clearance becomes saturated such that zero-order 
elimination emerges.

Although clearance is the reason that PDC ultimately 
declines (thus is physiologically independent of any other fac-
tor), pharmacokinetically it is obtained or calculated from the 
volume to which the drug is distributed (Vd) and the rate at 
which the drug is eliminated from the volume (kel or half-life). 
Clearance can be calculated on the basis of compartmental 
modeling, or from AUC based on noncompartmental analy-
sis (see the pharmacokinetics section). Despite its importance, 
practically, clearance is minimally useful in the design of dos-
ing regimens other than through its impact on elimination 
half-life unless calculating a constant rate infusion. In contrast, 
half-life is the clinically useful estimate of how long a drug 
stays in the body. Yet, while half-life is the pharmacokinetic 
parameter measured directly from the PDC versus time curve, 
physiologically, it is a “hybrid” parameter in that it is affected by 

both distribution (Vd) and clearance (CL) (Box 1-3). The more 
rapidly a drug is cleared by an organ, the shorter the drug half-
life. However, if a drug is distributed to a large tissue volume, 
PDC will be lower. Thus, although clearance (which is concen-
tration independent) does not change, the volume cleared per 
unit time contains less drug and elimination decreases. If the 
Vd is much smaller, PDC is higher, more drug is in the volume 
of blood that is cleared. (see Figure 1-10). As such, the rate of 
elimination decreases. Thus drug elimination half-life changes 
directly and proportionately with Vd but inversely and propor-
tionately with CL. The clinical significance of the relationship 
among Vd, CL, and half-life is exemplified in a patient who has 
renal disease and eventually becomes dehydrated as a result of 
uncompensated chronic renal disease. Initially, as renal func-
tion declines, a smaller volume of blood goes through the kid-
ney, which thus clears less blood. Drug elimination half-life 
decreases. However, as the patient becomes dehydrated, blood 
and ECF volume contracts, and the Vd decreases. As a result, 
PDC increases such that more drug is in each volume of blood 
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Figure 1-16 Enterohepatic circulation can prolong the elimination half-life of a drug. After oral or parenteral administration, the 
drug is conjugated in the liver and eliminated in the bile. The drug travels from the duodenum to the lower small intestine and 
colon. Bacterial degradation results in deconjugation of the drug, which can then be reabsorbed.



19CHAPTER 1 Principles of Drug Therapy

as it is cleared. Thus in the patient with both fluid volume con-
traction (half-life decreases) and compromised renal function 
(half-life increases), drug half-life may not change from nor-
mal even though renal function may be impaired. With vol-
ume replacement (i.e., fluid therapy), Vd will increase, causing 

half-life to increase because less drug is now in the smaller vol-
ume that is being cleared.

FIXED DOSING REGIMENS

Dose
A fixed dosing regimen comprises a route, a dose, and an 
interval (or frequency)(see Box 1-3). The dose necessary to 
achieve a specified target PDC (e.g., Cmax) following a single 
dose depends on the volume of tissue that will dilute the dose 
administered, estimated by Vd:2,3

Dose  =  [Cmax] [Vd]

The dose of drug must be increased or decreased propor-
tionately with changes in Vd to achieve the same target PDC 
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Figure 1-17 Drug elimination half-life can be derived from the 
plasma drug concentration versus time plot. Because most 
drugs are eliminated in a first order process (a constant frac-
tion is eliminated per unit time), the amount of drug eliminated 
is concentration dependent. The relationship between con-
centration and time is linear when plotted on semilogarithmic 
paper but curvilinear when plotted on linear paper. The oppo-
site is true for zero-order elimination (i.e., a constant amount 
is eliminated per unit time): The plot is linear on linear paper 
but curvilinear on semilogarithmic paper. For first-order elimi-
nation, if a line is drawn between two points (such as might 
be obtained from a peak and trough concentration), the line 
can be extrapolated to the y axis. The half-life is the time that 
elapses as plasma drug concentration decreases by half. 
 Calculation of half-life is described in Box 1-3.

Table 1-1  Impact of Half Life and Dosing Interval on Fluctuation in or Accumulation of Plasma Drug 
Concentrations

FLUCTUATION ACCUMULATION

At 4-Hour  
Half-Life, If 
Interval (h) Is

Ratio of Interval 
to Half-Life

Ratio of Cmax 
to Cmin

Decline During 
Dosing Interval 

by (%)

If the Half-Life is 
72 Hours and the 

Interval (h) Is

Ratio of Dosing 
Interval to  
Half-Life

Ratio of PDC 
After First Dose 
Compared with 

Steady State

2 0.5 0.71 29.3 1 0.01 104.03
4 1 0.50 50.0 3 0.04 35.01
6 1.5 0.35 64.6 4 0.06 26.38
8 2 0.25 75.0 6 0.08 17.76

12 3 0.125 87.5 10 0.14 10.86
16 4 0.063 93.7 12 0.17 9.14
24 6 0.016 98.4 18 0.25 6.27

24 0.33 4.83
36 0.50 3.40
72 1 2.00

PDC, Plasma drug concentration.

Zero- Versus First-Order Elimination
The importance of first-order (constant fraction) versus zero-
order (constant amount; see Figure 1-17)29 elimination can be 
appreciated best in the context of the elimination rate constant. 
Assume an animal has ingested several aspirin to the point that 
the plasma drug concentration has surpassed the therapeu-
tic range of 100 to 500 mg/mL and has achieved the toxic con-
centration of 2000 mg/mL. The half-life of aspirin in the dog is 
about 9 hours. First-order elimination results in a concentration 
of 1000 ng/mL by 9 hours and 500 ng/mL at 18 hours. Thus by  
18  hours, the drug is back into the therapeutic range, and by 
36  hours, it approximates the low therapeutic range. For zero-
order elimination a constant amount is eliminated per unit time. 
For example, if 100 ng/mL of aspirin is eliminated every 9 hours, 
by the time 36 hours has elapsed, concentrations will have 
declined to only 1600 ng/mL.

Box 1-2
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(or C0 or Cmax)(see Figures 1-10 and 1-19). Often, the dose is 
not intended to reach Cmax but rather Cmin (e.g., phenobarbi-
tal) or midway between the two extremes of the therapeutic 
range. The concentration within a therapeutic range that is 
selected as the target depends on the drug efficacy and safety. 
The Vd of a drug is the sole determinant of PDC for single 
doses of an intravenously administered drug. With multiple 
dosing the relationship between elimination half-life and dos-
ing interval also may influence PDC (see later discussion). For 
extravascular drugs, bioavailability also must be considered, 
with the dose inversely but proportionately influenced by 
bioavailability:

Dose  =  [Cmax] [Vd] / F .

By definition, with intravenous administration, F= 1, or 
100% bioavailability.

Interval
The relationship between elimination half-life and dos-
ing interval determines the amount of fluctuation in PDC 
 during a dosing interval. This relationship has several clini-
cal implications (see Table 1-1 and Figures 1-20 and 1-21). 
The shorter the elimination half-life compared with the dos-
ing interval, the greater the fluctuation. The dosing interval 
for a drug is based on the time (Tmax) it takes for PDC to 
decline from the peak concentration achieved after dosing 
(Cmax) to the lowest concentration that occurs during the 

Figure 1-18 The clearance of drug from the body (plasma) is 
the sum total from each of the organs of clearance. Several 
organs not shown are also capable of drug clearance, most 
notably the skin.

Half-Life Calculation
Half-life of any drug movement can be determined in several ways. 
Half-life can be directly determined from a drug concentration 
versus time graph by measuring the distance on the X axis (time) 
that occurs as PDC (Y axis) decreases by 50% (see Figures 1-20 and 
1-23). More often, half-lives for each component of a drug con-
centration versus time curve are determined from each slope, or
rate constant, ki: At one half-life (t2−t1 = t1/2) , the drug concentra-
tion declines by 50%. Thus at t2- t1 , C1/C2 = 2. However, because
drug concentrations (Y axis) are natural logs, C1/C2 becomes the
natural log (ln) of 2 = 0.693. Thus the rate constant or slope of
any line ki = 0.693/ t1/2. Conversely, if the rate constant is known,
t1/2 = 0.693/ki. In the same manner, half-life also might be cal-
culated from peak and trough concentrations collected from a
patient (see Chapter 5). The slope, or ki, is simply the rise/run, or
(C1 − C2)/(t2 − t1) where C is the concentration of sample 1 or 2 and
t is the time that samples 1 and 2 were collected (see Figure 1-20).
Because concentration is logarithmic, the actual equation becomes

Ki,= ln [C1 /C2] / t2 − t1

For example, if gentamicin samples collected at 2 hours and 12 
hours after an intravenous dose were 10.5 and 2.0 mg/mL, respec-
tively, the kel for gentamicin in this animal would be 0.17 h−1 and 
the elimination half-life would be calculated at 4.2 hours.

Box 1-3
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Figure 1-19 Plasma drug concentration (PDC) versus time 
curves after intravenous administration. This drug could be 
described by a one-compartment open model because it plots 
as a single straight line (one slope) on semilogarithmic paper. 
There is no initial distribution phase, and the volume of distri-
bution is based on PDC extrapolated (dotted line) from the first 
concentration measured back to time zero (C0). The equation 
for this single component curve would be Cp = Coe–kt where Cp 
is the plasma drug concentration at any time and t and k are the 
elimination rate constants (slope) of the curve. Such behavior is 
unusual for a drug because it implies instantaneous distribution 
from plasma to tissues or failure to leave circulation. The latter 
might happen if a drug is very tightly bound to plasma proteins 
and total, rather than unbound drug, is measured.
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dosing interval (Cmin) (see Figures 1-20 through 1-22). Thus 
the interval depends on the amount of fluctuation in PDC 
allowed during the dosing interval and the half-life of the 
drug, or its inverse (0.693/t1/2), the elimination rate constant 
(kel). If Cmin for a drug is close to half of Cmax, then approxi-
mately one drug half-life (i.e., Tmax = t1/2) can elapse before 
the next dose should be administered. A more appropriate 
interval can be calculated with kel if Cmin does not approxi-
mate half of Cmax:

Tmax  =  [ln Cmax /Cmin] / kel

The longer the elimination half-life of a drug, or the wider 
the difference between Cmax and Cmin , the longer the possible 
interval (or Tmax) between doses. Understanding the relation-
ship between dosing interval and elimination half-life can 
help determine which aspect of the dosing regimen (i.e., close 
or interval) should be changed when trying to improve drug 
response by either increasing PDCs or minimizing fluctuation 
during the interval. Through altered kinetics in the patient, 
two scenarios are offered.

The first scenario is dosing with a drug at an interval that 
is close to or longer than the drug elimination half-life. With 
this scenario, prolonging a dosing interval (e.g., for conve-
nience) may allow drug concentrations to fluctuate exces-
sively during the dosing interval and may result in either 
adverse events as Cmax is approached with each dose or thera-
peutic failure as Cmin is approached just before each subse-
quent dose. Note that wide fluctuation between Cmax and 
Cmin may not necessarily be undesirable. For example, if the 
drug is effective despite nondetectable drug concentrations, 
the interval can be longer than the half-life might dictate. 
Examples include concentration-dependent antimicrobials 
(e.g., aminoglycosides), drugs that accumulate in tissues (e.g., 
omeprazole), drugs such as diazepam whose metabolites 
are active (some with drug half-lives longer than that of the 
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Figure 1-20 Plasma drug concentration versus time curves after multiple extravascular dosing for a drug that is administered at 
a dosing interval substantially longer than the elimination half-life. Such a drug is less likely to accumulate because most of the 
drug will be eliminated during a dosing interval. For such drugs equilibrium between tissue and plasma concentrations is never 
reached and steady state is not really relevant. The risk of toxicity and therapeutic failure is a potential concern with each dose, 
unless the dosing interval is shortened such that fluctuation during the dosing interval is minimized. For monitoring, a peak and 
trough concentration may be necessary. The inset demonstrates how the half-life of a drug might be calculated from drug con-
centrations measured at two time points after administration of a dose.
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Figure 1-21 Plasma drug concentration versus time curves fol-
lowing multiple extravascular dosing for a drug that is admin-
istered at a dosing interval substantially shorter than the 
elimination half-life (see also Figure 1-16). The amount that 
the drug accumulates as steady state is reached determines 
the drug concentration at steady state and is based on the 
magnitude of difference between dosing interval (T) and drug 
half-life (t1/2). Such a drug will accumulate because most of 
the drug from the previous dose is still in the body by the next 
dose. Although equilibrium may not be truly reached, steady-
state (characterized by the same Cmax and Cmin at each dosing 
interval) occurs after three to five drug half-lives have elapsed 
after administration at the same dose, interval and route. 
For some drugs, if a rapid therapeutic response is desired, a 
loading dose can be given. Note, however, that steady state 
has not been reached and plasma drug concentration may 
increase or decrease as steady-state is reached if the mainte-
nance dose is not correct. When monitoring is done for such 
drugs, generally a single sample collected at any time dur-
ing the dosing interval is sufficient to reflect the whole dosing 
interval.
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parent compound), and drugs whose effects are irreversible  
(e.g., receptors or enzymes are destroyed (e.g., aspirin and 
thromboxane synthetase).

On the other hand, if the drug is characterized by a nar-
row therapeutic window, fluctuation should be minimized 
and a shorter interval may be indicated. To add one half-life 
to the dosing interval, the dose must be doubled; however, 
to add subsequent half-lives, the dose must be doubled each 
time. Thus to add three half-lives to a dosing interval, the dose 
must be increased eightfold (23) (e.g., time dependent drugs or 
anticonvulsants). Some drug half-lives are short on the order 
of minutes (e.g., epinephrine). Constant rate infusion may be 
indicated if an intravenous preparation is available such that 
therapeutic concentrations can be maintained for a clinically 
relevant period while avoiding the negative consequences of 
undesirable fluctuations in PDC that might occur with con-
venient dosing intervals (see later discussion). Manufactur-
ers have provided an alternative approach to maintenance of 
PDCs for drugs with a short half-life by formulating the drug 
in a preparation characterized by slowed absorption (e.g., 
extended release preparations) or (less commonly) distribu-
tion. However, even if absorption is prolonged, once the drug 
enters circulation, it’s elimination half-life is the same. Absorp-
tion of a drug might be slowed by several methods. Examples 
of parenteral slow-release preparations include drug-esters 
(drug is released by esterases at the site of administration) or 
liposomal or other products that release drug as the product is 
degraded. Oral methods include extended- or delayed-release 
products consisting of capsules that degrade at different rates. 
Note, however, that absorption may be so slow that therapeu-
tic concentrations are never reached. Many preparations used 
in animals have been formulated for humans, and the release 
kinetics may vary substantially in animals.. A less common 
mechanism of constant drug input is slow release from circu-
lating plasma proteins for a drug that is highly protein bound 
(e.g., cefovecin).

A second scenario is a drug administered at an interval that 
is much shorter than the half-life. For such drugs, little drug 
may be eliminated during the dosing interval, and shortening 
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Figure 1-22 After intravenous administration, a drug distrib-
uted to peripheral tissues generally is characterized by at least 
two components or phases when plotted on semilogarithmic 
paper. According to compartmental modeling, the plasma 
drug concentration (PDC) declines in the first phase (com-
ponent) due to both distribution into tissues and back and 
elimination (excretion) from the body. Once a distribution equi-
librium (pseudo-equilibrium) has been reached, PDC decline 
is caused only by elimination (second phase or component 
of the curve). The two phases can be separated by stripping 
and residual analysis, or linear regression. The first (stripped 
and subsequently fitted) component of the curve (coarse dot-
ted line) is understand to represent distribution, and the slope 
(α) is the distribution rate constant. The slope of the second
phase of the curve is the elimination rate constant (kel). The 
equation for the curve represented by plot B (two components) 
can be used to determine the concentration of drug in plasma 
(or the tissue being sampled) at any time (t) by the equation: 
Cp= Ae–αt+Be–βt. The volume of distribution (Vd) for this drug 
is ideally based on PDC after distribution, usually determined 
by extrapolating (fine dotted line) the terminal or elimination 
phase of the PDC versus time curve (B on plot A) yielding Vd 
area or Vd extrapolation. The Vd based on the extrapolated 
concentration for the first component of the line (A on Plot A) 
might be used to calculate the central volume (Vc) to which the 
drug is immediately distributed. The second PDC versus time 
curve (Plot B) reflects extravascular (e.g., oral) administration 
of the same dose of drug. The upswing of the PDC versus time 
curve reflects the simultaneous movements of absorption, 
distribution and elimination from the body, all occurring during 
first-order input (a constant fraction moves per unit time). As 
each movement reaches pseudoequilibrium (amount moving 
either way is the same), remaining movements that have not 
yet reached equilibrium emerge. Of the movements, elimina-
tion from the body will not reach equilibrium (open model) and 
as such, emerges as the terminal movement or component. 
The absorption rate constant (ka) can be derived from the 
upswing of the curve but only after the elimination component 
of the curve has been mathematically stripped. Generally, the 
distribution phase of nonintravenous doses is masked by the 
absorptive phase. The equation of extravascular PDC versus 
time curves follows the general equation: Cp = Be–βt – Ae–ka t 
where A is the extrapolated drug concentration from the 

absorptive phase of the curve; it is subtracted from the over-
all equation because it represents the area that is “missing” 
from the curve as the drug is being absorbed. The elimina-
tion rate constant of a drug should be the same, regardless of 
the route of elimination. However, in some cases the rate of 
absorption is so slow that it limits the rate of elimination. As 
such, the absorption rate constant determines the slope of 
the terminal curve (i.e., ka and kel are “flip-flopped,” as is dem-
onstrated in the figure). A flip-flop model should be suspected 
if the elimination rate constant after extravascular administra-
tion is significantly less than that after IV administration. As 
such, a flip-flop model can be ascertained only if the drug is 
give intravenously. If IV administration is not done to affirm the 
terminal slope as kel , it should be reported as the disappear-
ance rate constant, kd. IV administration is also necessary to 
determine Vd,CL and absolute bioavailabililty (F) of a drug. 
(see Box 1-6.)
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the interval will be beneficial only if an additional dose is added 
(rather than dividing the same daily dose into more dosing 
periods). For example, assume the half-life of phenobarbital 
approximates an average of 72 hours. Dividing the dose into 
8- rather than 12-hour intervals offers no advantage because 3 
days must lapse for 50% of the drug to be eliminated. Indeed, 
a 24-hour dosing interval may be sufficient for most patients, 
unless induction of drug-metabolizing enzymes causes the 
half-life to markedly decrease (see Chapter 2). For drugs with 
very long half-lives, depending on the Cmax and Cmin of the 
drug, dosing intervals generally can be correspondingly long. 
However, a dosing interval that is too long might result in too 
much fluctuation in PDC during a dosing interval, which may 
be problematic for drugs characterized by a narrow therapeu-
tic window. It also might lead to noncompliance if the owner 
forgets to medicate. In both situations the recommended dos-
ing interval is often shorter than the drug elimination half-life. 
In such instances the drug will accumulate, and the concept of 
steady state and the potential need for a loading dose must be 
addressed (see below).

Accumulation
If a drug is administered at an interval that is approximately 
three half-lives, most (87.5%) of the drug will be eliminated 
between each dose. However, if the interval is shorter, some 
drug from the previous dose will still be present in the plasma 
when the next dose is given. Indeed, if the drug is adminis-
tered at an interval that equals the half-life, 50% of the previ-
ous dose is still in the body when the next dose is given. Thus 
if each subsequent dose of drug is administered at an interval 
(T) that is equal to or shorter than the drug half-life, most of 
the previous dose is still in the body, and the drug accumulates 
with multiple doses (see Figures 1-17 and 1-21).2,3 Eventually, 
a steady state is reached such that the amount of drug admin-
istered with each dose equals the amount eliminated during 
the dosing interval. As with drug elimination, approximately 
three to five drug half-lives must elapse following a fixed dos-
ing regimen before steady state is reached. Note that steady 
state is a relevant issue only for drugs that accumulate—that 
is, the drug is administered at a dosing interval that is shorter 
than the drug elimination half-life. The amount of accumula-
tion can be described by the accumulation ratio (R), which 
describes the magnitude of the drug concentration following 
the first dose compared with that at steady state (Css); the ratio 
can be applied to Cmin, Cmax, or Caverage (R = Css/C1st).

Just as the amount of fluctuation between Cmin and Cmax 
depends on the relationship between half-life and interval 
(i.e., for a drug dosed at an interval shorter than the half-
life), the accumulation ratio also depends on the relationship 
between dose and interval, being logarithmically proportional 
to the difference between the two: R = 1/1– e –kel* T where 
R = the accumulation ratio, T = the dosing interval and kel 
= the elimination rate constant (see Figure 1-21 and Tables 
1-1 and 1-2). The dosing regimen of drugs that accumulate 
is generally designed so that drug concentrations will be in 
the therapeutic range at steady state. If the elimination half-
life is equal to the dosing interval, although PDC will fluctuate 

twofold between doses, the drug will also accumulate twofold 
(i.e., Cmax at first dose:Cmax at steady state = 2) as steady-state 
is reached.The greater the half-life compared with the dosing 
interval, the more the drug will accumulate (see Table 1-2). 
Using the example of phenobarbital, as drug is begun, the elimi-
nation half-life may approximate 72 hours (kel=0.693/72 h). 
When the seventh dose is given 72 hours later, 50% of the first 
dose still remains. Based on a 72-hour half-life and 12-hour 
dosing interval, an accumulation ratio of 9 is expected. Thus 
if peak PDC following the first dose of 3.5 mg/kg was 2 μg/
mL, concentrations of 18 μg/mL would be expected at steady 
state 9 to 14 days later. Because drug concentrations fluctu-
ate very little for drugs that accumulate, missed doses should 
present minimal risk of therapeutic failure. The missed dose 
can simply be given with the next dose. However, to change 
PDCs substantially, multiple doses (i.e., a “miniloading” dose) 
must be given. When monitoring, a single sample collected at 
any time during the dosing interval should accurately reflect 
PDC throughout the dosing interval because concentrations 
change minimally during the interval.

With a 21-day half-life in dogs, bromide offers an extreme 
example of accumulation when dosed once daily. At steady 
state, bromide concentrations will be 35 times what they were 
after the first dose. Likewise, during a 24-hour dosing interval, 
fluctuations in PDC will be so small that they should not be 
detectable. Levetiracetam, on the other hand, offers an example 
at the other end of the spectrum: With a 2-hour half-life, 87% of 
the drug may be eliminated during an 8-hour dosing interval. 
Missed doses may put the patient at risk for therapeutic fail-
ure, and monitoring might best include both a peak and trough 
sample. If only one sample can be collected, a trough sample 
might be sufficient because the drug is so safe. However, if side 
or adverse effects are of concern with the drug (e.g., cloraz-
epate), both a peak and trough sample might be collected for 
drugs with a short half-life compared with the dosing interval.

Clinically, drugs that accumulate present another problem 
not encountered with drugs administered at an interval that 
precludes accumulation. Maximum therapeutic efficacy is not 

Table 1-2  Rate of Drug Accumulation Based 
on the Length of the Dosing Interval 
(T) Compared with Elimination  
Half-Life (t½)

Dosing  
Interval  
(Hours)

Elimination  
Half-Life  
(Hours) T: t½ Ratio Accumulation*

6 24 0.25 6.2
8 24 0.33 4.8

12 24 0.5 3.4
24 24 1 2
48 24 2 1.3
72 24 3 1.14
96 24 4 1.0

*Accumulation is the ratio of peak plasma drug concentration following the dose at 
steady state compared with that following the first dose (Cmaxss : Cmax first dose).
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realized until steady-state concentrations are reached, which 
may be an unacceptable time for some patients (e.g., epileptics 
receiving potassium bromide [KBr]) (see Figure 1-21). In such 
situations a loading dose can be administered with the intent 
of achieving therapeutic concentrations with a single dose or, 
in the case of bromide, several days of dosing. Note, however, 
that a loading dose does not achieve steady state. Steady state 
is achieved only after the drug is administered at the same 
dose for three to five drug half-lives. As such, although a prop-
erly calculated loading dose will result in PDCs immediately 
achieving the therapeutic range, the maintenance dose must 
be designed to maintain these concentrations. A loading dose 
should be considered only when therapeutic response depends 
on steady-state concentrations and the time to this point is 
unacceptable (i.e., three to five drug half-lives). The benefits of 
loading (i.e., a rapid response) should be weighed against the 
risk of adverse events that will be increased if the body does 
not have time to accommodate to high drug concentrations. 
Further, pet owners are not likely to understand the concept of 
loading and may either forget to modify or intentionally con-
tinue a loading dose, the latter because they wrongly assume 
that a higher dose can be tolerated longer.

A loading dose always is accompanied by a maintenance 
dose; the maintenance would be the same regardless of whether 
a loading dose is administered concurrently because it also is 
designed to achieve therapeutic concentrations at steady state. 
The maintenance dose should “match” the loading dose—that 
is, it should be designed to maintain what the loading dose 
achieved. The maintenance dose, not the loading dose, deter-
mines PDC at steady state: By the time steady state is reached 
(three to five half-lives), the loading dose will have been elimi-
nated. However, at one half-life, while 50% of the loading dose 
will have been eliminated, 50% of steady-state concentrations 
will have been achieved. If the maintenance dose fails to main-
tain what the loading dose achieved, PDC will either decline 
(maintenance dose too small) or increase (dose too great) as 
steady state is achieved. Either miscalculation can lead to thera-
peutic failure. The greatest decrease (or increase) will occur dur-
ing the first elimination half-life after loading is completed; as 
such, inappropriate patient response may occur at one half-life.

The loading dose is calculated according to the (apparent) 
Vd at steady state (Vdss) of the drug and the targeted PDC at 
steady state, Css (mg/mL). Thus for drugs with 100% bioavail-
ability (e.g., intravenously administered drugs):

Loading dose (DL ; mg / kg) =Vdss × Css

The dose can be adjusted for less than 100% bioavailability by:

DL =Vdss × Css / F where F is the bioavailability
                              (fraction of the drug absorbed)

Using bromide as an example, the minimum effective con-
centration (Cmin) is 1 mg/mL (1 gm/L). With a Vd of 0.3 L/
kg, and near 100% oral bioavailability, a loading dose intended 
to achieve the minimum therapeutic range would be Cmin* 
Vd/F or (0.3 l/kg) * (1 gm/L)/1 or 300 mg/kg. Because potas-
sium bromide is only 69% bromide (potassium MW = 35; 
bromide MW = 79), the dose of potassium bromide necessary 

to achieve 1 mg/mL is 300 mg/kg/0.69 = 433 (rounded up to 
450 mg/kg). Note that he loading dose of bromide that targets 
1 mg/ml at steady-state is much higher than the daily main-
tenance dose (approximately 30 mg/kg per day) that would 
achieve 1 mg/mL at steady state (approximately 2.5 months 
of dosing). The difference between the loading dose of a drug 
and its maintenance dose reflects the difference between the 
elimination half-life and the dosing interval. Simplistically, the 
loading dose should reflect all the doses that would be given as 
the drug reaches steady state, less the amount eliminated dur-
ing that same time period. The longer the elimination half-life, 
the larger the loading dose compared to the maintenance dose.

Constant-rate infusion (CRI) offers an example of a drug 
that is administered at an interval that is much shorter than the 
half-life (Box 1-4). For CRI the rate is infinitely small. The rate 
of infusion (ROI or ko) should result in an input that equals the 
output. Output will be described by (total body) clearance (CL; 
ml/kg/hr) of the drug: ROI (mg/kg/h) = CL × Css (see pharma-
cokinetics section). Because clearance, in turn, reflects the vol-
ume of blood from which drug is eliminated per unit time (CL 
= Vd * kel), then ROI = Css * Vd * kel. Further, because kel can 
be calculated from half-life, then ROI = Css * Vd * (0.693/t1/2). 
When calculating CRI, care must be taken to ensure that units 
are converted such that they match. Note that increasing the 
ROI will increase the total concentration achieved at steady 
state but will not increase or decrease the time to steady state. 
As with any other dosing scheme, steady state will not be 
achieved with a CRI until three to five elimination half-lives 
have elapsed, which may be unacceptably long. As such, a 
loading dose may be indicated when administering a CRI if 
patient response time is too long. Note, however, that a suf-
ficient clinical response may occur well before maximum drug 
concentrations are achieved at steady-state. Likewise, the time 
for drug concentrations to decline after a CRI is discontinued 
will be based on the same elimination rate constant: Three to 
five drug half-lives must elapse before the drug is eliminated 
from the body, although clinical response may resolve well 
before all the drug is entirely eliminated.

Calculation of a Constant-Rate Infusion 
for Fentanyl
In normal dogs, the volume of distribution (Vd) of fentanyl ranges 
from 4 to 10 L/kg and its t1/2 ranged from 2.5 to 6 h. Using an aver-
age Vd or 7 L/kg and 3h as the t1/2, then kel = 0.693/3 = 0..35 hr-1 
and clearance (CL) becomes (0.173 hour-1 * 7 L/kg) = 2.45 L/kg/h 
(2450 mL/kg/h to match units). To target Cmin or 1 ng/mL (or 1 
μg/L) of fentanyl at steady state (9-15 hours), the rate of infusion 
(ROI or Ro) = ([1 ng/mL] * 2450 mL/kg/h) = 2450 ng/kg/h (2.45 
μg/kg/h) or 0.04 μg/kg/min. If the half-life is 3 hours, steady-state 
concentrations should be reached in approximately 9 to 15 hours. 
Although analgesic relief may not require steady-state concentra-
tions, safety of the constant-rate infusion cannot be fully assessed 
until steady state is reached. If the time to steady state is too long, 
1 ng/mL (Cmin) can be immediately reached by an administration 
of a loading dose (DL): DL = Css * Vd = (5 L/kg * 1 μg/L) or 5 μg/
kg, which can be administered as an intravenous bolus.

Box 1-4
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Extrapolation of dosing regimens among species for drugs 
that accumulate is more difficult than for drugs that do not. 
For drugs that do not accumulate, dose is largely based on Vd 
and, if not administered intravenously, bioavailability (which 
can be difficult to extrapolate among species). However, for 
drugs that accumulate, if the drug is given in multiple doses, 
both Vd and elimination half-life must be taken into account 
for intravenous drugs, along with bioavailability for nonintra-
venous drugs.

PHARMACOKINETICS

The quantitative description of drug movements in the body is 
referred to as pharmacokinetics. Pharmacokinetic modeling is 
used to predict the behavior of a drug in the body. Generally, 
the drug of interest is given at the desired route of administra-
tion as a single dose, and drug concentrations are collected 
over time, preferably for at least three elimination half-lives 
to ensure that all phases of drug movement are identified. 
For bioavailability studies, the drug should be given intrave-
nously (100%) as well as by the route of interest, ideally using 
a randomized crossover paired design. For drugs intended for 
multiple dosing, particularly chronically, pharmacokinetic 
analysis also should take place across the intended duration 
of therapy to detect changes in drug disposition over time. 
Several methods of pharmacokinetic modeling are used to 
study drug movements; the most common described in the 
veterinary literature are either compartmental or noncom-
partmental analysis; population pharmacokinetics represents 
an emerging variation.2,3,9,33 Boxes 1-3 to 1-6 provide some 
useful pharmacokinetic equations.

Compartmental Analysis
Compartments
Plotting of PDC versus time data on semilogarithmic paper 
linearizes the data for most drugs because drug movements 
follow first-order kinetics—that is, a constant fraction rather 
than a constant amount (zero order) of drug moves (is 
absorbed, distributed, or excreted) per unit time. For first-
order behavior, the amount of drug per unit time varies with 
the concentration of drug, whereas with zero-order elimina-
tion (as might occur when metabolism enzymes are satu-
rated), the amount eliminated per unit time is concentration 
independent. Theoretically, after administration, each move-
ment to which the drug is subjected occurs at a different rate: 
absorption and distribution are generally faster than elimina-
tion. Each movement results in a change in the slope of the 
curve, with each slope thus reflecting a different drug move-
ment or combination of movements. Intravenous drug admin-
istration yields a PDC versus time curve that begins with the 
highest PDC (see Figures 1-19 and 1-22).

After intravenous administration (no absorption), data 
described by a single component (i.e., only one slope or rate; 
see Figure 1-19) is interpreted to indicate that only one com-
partment or drug movement occurs, which is elimination 
from the body (excretion Such a behavior might describe a 
drug whose distribution is either instantaneous (or occurs 

before the first sample is collected) or is limited to plasma 
(i.e., highly protein bound drug). The model is described as a 
one-compartment open (meaning drug can move into or out 
of compartments) model. More commonly, two drug move-
ments characterize the time course of the drug in the body (see 
Figure 1-22, plot A). For such drugs, PDCs initially decline 
because of the combined effects of two drug movements: dis-
tribution to (and from) tissues and excretion (elimination) 
from the body. Because distribution is generally more rapid, 
elimination emerges after distribution equilibrium (pseudo-
equilibrium) is reached (i.e., the amount of drug moving into 
tissue equals the amount of drug leaving the tissue). Beyond 
that point, less drug is leaving the plasma because changes in 
PDC reflect only one drug movement, excretion (elimination 
from the body). The elimination is slower (the slope is flatter). 
Data for such drugs is characterized as a two-compartment 
open model.2,3,9 More than two compartments may emerge as 
drug behavior is modeled. Drugs also can be bound to periph-
eral tissues. For such drugs the time to distribution to well 
perfused tissues may reach equilibrium more rapidly than to 
the deeper peripheral tissues, and the PDC versus time curves 
may be composed of three or more components: the termi-
nal component presumably reflecting elimination from the 
body, the next component potentially reflecting distribution 
to a “deep” compartment, and the initial component reflecting 
distribution to “peripheral” compartments.

If a drug is given via an extravascular route (e.g., orally, 
intramuscularly, subcutaneously), the initial change in PDC 
is characterized by an increase (see Figure 1-22, plot B; non-
intravenous). Once absorption is complete, drug concen-
trations decline as elimination becomes the primary drug 
movement (see Figure 1-22, plot B; nonintravenous). Because 
absorption generally is slower than distribution, the latter is 
often “masked” by the absorptive phase and can not be math-
ematically determined. Thus, extravascular administration 
may be characterized only by two drug movements, absorp-
tion and elimination (one compartment open model with 
first order input). It is important to note that the assignment 
of each component or compartment of the PDC versus curve 
to a specific drug movement is theoretical. While conceptu-
ally, this approach to modeling makes sense, other models 
also can describe the data without compartmentalization (e.g., 
physiologic).

Mathematical Description 
In order to pharmacokinetically describe or model drug 
behavior, thus allowing prediction of drug concentrations at 
any time, the time course of drug movements is reduced to 
one equation that best describes, or “fits” the data. If the data 
are best described by multiple compartments, each compo-
nent should be described uniquely in the equation. Thus to 
distinguish the rate constant and Y intercept of one move-
ment from those of another, each slope must be separated 
or “stripped” from the combined curve. Each component of 
PDC can be manually separated from the previous compo-
nent. To do so, the terminal-most component is first extrapo-
lated to the Y axis, and the “predicted” Y values on that line 
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are subtracted from the “actual” data on the PDC versus time 
curve. The residuals (predicted) are plotted at the same time 
points, and a new line is drawn to represent the next (proxi-
mal) component of the curve. The process is repeated for each 
component until the initial component has been identified. 
The process of residual analysis is tedious; as such, computer-
generated programs generally strip the data and identify the 
components. Each component that results from stripping is 
then subjected to linear regression to determine the equation 
that best describes each component of the time versus PDC 
relationship. Thus, one of the disadvantages of compartmental 
analysis is that predicted data, rather than actual data, may be 
the basis for determining pharmacokinetic parameters. This 
does not represent a problem unless the predicted data are not 
a good “fit”; poorly fitting data will contribute to the variability 
of the data. Scientific papers that describe the pharmacokinet-
ics of a drug on the basis of compartmental analysis should 
provide an assessment (e.g., sum of residuals) of how well the 
actual data fit the “best” predictive line resulting from linear 
regression, thus providing an indication of the relevance of the 
predicted parameters to actual parameters. The advantage of 
compartmental analysis is that each component may reflect a 
different drug movement (absorption, distribution, or elimi-
nation), thus elucidating drug behavior. However, no matter 
how good the fit, the labeling of a component of the curve with 
a drug movement is theoretical and may not actually reflect 
what occurs in the body. Further, the labeling of each of the 
components of the curve with a drug movement, although 
routinely done, is theoretical: modeling does not assure the 
first component is distribution, the next elimination, etc.

Once separated, each component of the PDC versus time 
curve is described by a Y intercept (Co if one compartment 
[see Figure 1-19], A and B if two compartments [see Figure 
1-22, plot A], or A, B, and C for three compartments, and so 
forth) and a rate constant (kel for one compartment or α, β, 
or γ, and so forth, for multiple compartments). The Y inter-
cept for each component is determined by extrapolation of 
the line of each component (beginning with the terminal-
most) back to the Y axis. For a one-compartment model, 
the extrapolated Y intercept is generally referred to as Co to 
indicate plasma drug concentrations at time 0. For multiple 
components each succeeding component is not extrapolated 
until that portion of the line has been stripped from the dis-
tal component. The units of PDC as extrapolated to Y are 
weight/volume (i.e., μg/mL, mg/mL, mg/L, and so on). The 
rate constant (or slope) describes the percentage change per 
unit time for each component. The rate constant of the ter-
minal-most component is generally referred to as kel but also 
referred to as β if a two-component curve, γ with three com-
ponents, and so on. Alternatively, the slopes or rate constant 
may simply be referred to as λ (lambda; i.e., λ1, λ2, λz, etc with 
λz being the terminal component) as a reminder that assign-
ment of movements is theoretical. The units of rate constants 
are the inverse of time (time–1, e.g., min–1). The rate constant 
of the initial component of the curve following intravenous 
administration is generally referred to as α and the distribu-
tion rate constant.

Once the Y intercept and slope of each curve is identified, 
the PDC versus time curve, regardless of the number of com-
ponents, can be described by the following basic equation: 
(Cp) = Coe-kt, where Cp is the plasma drug concentration at 
any time, t; Co is the instantaneous plasma drug concentra-
tion (before distribution or elimination have occurred, extrap-
olated from the appropriate component of the curve), and k 
is the respective elimination rate constant (slope of the line). 
This equation is simply the semilogarithmic (because move-
ments are first order) version of the equation for a line, Y= mx 
+ B where Y is the concentration (Cp) at any time X (t), m is 
the (logarithmic) slope of the line (e-k), and B is the Y intercept 
(Co) (Box 1-5).

A similar approach to modeling is taken for extravascular 
data, which must be described by at least two components. 
The slope of the upswing of the PDC versus time curve (once 

Parameters for Compartmental Analysis
Plasma drug concentrations (Cp), at any time (t) after adminis-
tration. For open model, after intravenous administration:

One compartment: Cp = Coe–kt (Figure 1-19)
Two compartment: Cp = Ae–αt + Be–βt (Figure 1-22)
Three compartment: Cp = Ae–αt + Be–βt+ Ce–γt.
For first order input (extravascular): Cp = Be–kel*t – Ae–ka*t

Area under the curve (AUC): One compartment: AUC = A/α; 
(or Co/ kel). Two compartment: AUC = A/α + B/β: three com-
partment: AUC = A/α + B/β+ C/γ. Units for AUC are reflected in 
its determinants: plasma drug concentrations represented by the 
respective Y intercepts Co, A B, C, and so on, reported in weight/
volume (e.g., mg/L or μg/mL), and the respective rate constants 
(α, β, γ, and so on for intravenous administration and ka for the 
absorptive phase of extravascular administration; reported in 
inverse time or time–1[e.g., min–1]).

Area under the moment curve (AUMC): A/α2 for one com-
partment; A/α2 + B/β2 for a two-compartment model, and so on).

(Apparent) Volume of Distributions (Vd): Vc (volume of the 
central compartment), VdB, Vd area, and Vdss; > VdB > Vd area 
> Vdss > Vc.): Units of volume/mass (e.g., L/kg) reflect the dose 
(generally mg/kg) and extrapolated drug concentration (C0 or B). 
The Vd of a drug can be determined only after intravenous admin-
istration because bioavailability = 100 %; if F is known, Vd can be 
calculated substituting D * F for D in each of the equations.

One compartment: Vd = Dose/Co
Two compartment: Vc = Dose/A
Vd B = Dose/B (Figure 1-22, Figure 1-23)
Vd area = Dose/(AUC * β)
Vdss: (D × AUMC)/AUC2

Dose (D) (units generally mass/mass, e.g., mg/kg):
Intravenous administration: D = Co * Vd
Extravascular administration: D = Co * Vd/F
Clearance (CL): The CL of a drug represents the fraction of 

the Vd of a drug that is cleared per unit time (kel). Thus if the Vd 
and kel (or half-life) of a drug are known, the CL of the drug can 
also be determined: CL = Vd • kel Because CL is calculated from 
Vd, it can be determined only after intravenous administration of 
a drug (unless F is known).

Volume or weight units must match for all calculations.

Box 1-5
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stripped from the distribution or elimination components of 
the curve) describes the absorption rate constant, designated ka; 
the Y intercept must be determined after all other components 
of the curve are stripped (see Figure 1-22). For extravascular 
administration, the model would be referred to as a one-com-
partment open model with first-order input, indicating that the 
rate of absorption, like the rate of elimination, is first order. 
If the decline in PDC after the absorptive phase revealed two 
slopes, the model would be two compartments, with the first 
compartment or component possibly representing distribution 
that was slower than absorption. For some drugs (including 
extended- or delayed-release preparations), the rate of absorp-
tion is slower than the rate of elimination. For such drugs, 
absorption is reflected in the terminal-most, rather than initial, 
component of the PDC versus time curve and the elimination 
rate constant for such drugs is determined from the upswing 
of the PDC versus time curve. Such drugs are generally said to 
follow a “flip-flop” model and can be identified only after intra-
venous administration because it is only through this route that 
the effects of absorption are removed from the terminal compo-
nent of the curve (see Figure 1-22). Drugs exhibiting a flip-flop 
behavior are characterized by a terminal rate constant following 
intravenous administration that is statistically shorter than the 
terminal rate constant measured after non-IV administration.

Area under the Curve (AUC) 
Once the equation of the PDC versus time curve of a drug 
has been established, a number of parameters can be deter-
mined to further describe or explore drug behavior (see Box 
1-5). Among the more important parameters generated from
pharmacokinetic analysis is the AUC, a parameter that indi-
cates duration and extent of exposure of a drug after adminis-
tration of a specific dose. Following compartmental analysis,
AUC is calculated by dividing the Y intercept of each slope
by the rate constant of the slope; for multiple compartments
the terms are additive. Thus, for a one-compartment model,
AUC = A/α; (or Co/ kel); for a two-compartment model,
AUC = A/α + B/β, and so on (see Figure 1-22). The units
for AUC are reflected in its determinants: PDC (Co, A, B,
and so on) of mg/mL (or weight/volume) and a rate constant
(inverse time or time–1: min–1). An example would be an
AUC of 546 mg * min/mL.

AUC is used to calculate several other parameters important 
to the description of drug behavior. Area under the moment 
curve (AUMC: A/α2 for one-compartment model, A/α2 + B/β2 
for a two-compartment model, and so on) is a parameter with 
little physiologic relevance, but it is used to calculate other 
parameters. Among the more important parameters based on 
AUC is bioavailability, the percentage of a drug that reaches 
systemic circulation. Absolute bioavailability is determined by 
measuring the AUC after nonintravenous administration (see 
shaded area of plot B in Figure 1-22) and comparing it with 
the AUC measured after intravenous administration (100% 
absorption), with differences in doses adjusted for as needed. 
Rather than presented as a percentage, bioavailability is often 
presented as a ratio (F) and, as such, is unit-less. If the AUC for 
both curves is equal, bioavailability is 100% (F = 1) (Box 1-6).

Rate Constants and Half-lives 
Generally, because each component of the curve is associated 
with a specific drug movement, the half-life is also associated 
with that movement (e.g., absorption, distribution, or elimi-
nation [disappearance] half-lives), each referring to the time 
necessary for 50% of the respective drug movement to be com-
plete (or reach equilibrium). Of the drug movements, elimi-
nation from the body is generally the slowest. As such, the 
elimination half-life is represented by the slope of the terminal, 
or final component, of the PDC versus time curve. However, 
this assignment can only be confirmed with IV administration 
since the terminal component of non-IV administration may 
reflect absorption (i.e., a flip-flop model). If an intravenous 
dose is not studied, the terminal component may be referred 
to as a disappearance rate constant or half-life. The distribution 
half-life is generally calculated from the initial component of 
the curve (generally referred to as α) following intravenous 
administration; the distribution component of the curve is 
often masked with oral administration. Absorption half-life is 
derived from the ka unless a flip-flop model has been identi-
fied. Note that the faster the absorption half-life, the higher 
Cmax and shorter Tmax, the time to the maximum concentra-
tion. Because half-life is calculated from the inverse of kel (t1/2 
= 0.693/kel) (see Box 1-4), half-life from a sample population 
cannot be normally distributed. As such, reports providing 
descriptive statistics should be reported as harmonic mean 
(derived from averaging the inverse of each half-life, [1/HL 
+ 1/HL…] and reinversing the mean) and pseudo standard
deviation is generally reported.

Volume of Distribution
The dose of a drug is based on the target concentration and 
the volume of tissue to which the drug appears to be dis-
tributed. The actual volume of tissue distribution cannot be 
calculated. However, the Vd is a theoretical volume to which 
the drug is distributed (or the volume of tissue that dilutes a 
drug), assuming that the drug concentration throughout the 
body is the same as that measured in plasma. Because this is 
unlikely, and because it is mathematically derived, the Vd of a 
drug is referred to as apparent. The Vd of a drug is calculated 
by administering a known dose intravenously and dividing it 
by the maximum PDC that occurs after the drug is distrib-
uted but before any elimination occurs: Vd = Dose/PDC (Co)   

Bioavailability Calculation
Bioavailability (F, unitless) is the percentage of a drug that reaches 
systemic circulation. Absolute bioavailability is determined by 
measuring the area under the curve (AUC) after nonintravenous 
administration and comparing it with the AUC measured after 
intravenous administration (100% absorption), with differences 
in doses adjusted for as needed (see Figure 1-22): F = [AUC  X] 
* [Dose IV] / [AUC IV ] * [ Dose X], where X is the nonintravenous
route of administration (Figure 1-22). Relative bioavailability
can be compared between different nonintravenous routes in the 
same manner.

Box 1-6
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(Figure 1-23). Because dose is generally in milligrams per kilo-
gram and C0 (or B) is generally milligrams per milliliter (the 
same as grams per liter), Vd is generally reported as liters per 
kilogram. The Vd of a drug can be determined only after intra-
venous administration in order to ensure that all drug reaches 
systemic circulation (i.e., bioavailability = 100 %). Occasion-
ally, if a drug is not given intravenously, scientific articles or 
drug package inserts might report Vd/F, indicating the Vd cor-
rected for bioavailability that is less than 100% (F<1). How-
ever, the clinical relevance of this parameter largely depends 
on knowledge of bioavailability.

The Vd of a drug is primarily used to calculate the dose of 
the drug (see Box 1-5). Three different Vds are reported in the 
literature. Because the PDC cannot be measured immediately 
(before distribution and elimination influence the curve), the 
PDC used to determine Vd must be derived after the terminal 
component is extrapolated to the Y intercept (see Figure 1-22). 
If the plasma elimination curve yields only one component 
(e.g., distribution from plasma does not occur or is instan-
taneous), PDC is extrapolated to time 0 or C0, yielding the 
volume of the central compartment (Vc). This volume can be 
used to determine the initial concentration of a drug (e.g., to 
assess potential toxicity) or to estimate plasma volume. How-
ever, for many drugs distribution is not instantaneous and the 
PDC versus time curve is multicomponent. To remove the 
effects of elimination that occur during distribution, the ter-
minal component of the PDC is then extrapolated to the Y 
axis. Generally referred to as B if the model is two-compart-
ment, this PDC theoretically reflects peak PDC after distribu-
tion has reached equilibrium (pseudo-equilibrium) but prior 
to elimination. The Vd after distribution has reached pseudo-
equilibrium then becomes Vd = Dose/B, often referred to as 

Vd area, Vd extrapolated, or Vdβ. For multicomponent curves, 
Vc can still be determined using the extrapolated initial com-
ponent of the curve using A (or C0): Vc = Dose/C0 or Dose/A 
(see Figure 1-22).2,3,12,30,34,35 Because Vd area is influenced by 
clearance (it is based on extrapolation of the terminal elimina-
tion curve), it tends to overestimate the true volume. It is use-
ful to predict the amount of drug that remains to be excreted 
at any time point during elimination.17 The third Vd is that 
which occurs at steady state, when equilibrium has been 
reached (Vdss). True equilibrium can be reached only if clear-
ance does not occur, or if input equals output, as might occur 
with CRI.17 As such, Vdss is independent of clearance and 
more accurately reflects the true volume diluting the drug. 
(see Box 1-5).

The Vd, although a calculated parameter, is used to 
calculate clearance, which is the physiologic action that 
is responsible for the elimination of drug (see Box 1-5).  
As with Vd, CL/F may be reported in studies for which an 
intravenous drug was not administered. However, this is 
not a clinically relevant parameter unless bioavailability has 
been demonstrated to be 100% for the animals in the study 
in question or unless bioavailability is known. Although 
generally calculated, clearance can be measured. However, 
collection requires repeated sample of the tissue into which 
drug is cleared. Plasma clearance of a drug that is cleared 
exclusively through the urine can be determined by sequen-
tially sampling urine rather than plasma or, as with creati-
nine clearance, collecting a volume of urine into which the 
drug has cleared and plasma samples containing the drug at 
the beginning and end of the sampling time. Determining 
clearance of a drug excreted in the bile would require biliary 
catheterization.
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Figure 1-23 Changes in volume of distribution (Vd) affect plasma drug concentration and the slope of the elimination (kel) curve 
that determines elimination half-life. The former is impacted because movement of drug into tissues removes it from plasma and 
thus organs of elimination. Plot A represents PDC versus time following administration of a dose of drug in an animal with a Vd 
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time (t2 - t1) necessary for PDC to decrease drop 50% (C1 to C2).
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Noncompartmental Analysis
All models are, by definition, incorrect. Thus, a disadvantage 
of compartmental analysis is that data (particularly poor fit-
ting data) is forced to fit the “best” equation that mathemati-
cally describes the data (Box 1-7). The more variable the 
data, the more inaccurate compartmental analysis is because 
the greater the deviation of actual data from predicted data. 
Noncompartmental analysis often is used in lieu of compart-
mental analysis, particularly if rate constants are not neces-
sary to describe the behavior of a drug in the body. Further, no 
attempt is made to relate noncompartmental pharmacokinetic 
parameters with physiologic processes, thus reducing confu-
sion or bias that might occur with interpretation. For non-
compartmental analysis the primary parameter determined is 

AUC. This parameter can be determined in a variety of ways, 
but the most common (for noncompartmental analysis) is 
the trapezoidal method (Figure 1-24).33,34 For this method a 
series of sequential trapezoids are drawn, each defined by a 
line drawn between two subsequent data points in the PDC 
versus time curve. The remainder of the trapezoid is deter-
mined by dropping the lines from each data point on the line 
to the X axis. The area for each trapezoid is determined, and 
areas are summed to generate AUC. The last trapezoid can end 
at either the last actual time point measured or be extrapolated 
“to infinity” based on the slope of the terminal component of 
the data. As with compartmental analysis, the elimination rate 
constant (terminal component of the curve) and thus half-life 
is based on the best-fit analysis. However, all other remain-
ing parameters are based on AUC. As such, mean residence 
time, MRT, is a comparable, more physiologically descriptive 
and thus preferred parameter to elimination half-life. Based 
on AUC, MRT describes the average time a molecule is in the 
body (or the time necessary for 63.2% of a drug to be elimi-
nated). The difference between MRT after intravenous versus 
extravascular administration is the mean absorption time, 
MAT, providing a noncompartmental method for assessment 
of the absorptive phase of the drug.

Alternative Pharmacokinetics
Pharmacokinetic studies generally are implemented in a sam-
ple population of the target species by administration of a dose 
via the intended route and subsequent intermittent collection 
of tissues (generally blood, representing the central compart-
ment, but occasionally specific tissues representing peripheral/ 
compartments), that are subjected to quantitative analysis of 
the drug and or its metabolites. The number of animals and 
samples from each animal must be sufficient for accurate 

Parameters for Noncompartmental Analysis
Mean residence time: MRT = AUC/AUMC (area under the curve/
area under the moment curve)

Clearance (intravenous only): CL = dose/AUC
Extravascular: CL and volume of distribution (Vd) must be 

corrected for bioavailability by multiplying by D * F. For extra-
vascular administration, mean absorption time (MAT) describes 
the absorptive phase of the drug movement; however, it can be 
determined only if the drug is also studied intravenously (MAT =  
MRTEV- MRTIV where EV = extravascular).

Vd at steady state (intravenous only): Vdss = Vdss: (D × 
AUMC)/ AUC2 (* Extravascular: Vdss: (D * F x AUMC)/AUC2)

Volume or weight units must match for all calculations.

Box 1-7

(From Martinez MN: Special series: use of pharmacokinetics in veterinary medicine, 
Article II: volume, clearance, and half-life, J Am Vet Med Assoc 213:1122-1127, 1998.)
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Figure 1-24 For noncompartmental analysis the area under the curve is determined by adding the area calculated for the trap-
ezoids formed by two adjacent data points. If AUC is determined to infinity, the terminal component is based on the slope of the 
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description of the time course of drug concentrations in the 
sampled tissue. The more the data points, the better the data 
represents the population. The approval process for animal 
drugs does not necessarily require pharmacokinetic modeling 
of drugs; if required, generally the studies are performed in 
normal animals. Pharmacokinetics for human drugs are per-
formed in humans, with studies involving dogs most often 
focusing on toxicity. Data often are available only through 
Freedom of Information Act publications. Population pharma-
cokinetics study the sources of variability in drug concentra-
tions among patients, and as such the science takes advantage 
of multiple studies that differ in study design or subjects. Fur-
ther, population pharmacokinetics can take advantage of data 
collected in patients, which generally is restricted because of 
ethical considerations that might limit the study to small sam-
ple numbers.35 With limitations, a pharmacokinetic profile of 
a drug might also be generated for the individual patient using 
this approach (Chapter 5).

OTHER CONSIDERATIONS

Dosing Based on Allometric Scaling and Body 
Surface Area
Allometry refers to the phenomenon of changes in shape that 
result from changes in size. Allometric scaling attempts to 
predict a change in physiologic response based on a change 
in another physiologic parameter. Over 34 anatomic, physi-
ologic (including heart rate, blood volume, and glomerular 
filtration), and biochemical parameters correlate with body 
weight across species; not surprisingly, body weight has been 
extensively examined as a method of allometrically scaling for 
species differences in physiologic processes. Using the allome-
tric equation Y = a Wb, many physiologic parameters (Y) do 
appear to be predicted by weight (W) adjusted with an allome-
tric exponent (b) of 0.67 to 1. The usefulness of adjusting doses 
on the basis of body weight scaled according to body surface 
area (BSA = 10 – W2/3) was initially realized in children receiv-
ing drugs characterized by a narrow therapeutic index.37,38

As with children, the simplest method of dosing based on 
body weight, tends to underdose small animals and overdose 
larger animals, and the use of BSA should improve accuracy of 
dosing. Because animals differ so much in body shape as well 
as size, the equation can be further normalized by the addition 
of the shape constant K: BSA = K • 10 – W2/3. The formula is 
most commonly applied to cancer chemotherapeutic drugs, 
with the supposition that large-breed dogs would benefit most 
(thus preventing the relative overdosing they received com-
pared with smaller dogs). However, because the incidence of 
adverse reactions to cancer chemotherapeutic drugs increased 
in smaller dogs compared with larger dogs using this approach, 
the method needs to be reassessed. Several observations made 
by Price and associates36 help support the need to re-examine 
the application of the method to all animals. First, studies 
have suggested that the mass exponent used to correct weight  
(2⁄3 or 0.67) is incorrect. Other studies have shown that the 
exponent may vary as a function of age. This and other factors 
suggest that a range of mass exponents should be applied to 

animals within the same species. Second, although studies have 
shown that the allometric scaling of doses does help normalize 
doses among species, normalization using the same shape con-
stant (K) within species has not been documented. Although a 
single K may be appropriate for the domestic cat, marked dif-
ferences should be expected for the dog. Indeed, previous litera-
ture reveals that a number of shape constants have been used in 
dogs, ranging from 9.9 to 12.3  (Appendix 2), with the smaller 
value being applied to smaller or more compact dogs. It may be 
necessary to apply different constants to growing animals.

Using allometric scaling based on body weight or BSA, even 
adjusted for body shape, as a method of predicting dose (which 
incorporates both pharmacodynamics and pharmacokinet-
ics) is likely to be difficult; many aspects of drug disposition 
seemingly are not related to BSA or body weight. These include 
protein binding; effects of pH on drug movement; actions of 
p-glycoprotein (i.e., active tubular secretion in renal tubular 
cells); differences in the composition of body compartments; 
and, most dramatically, differences in the rate, extent, and type 
of drug-metabolizing enzymes among the species. One study 
evaluated the allometric relationship between body weight and 
drug elimination half-life. Because half-life is equally affected 
by Vd and clearance, it serves as a good parameter to assess 
the overall relationship. Not surprisingly, those drugs whose 
half-lives are most likely to be predicted by allometric scaling 
tended to be minimally protein bound, characterized by a Vd 
indicative of distribution to ECF and excreted renally in the 
unchanged but also undergoing flow-limited hepatic extrac-
tion;38 many antimicrobials meet these criteria. Half-life tended 
to be less correlated allometrically with body weight for drugs 
that were highly protein bound, distributed to specialized body 
compartments, or metabolized by the liver in a capacity-lim-
ited fashion.37,38 Additional studies are needed to identify the 
most appropriate factors to be used to allometrically scale dos-
ing regimens. To date, use of weight adjusted to BSA appears to 
be the most reasonable method for smaller animals.

Routes of Administration
Choice of the route and technique of administration is gener-
ally based on several factors, including the physicochemical 
properties of the drug, formulation to be used, therapeutic 
indication, pathophysiology of the disease, and the target spe-
cies. The manufacturer’s recommendations should always be 
followed carefully unless it is explicitly known that a proposed 
deviation will not adversely alter the activity or kinetic fate 
of the principal ingredients. Note that regardless of the dos-
age form used, it is imperative to have an appreciation of the 
makeup of the pharmaceutical formulation, the factors that 
may alter the efficacy of the product, and the best way to derive 
optimal therapeutic benefit from the agent without jeopardiz-
ing its bioavailability or pharmacologic action.

KEY POINT 1-8 The route of administration might influence 
the rate and extent of absorption but should not influence 
distribution or clearance. As such, elimination half-life 
should not differ.
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Oral Administration
The United States Pharmacopeia provides an excellent source 
of currently accepted dosing forms.38 Common oral dosage 
forms include tablets, capsules, boluses, powders, granules, 
syrups, solutions, suspensions, and pastes. Oral bioavailability 
of oral dosing forms may profoundly differ. Other specialized 
delivery systems are also available, including enteric-coated 
tablets and sustained-action or controlled-release prepara-
tions. However, if designed for human use, their behavior in 
animals may be substantially different, particularly if orally 
administered. The advantages of oral dosing are that it is usu-
ally convenient and safe, sterility is not a requirement, and the 
danger of acute drug reaction is not as great as with intrave-
nous administration. The disadvantages include a slower onset 
of action and unpredictability and inconsistency of absorp-
tion, including the sequela of exposing the drug to the unsta-
ble gastrointestinal tract. Additionally, dosing may be difficult 
in fractious animals, poor technique or dysphagia may lead 
to intratracheal delivery and subsequent bronchopneumonia, 
and inactivation may occur within the gastrointestinal tract. 
Some drugs may cause esophageal damage, particularly in cats.

Parenteral Administration
The most common parenteral dosage form is a stable aque-
ous solution. Less frequently, the active components may be 
dissolved in an inert vegetable oil, which delays absorption. 
Other kinds of prolonged-release preparations include subcu-
taneous implants of solid dosage forms and relatively insoluble 
salts and esters as suspensions in various vehicles. It is impor-
tant to appreciate the basic differences between these and 
standard pharmaceutical preparations. First, accidental intra-
venous administration can lead to serious and even fatal effects 
related to microembolism. Second, persistent drug residues 
in racing or other show animals may have ethical and legal 
ramifications. The stability of solutions intended for parenteral 
administration often is delicate, depending on pH, tempera-
ture, and the presence of stabilizers, solubilizers, and preser-
vatives. Indiscriminate mixing of such products for the sake 
of convenience (e.g., single versus multiple injections) should 
be avoided unless proof exists that the formulations are physi-
cally and chemically compatible. Several novel approaches for 
the parenteral delivery of drugs are being developed, includ-
ing microspheres, microcapsules, liposomes, microsponges, 
resealed carrier erythrocytes, and projectile biodegradable 
missiles. Additionally, monoclonal antibodies have been used 
to carry highly selective, bound drugs to specific target tissues 
or even cells. Implantable controlled-release drug delivery sys-
tems include pellets (composed of various polymeric forms) 
and silicone capsules. Several implantable devices also have 
been introduced that permit constant systemic delivery of a 
drug within the body; these include osmotically or propellant-
driven pumps and mini pumps. The advent of nanotechnology 
is likely to markedly improve drug delivery to targeted tissues. 
Liposomes are the earliest example of drug delivery systems 
based on nanotechnology; more current products include 
polymer-drug conjugates.

The most frequently used parenteral routes are intra-
venous (IV), intramuscular (IM), and subcutaneous (SC). 
Common but less frequently used routes include epidural, 
intradermal, intratracheal, and intraperitoneal (IP). Occa-
sional routes of injection include intraarterial, intramedul-
lary, intrathecal, intrathoracic, subarachnoid, intracardiac, 
subconjunctival, and intratesticular. Intralesional injection is 
a way of attaining high concentrations of a drug at the tar-
get site. In all cases solutions for injection must be sterile, 
techniques must be aseptic, and the dose must be accurate; 
a painful reaction is a possibility. For the IV route, aqueous 
solutions are preferable, which lead immediately to predict-
ably high blood levels with a rapid onset of action. Irritat-
ing and nonisotonic solutions can be injected intravenously 
if done slowly and carefully. Usually, but not always, drugs 
given intravenously can be given intramuscularly or subcuta-
neously, but injection may be painful (e.g., arginine vehicles, 
or other basic or acidic solutions). Further, IM absorption of 
some IV drugs (e.g., diazepam) is not predictable. The IM 
route can be used for aqueous or oleaginous suspensions, 
solutions, and other depot preparations. Absorption occurs 
either hematogenously or by way of lymphatics and usu-
ally is fairly rapid except in the case of long-acting prepara-
tions. The addition of esters can variably prolong absorption 
depending on the rate of hydrolysis. Acetate salts are more 
slowly hydrolyzed than succinate salts (e.g., glucocorticoids); 
benzathine salts are more slowly hydrolyzed than procaine 
salts (e.g., penicillin). Moderately irritating preparations can 
be injected intramuscularly, but tissue reaction and necrosis 
may become evident with time. The duration of drug action is 
longer than for IV injection but most often is slightly shorter 
than for SC administration; however, this is not always pre-
dictable. A disadvantage of the IM route is the possibility of 
improper deposition in nerves, blood vessels, fat, or between 
muscle bundles in connective tissue sheaths. The advantages 
of the SC route are similar to those of the IM route, although 
irritant preparations and oily vehicles should be avoided due 
to possible undesirable reactions. The rate of absorption from 
SC injection sites may be unpredictable and depends on sev-
eral factors. The most important of these is blood flow, and 
the presence of vasoconstrictors or vasodilators can substan-
tially alter rates of absorption. Usually, the rate of absorption 
is slightly slower than from IM sites.

Miscellaneous Parenteral Routes
The other parenteral routes of administration are generally 
used for the following purposes: epidural and subarachnoid 
for spinal analgesia and myelography; intradermal testing for 
hypersensitivity and for vaccination; intratracheal treatment 
of respiratory tract infections; intraarterial with simultane-
ous venous constriction, with the latter causing high con-
centrations of drug in the dependent area for a short time 
(occasionally necessary in cancer chemotherapy and special 
radiographic or other imaging techniques); intramedullary 
(blood transfusion or fluid therapy directly into the bone mar-
row) when other routes are awkward, as in neonates; intra-
thecal (cisterna magna) for treatment of meningoencephalitis 
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and myelography; intrathoracic (intrapleural or intrapulmo-
nary and); and intracardiac for emergencies, especially cardiac 
arrest.

Inhalation (pulmonary route). Gases, volatile agents, and fine 
particles usually are rapidly absorbed from the airways and 
alveoli into the pulmonary circulation. Delivery into the respi-
ratory passages is done by standard anesthetic machines in the 
case of inhalation anesthetics or by vaporization or nebuliza-
tion for the local delivery of expectorants, bronchodilators, 
and antiinfective agents. Drugs in the gaseous state readily 
reach the alveolar surfaces, whereas only particles less than 2 
μm (produced by nebulization) are inspired into the terminal 
ducts and alveoli. Particles less than 5 μm may reach the respi-
ratory bronchioles, and those 5 to 10 μm in size may reach the 
upper respiratory tract and larger airways. Because the depth 
of airway penetration is influenced by depth of respiration 
(directly) and respiratory rate (inversely) as well as the tor-
tuosity of the airways, aerosolization generally should not be 
the sole route of administration of drugs in animals. Aqueous 
solutions of antibacterial drugs intended for injection may be 
delivered intratracheally. Absorption of drugs may occur after 
topical administration in the respiratory tract.

Topical administration (local application). Drugs can be 
applied topically to the skin and its adnexa or to a variety of 
mucous membranes. The routes that may be used include sub-
lingual, intranasal, intravaginal, intrauterine, intracystic, rec-
tal, preputial, ocular, and aural. Many dosage forms have been 
developed to deliver active principles to the site of application 
to produce local effects. However, in many instances absorp-
tion into the systemic circulation also occurs. A wide variety 
of preparations are available for dermal application, including 
ointments, creams, pastes, dusting powders, lotions, sprays, 
liniments, and poultices. Systemic effects may occur as a result 
of the animal licking at the applied medication or due to percu-
taneous drug absorption, which often occurs, especially when 
the skin is damaged or inflamed (e.g., burns, ulcers, wounds, 
dermatitis). Absorption through the skin can also be enhanced 
by occlusive dressings, inunction, or the use of dimethyl 
 sulfoxide (DMSO) as a carrier. Several drugs are deliberately 
applied to the skin with the anticipation of systemic effects 
after transdermal absorption—for example, transdermal gels, 
ectoparasiticides available as “pour-on” formulations, nitro-
glycerin ointment, and scopolamine in a transdermal patch 
device as well as iontophoresis devices. Of these the pluronic-
lecithin transdermal gels, which are generated through com-
pounding pharmacies, appear to be minimally effective for all 
but a few drugs and their use is not recommended unless spe-
cifically supported by scientific studies.

Transmucosal administration. Transmucosal or buccal drug 
administration represents a variation of oral administration 
(see previous discussion of topical administration). Drugs 
are given by mouth with the intent of absorption occurring 
through the mucosa of the mouth. A major advantage of this 
route of administration is avoidance of first-pass metabolism, 
which occurs with drugs that are swallowed. Convenience 
may be an additional reason. In contrast to the skin, muco-
sal tissues do not contain a stratum corneum, and therefore 

drugs are not presented with a significant barrier to move-
ment into vascular tissues. Several methods of transmucosal 
delivery have been studied in dogs, including transmucosal 
gels (often with carboxymethylcellulose as the carrier), sprays, 
and patches. Among the difficulties associated with transmu-
cosal administration in animals is maintaining contact time 
between drug and surface.
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Ideally, fixed dosing regimens are based on scientific stud-
ies performed with the drug of interest in the target species. 
Often, however, the dose for a drug used in dogs or cats is 
extrapolated from other species, especially humans to dogs 
and humans or dogs to cats, rather than based on scientific 
studies. For those drugs backed by scientific evidence, sample 
numbers are often too small, resulting in marked variability in 
the pharmacokinetic parameters. Further, as in human medi-
cine, animals in which pharmacokinetic studies are performed 
are generally healthy and may not represent the state of disease 
in the animals treated with the drug. A number of factors can 
alter plasma drug concentrations (PDCs) in the patient due 
to changes in drug disposition, thereby increasing the risk of 
therapeutic failure. Many of these can be anticipated, allow-
ing for adjustments in the dosing regimen. In addition to the 
disposition of a drug, these factors might also alter patient 
response to the drug. These factors might be categorized as 
physiologic factors such as species and age; pathologic factors, 
particularly cardiac, renal, or hepatic disease; and pharmaco-
logic factors that occur when one drug alters the kinetics or 
response to another drug (Box 2-1).

PHYSIOLOGIC FACTORS

Age-Induced Differences
Drug Disposition in the Geriatric Animal
This discussion focuses on some of the clinically important 
changes that are likely to alter response to drug therapy in 
geriatric patients (Table 2-1) and on actions that can be imple-
mented to compensate or reduce the sequelae of these changes. 

Age is associated with changes both in pharmacokinetics 
(gerontokinetics) and pharmacodynamics, with changes gen-
erally compared with those of the young adult.1-3 Data in ani-
mals are limited, but in general, disposition pattern changes 
described for humans appear to extrapolate adequately to dogs 
and cats.4 Geriatric animals are at a greater risk for therapeu-
tic failure because of normal aging changes in physiology, an 
increased incidence of disease, and the likelihood of polyphar-
macy in response to disease; moreover, a decrease in normal 
organ protective mechanisms may increase the risk of adverse 
events. The age at which body functions shift from a period 
of growth to a period of decay (16 to 18 years in humans) has 
not been established in dogs and cats. The age probably differs 
among canine breeds. Aging is accompanied by permanent 
loss of up to 30% of body cells, with a parallel loss in oxy-
gen consumption. Body composition changes, as do regional 
blood flow rates. Physiologic functions generally decline 
steadily with increasing age. In humans basal metabolic 
rate decreases by 0.4% per year2; according to the National 
Research Council,5 energy requirements of dogs decrease as 
they age. Changes among the body systems can influence all 
four drug movements.

Cardiovascular. As animals age, cardiac output decreases 
and circulation transit time increases. In humans cardiac out-
put decreases by about 1% per year for a total decline of 30% to 

KEY POINT 2-1 As the geriatric animal ages, organ mass 
reduces in size and function by approximately 25%, result-
ing in corresponding changes in drug disposition.
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40% in the aged. Regional and organ blood flow rates similarly 
decrease.2 The net effect of these changes depends on the state 
of disease but can influence each drug movement. Absorp-
tion, metabolism, and excretion are likely to decrease, whereas 
distribution may increase or decrease depending on the state 
of vascular responses or fluid retention.2,6,7 As cardiac func-
tion decreases, secondary compensatory responses can lead 
to  further risks of adverse reaction.7 Blood flow is preferably 
redistributed to the brain and heart, increasing the risk of tox-
icity of drugs toxic to these tissues.

Central and peripheral nervous systems. As the geriat-
ric patient ages, brain weight and peripheral fiber numbers 
decrease. Connective tissue infiltrates peripherally.2 Oxygen 
consumption and cerebral blood flow decrease. In addition, 
decreased amounts of selected neurotransmitters have been 
documented. Morita and coworkers8 reported alterations in 
the blood–brain barrier in elderly dogs.

Respiratory. In human geriatric patients, residual lung volume 
decreases by 50% with accompanying decreases in vital capacity, 
arterial oxygen pressure (PO2), and maximum oxygen uptake. 
In addition, the central response to hypoxia and hypercapnia, 
such as that induced by opioid analgesics, decreases.2 Anesthetic 
or other sedating agents must be used more cautiously.

Gastrointestinal. As animals age, deglutition decreases as a 
result of decreased salivation and pharyngeal and esophageal 
motility. Gastric function is characterized by atrophy of the 
mucosa with a reduction of hydrochloric acid secretion and 
a subsequent increase in gastric pH. Gastrointestinal motility 
is generally reduced. The intestinal macrovilli and microvilli 
also atrophy, increasing the risk of bacterial overgrowth. These 
sequelae tend to reduce the absorption and thus the PDC of 
orally administered drugs. Changes in gastrointestinal func-
tion (including reduction of gastroprotective effects) may also 
predispose the geriatric patient to adverse effects induced by 
toxic drugs such as chemotherapeutic agents and nonsteroidal 
antiinflammatory drug (NSAID) analgesics. The latter should 
be used with caution; the clinician should anticipate and be 
prepared to treat toxicities. Digestibility of key nutrients, such 
as fat, tends to decrease in elderly cats.9 As with humans, the 
intestinal microbiota population shifts in elderly dogs and 
cats, with lactobacilli decreasing and clostridia increasing in 
dogs10 and bifidobacteria decreasing in cats.11 In addition to 
response to antimicrobials, these changes might influence 
enterohepatic circulation of bile acids and thus, potentially, 
some drugs.12

Hepatic. Changes in hepatic function are important to the 
geriatric animal because of the liver’s role in the metabolism 
of drugs.13 Hepatocyte number and function decrease, as do 
hepatic and splanchnic blood flow, hepatic oxidation, and 
cytochrome P450 content (the primary drug-metabolizing 
enzyme). Both flow-limited and capacity-limited drugs are 
affected. For example, hepatic clearance of both opioid anal-
gesics (which are characterized by first-pass metabolism; 
i.e., flow limited) and nonsteroidal analgesics (eliminated 
principally by hepatic metabolism; i.e., capacity limited) is 
decreased in geriatric patients. Increased response of human 
geriatric patients to opioid analgesics—they require 60% to 
75% less drug than younger patients do—has been attributed 
to changes in drug elimination.14,15 Changes in hepatic func-
tion, oxygenation, and nutrition may also predispose the liver 
to drug-induced hepatotoxicity. Because of reduced hepatic 
function, the geriatric patient may be less able to generate 
endogenous hepatoprotectant agents, increasing the risk of 
drug-induced hepatotoxicity (Chapter 4).

Urinary. As renal blood flow decreases, the glomerular 
filtration rate and active secretory capacity of the nephron 
unit progressively decrease with age. Both result in a similar 
decline in renal clearance. Renal excretion is the major route 
of elimination of many drugs. Changes in renal clearance tend 
to prolong the elimination and thus increase PDCs in the geri-
atric patient. Changes in renal function also render the geri-
atric patient more susceptible to adverse drug reactions such 
as those induced by aminoglycosides, angiotensin-converting 
enzyme inhibitors, and NSAID analgesics.

Body weight and composition. Changes in body composi-
tion may be among the most complex in the geriatric ani-
mal. Like humans, dogs tend to lose lean body mass and 
accumulate body fat as they age (Figure 2-1).16 In male 
humans, fat increases from approximately 18% in young 
adults up to 50% in the aged.2 Increased proportion of body 
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fat is accompanied by a decrease in total body water and cell 
mass. Although extracellular fluid does not change in total 
amount, the relative proportion of total body water that it 
makes up increases. Thus the proportion of intracellular to 
extracellular fluid decreases. The sequelae of these changes 
depend on the drug. As distribution of water-soluble drugs 
decreases with total body water, PDCs tend to increase. The 

distribution of lipid-soluble drugs increases as the propor-
tion of body fat increases, however, which tends to decrease 
PDCs unless the patient is dosed on a mg/kg basis. The 
impact of aging on body composition in dogs varies with 
breeds. For example, in one study body fat increased with 
age in Great Danes but not Labrador Retrievers or Papil-
lons,17 although this did occur within 1 year of death in 

Table 2-1  The Impact of Age-Related Differences in Physiology on Xenobiotic Disposition

Absorption Distribution Metabolism Excretion

Geriatric
Decreased gastric motility 

prolongs time to peak 
effect

Increased fat mass and 
decreased lean body weight 
results in decreased distribu-
tion, higher concentration, 
and shorter half-life of water-
soluble drugs

Decreased hepatic mass and 
drug metabolizing enzymes 
(phases I and II)

Decreased GFR, decreased 
renal clearance

Increased risk of bacterial 
overgrowth

Increased body fat increasing 
distribution and prolonging 
half-life of lipid-soluble drugs

Decreased hepatic blood 
flow, decreased clearance 
of flow- limited drugs, 
increased absorption of 
drugs that undergo first-pass 
 metabolism

Decreased renal clearance 
and longer half-life

Generally decreased 
 absorption

Decreased protein binding 
compensated for by clearance 
of free compound (?)

Decreased hepatic clearance 
and prolonged half-life

Decreased renal protection

Decreased gastroprotection Increased distribution to heart 
and brain as cardiac function 
declines

Decreased hepatoprotection

Decreased distribution of 
water-soluble drugs resulting 
in increased drug concentra-
tions, shorter half-life

Higher plasma drug concentra-
tion

Pediatric
≤ 12 weeks Increased absorption for 

first 24 hours (during 
colostrum absorption)

Increased volume of distri-
bution, reduced plasma 
 concentrations

Decreased phase I metabolism, 
being absent for first weeks 
and reaching adult levels at 
3 to 4 months

Decreased renal clearance 
until 2 to 3 months

Decreased acidity leading to 
decreased absorption of 
weak acids

Greater proportion of extracel-
lular fluid reducing plasma 
concentrations of water- 
soluble compounds

Increased bioavailability of 
drugs that normally undergo 
first-pass metabolism

Prolonged half-life

Decreased rate (not extent) 
of absorption of most 
drugs

Longer half-life Decreased response to com-
pounds that must be 
 metabolized to active state

Milk possibly binding to 
luminal contents

Decreased distribution of com-
pounds that accumulate in fat

Decreased peripheral metabo-
lism of compounds

Reduced absorption of 
 fat-soluble drugs

Decreased protein binding pos-
sibly increasing distribution

Increased blood flow to brain 
and heart

Increased permeability of 
blood–brain barrier

GFR, Glomerular filtration rate.
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elderly Labrador Retrievers in another study.16 Although 
middle-aged cats tend to be overweight, geriatric cats often 
become thin.9 Thus PDCs of water-soluble compounds 
might be expected to be higher in older animals compared 
with those of young adults, even if dosing on an mg/kg body 
weight basis, whereas for lipid soluble drugs, dosing on an 
mg/kg body weight basis might compensate for potential 
changes in plasma concentrations.

Serum albumin. Although total serum plasma protein con-
tent probably remains the same in the geriatric animal, the 
proportion represented by albumin decreases and that by 
gamma globulins increases. Changes in serum albumin can be 
clinically important to patients receiving highly  protein-bound 
drugs, such as NSAIDs. Decreased albumin can result in a 
greater proportion of free drug: Most NSAIDs are close to 
99% protein bound. A decrease of only 1% (i.e., 99% to 98% 

 binding) doubles the  concentration of a pharmacologically 
active drug. The sequelae of increased PDC may be offset by 
a compensatory increased clearance, because only unbound 
drugs are generally conducive to hepatic or renal clearance. 
However, this balance might be minimized if organs of clear-
ance are negatively affected.

Receptor sensitivity and pharmacodynamics. Geriat-
ric patients respond differently to some drugs, which sug-
gests that tissue receptor sensitivity to the drugs is altered. 
Changes in receptor number or responsiveness have been 
implicated but not documented.2,3 Physiologic changes such 
as altered neurotransmission or intracellular constituents 
have also been suggested. For example, geriatric patients are 
less likely to perceive, appreciate, or express pain. Thus the 
need for analgesic therapy is often not detected. In addition, 
geriatric patients are less able to respond to many analgesic 
drugs.

Disease. Aged animals are more likely to be suffering from 
diseases that affect not only drug disposition but also tissue 
receptivity to drugs and organ protection.15 The immune 
system of the geriatric patient is not as effective as that of 
the adult,18 leading to the use of bactericidal antimicrobials 
and minimizing the use of immunosuppressive drugs. In 
addition, the geriatric patient is more likely to be receiving 
multiple drugs, which increases the likelihood of drug inter-
actions. Finally, diseases of selected organs may predispose 
these organs to drug-induced toxicity.

Drug Disposition in the Pediatric Animal
With regard to dogs and cats, pediatric generally refers to 
the first 12 weeks of life.19 Important developmental changes 
occurring within this time spectrum, however, justify further 
staging into neonatal (0 to 2 weeks), infant (>2 to 6 weeks), and 
pediatric (>6 to 12 weeks) periods of growth. Changes associ-
ated with each of these periods cause accompanying changes 
in drug disposition, thus rendering the pediatric patient more 
susceptible to drug-induced adverse reactions. All four deter-
minants of drug disposition (i.e., absorption, distribution, 
metabolism, and excretion) undergo dramatic changes as the 
neonate matures (see Table 2-1).20,21 However, the clinical sig-
nificance of these sequelae varies.

Absorption. Young kittens have decreased energy, carbohy-
drate, and organic matter digestibility compared with kittens 
older than 19 weeks of age.22 However, because the surface 
area of the small intestine is large, even in neonates, the extent 
of drug absorption probably does not clinically differ between 
normal pediatric and adult animals. The rate of absorption 
tends to be slower in pediatric animals, however, probably 
because of decreased gastric emptying and irregular intestinal 
peristalsis. As a result, peak PDCs may be lower in  pediatric 
patients. The decreased rate of absorption might actually 

A

B

Figure 2-1 The geriatric dog and cats may represent two 
extremes in regard to the impact of aging on disposition. 
Body mass frequently increases in dogs (A) but decreases in 
geriatric cats (B). Mass loss in cat reflects lean tissue and fat. 
In contrast to the geriatric animal, adult cats, like dogs, may 
be characterized by marked differences in body composi-
tion, as is exemplified by the obese cat or dog. Water-soluble 
drugs generally do not distribute to fat, and dosing of water-
soluble drug on the basis of total body weight may result 
in overdose. Dosing on lean body weight is more prudent. 
Distribution of a lipid-soluble drug to the fat compartment, 
on the other hand, may increase the volume of distribution, 
decreasing drug concentrations. For such animals dosing on 
total body weight (per kg) is more reasonable.

KEY POINT 2-2 Drug clearance generally does not reach 
adult capacity until approximately 3 months of age.
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protect against toxic drug concentrations.23,24 However, pro-
tection may not be present before absorption of colostrum. 
During this period the permeability of the intestinal mucosa is 
increased, leading to increased rate and extent of drug absorp-
tion. Occasionally, drugs that normally are not absorbed from 
the gastrointestinal tract (e.g., aminoglycosides, carbenicil-
lin, and other acid-sensitive beta-lactams and enteric sulfon-
amides) can reach systemic circulation. Intestinal permeability 
decreases rapidly after the ingestion of colostrum,24,25 possibly 
because of the endogenous release of hydrocortisone or adre-
nocorticotropic hormone. Exogenous supplementation of 
either of these hormones by the 24-hour prepartum mother 
prevents increased permeability and colostrum absorption in 
the neonate.

A number of other factors may alter small intestinal drug 
absorption in pediatric patients. Gastric pH is neutral in the 
newborn; adult levels are not reached until sometime after 
birth, depending on the species.23,25 Increased gastric pH 
(achlorhydria) may decrease the absorption of many drugs 
that require disintegration and dissolution or are ionized in 
a less acidic environment (e.g., weak acids such as penicil-
lins). Milk diets can reduce drug absorption by either decreas-
ing gastric emptying or directly interacting with drugs (e.g., 
milk can impair absorption of tetracyclines). The “unstirred 
water layer” adjacent to the surface area of the mucosal cells 
is thicker in the neonate than in the older pediatric patient 
and may limit the rate of absorption of some drugs. As bili-
ary function matures, the absorption of fat-soluble drugs (e.g., 
griseofulvin and fat-soluble vitamins) increases. Microbial 
colonization of the gastrointestinal tract may alter response 
to antimicrobial drugs, extrahepatic metabolism, or enterohe-
patic circulation.26,27

Absorption from the rectal mucosa is rapid. Rectal admin-
istration of drugs or fluids can be used for pediatric patients 
when venous catheterization is difficult, to reduce complica-
tions associated with intravenous administration (e.g., seda-
tion, anesthesia), or when oral administration is undesirable 
(e.g., antiemetics). Several pediatric drugs intended for sys-
temic effects are available as rectal suppositories. Limited 
data from studies of human infants indicate that peak plasma 
concentrations after rectal administration may be higher than 
those obtained by other routes.26

Absorption of drugs administered parenterally to pediat-
ric animals also varies from that of adults. The rate of absorp-
tion after intramuscular administration changes with age as 
muscle mass and its accompanying blood flow increase and as 
vasomotor responses mature.26 Because muscle mass is small, 
subcutaneous administration is frequently preferred for pedi-
atric patients. Again, variability in subcutaneous absorption 
rates can be anticipated with age. Less fat but greater water 
may result in faster absorption compared with that in adults.28 
Environmental temperature probably influences subcutaneous 
absorption, particularly in newborns whose thermoregulatory 
mechanism functions poorly. Cold environments are likely 
to reduce subcutaneous drug absorption if the neonate is not 
kept warm. The same is true for patients in a state of hypother-
mia. Intraperitoneal administration can be a lifesaving route 

of blood and fluid administration, particularly for the new-
born with inaccessible central veins. Isotonic fluids are rapidly 
absorbed, and up to 70% of red blood cells are absorbed in 48 
to 72 hours.29 Blood and fluids can also be administered into 
the medullary cavity of large bones.30,31

Absorption of volatile anesthetics from the pediatric respi-
ratory tract is rapid because minute ventilation is greater.19 
Thus young animals are more sensitive to the effects of gas 
anesthetics. Although not a common route of drug admin-
istration, percutaneous absorption of drugs is likely to be 
greater in pediatric patients. Percutaneous absorption is 
directly related to skin hydration, which is greatest in neo-
nates. Topical administration of potentially toxic lipid-soluble 
drugs (e.g., hexachlorophene and organophosphates) is not 
recommended.

Distribution. The most important factors contributing 
to differences in drug distribution in pediatric patients are 
differences in body fluid compartments and drug binding to 
serum proteins. Body fluid compartments undergo profound 
changes with the growth of the neonate. Both the percentage 
of total body water and the ratio of compartmental volumes 
change with maturation. The percentage of total body water 
decreases with age, but the decrease is more substantial in 
the extracellular versus the intracellular compartment (see 
Table 2-1;  Figure 2-2).32 Daily fluid requirements are greater 
in neonatal and pediatric patients, in part because a larger 
proportion of their body weight is represented by body water 
(see Figure 2-2). The sequelae of these body compartment 
differences depend on the normal distribution of the drug. 
Most water-soluble drugs are distributed to extracellular flu-
ids. In pediatric patients the volume to which these drugs 
is distributed is therefore higher than in adults; PDCs cor-
respondingly decrease. Thus it may be necessary to increase 
doses to prevent therapeutic failure. A different pattern 
might be expected for lipid-soluble drugs because they tend 
to be distributed to total body water. Such drugs should be 
dosed according to body weight (e.g., mg/kg). Although 
decreased PDCs resulting from increased distribution may 
protect the pediatric patient from potentially toxic drug 
concentrations,33 a poor therapeutic response may result 
from failure to generate therapeutic drug concentrations of 
water-soluble drugs. The disposition of several antimicro-
bials in neonatal animals has been reviewed by Baggott,34 
with differences in disposition generally found to be similar 
to those described for humans. Ampicillin is characterized 
by volumes that are larger in puppies and kittens (threefold 
to fourfold higher) compared with adults, resulting in clini-
cally significant lower drug concentrations.35,36 Distribution 
of enrofloxacin, a lipid-soluble drug, is somewhat unpredict-
able and age dependent in kittens, being smaller at 2 to 4 
weeks but greater at 4 to 6 weeks.37 Changes in the half-life 
of each drug parallel changes in distribution. Because many 
drugs are distributed to a larger volume in pediatric patients, 
a longer half-life should be anticipated, and it may be neces-
sary to prolong the dosing interval. However, for enrofloxa-
cin in kittens this effect was balanced by increased clearance 
at 6 weeks.37
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Because the proportion of body fat is smaller in pediatric 
patients, the distribution of lipid-soluble drugs that accu-
mulate in fat (e.g., organophosphates, chlorinated hydrocar-
bons, ultrashort thiobarbiturates) may be proportionately 
decreased. Although drug half-life would decrease, PDCs 
may become toxic. Many lipid-soluble drugs have a high 
affinity for and are bound by plasma proteins, thus facili-
tating their movement through the body. Binding, however, 
limits their distribution to tissues. Predicting the distribu-
tion of highly protein-bound drugs is complicated in the 
pediatric patient. Serum concentrations of both serum albu-
min, the protein to which most drugs are bound, and α1-
glycoproteins (to which basic drugs preferentially bind) are 
decreased in pediatric patients.38 Protein binding of drugs 
may also be reduced because of differences in albumin 
structure or because drugs compete with endogenous sub-
strates (e.g., bilirubin) for binding sites.24,39 As drugs are dis-
placed, the concentration of free, pharmacologically active 
drugs and the risk of adverse reactions increases. These 
changes are significant, however, only if the drug is highly 
(i.e., >80%) protein bound and characterized by a small 
therapeutic index. Although the concentration of free drug 
increases, that of total drug in the plasma tends to decrease 
because unbound drug is free to distribute into tissue.39 
Consequently, drug half-life may increase, and longer dos-
ing intervals may be indicated for potentially toxic drugs. 
Increased clearance of unbound drug may ultimately nor-
malize a half-life that has been lengthened by an increased 
volume of distribution.

Differences in regional organ blood flow might cause 
clinically important changes in drug disposition in pediat-
ric animals. Differences in renal blood flow have been docu-
mented40,41 and result in clinically important differences in 
drug excretion. Blood flow to vessel-rich tissues of the body 
(i.e., heart and brain) is greater and faster;19 the pediatric 
patient is thus more susceptible to drug-induced cardiac and 
central nervous system (CNS) toxicity. The potential for CNS 
toxicity is further increased because the blood–brain barrier 
is poorly developed immediately after birth. Increased perme-
ability protects the neonatal brain from a deficiency of nutri-
tional fuels in stressful states (e.g., hypoglycemia, hypoxia, 
acidosis) by allowing the movement of oxidizable substrates 
such as lactate into brain cells.42 The status of efflux proteins is 
not yet established. Drugs normally incapable of reaching the 
adult brain are, however, also able to reach brain cells, which 
are very susceptible to their effects, thus increasing the risk of 
CNS toxicity.43,44

Metabolism. Drug elimination, including both hepatic 
metabolism and renal excretion, is limited in neonatal and 
pediatric patients. Thus many drugs administered to the 
young animal are characterized by decreased clearance.20,24 
In contrast to human infants, hepatic metabolism of drugs is 
incompetent in the near-term and neonatal puppy.45-47 Both 
phase I (e.g., oxidative) and phase II (e.g., glucuronidation) 
reactions are reduced. The various pathways of metabolism 
mature at different rates. Phase I activity may not occur in 
the neonatal puppy and may not be evident until day 9 if it 
does. Activity appears to progressively increase after day 25, 

Figure 2-2 Differences in body composition can be appreciated between the two age extremes by following changes as the 
animal ages. The extracellular compartment and total body water of dogs and cats is greatest in the neonate and gradually 
decreases toward adult proportions as the animal ages. Increased extracellular fluid and increased total body water result in 
larger volumes of distribution of most drugs in neonates or pediatric animals, which may decrease plasma drug concentrations 
and prolong half-life. As the adult ages, fluid content declines, especially in the geriatric cat. The impact of these changes might 
be greater on water-soluble drugs because the extracellular component represents a greater proportion of total body water in 
the young animal.
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not reaching adult levels until 135 days postpartum.46 Drug 
metabolism in pediatric patients, however, is quite complex. 
For example, Ecobichon and coworkers48 found that in Beagle 
puppies, phase I metabolites decreased with age, and for phase 
II metabolism, glucuronidation was the most predominant, 
with sulfonation decreasing as puppies got older.

Generally, decreased hepatic drug metabolism is reflected 
as decreased plasma clearance, increased plasma half-life, and 
potentially toxic PDCs. Dose reduction, dose prolongation 
of intervals, or both may be indicated for some drugs. Oral 
bioavailability of drugs characterized by significant first-pass 
metabolism in adults (e.g., propranolol) is probably greater in 
puppies and kittens. Response to prodrugs (e.g., primidone; 
prednisone; enalapril; and, potentially, methylprednisolone) 
may be reduced because of decreased formation of active 
drug products. Pediatric hepatic drug-metabolizing enzymes 
do appear to be inducible by phenobarbital and other drugs. 
Nonhepatic drug-metabolizing enzymes also appear to be 
decreased in pediatric patients. For example, pediatric lower 
plasma cholinesterase can result in increased sensitivity to 
organophosphates, succinylcholine, and procaine.

Excretion. Reduced renal excretion, characteristic of the 
pediatric puppy, results in decreased clearance of renally 
excreted parent drugs and products of phase II drug metab-
olism. Although the number of glomeruli remains constant 
throughout pediatric development, both glomerular filtration 
and renal tubular function progressively increase.41,49 Adult 
values may not be reached until approximately 2.5 months of 
age. In contrast to glomerular filtration and secretion, renal 
tubular reabsorption in puppies appears to be similar to that 
in adults as long as body fluids and electrolytes are main-
tained.50,51 The sequelae of developmental changes in pediat-
ric renal function include decreased clearance and prolonged 
half-life of drugs (primarily water soluble) excreted by the kid-
neys. Such a pattern has been shown for several drugs. Com-
pared with current recommendations for adults, pediatric 
patients may require a higher dose (owing to increased volume 
of distribution) and longer intervals (owing to increased dis-
tribution and decreased clearance) for gentamicin administra-
tion. More important, modifications should be anticipated in 
the gentamicin dosing regimen of unhealthy puppies because 
they are likely to be affected by conditions that increase the 
potential for gentamicin-induced nephrotoxicity (e.g., dehy-
dration). However, underdeveloped glomeruli may actually 
protect the pediatric patient from  aminoglycoside-induced 
nephrotoxicity.21 Further investigations are needed to estab-
lish safe yet effective doses of gentamicin for the neonatal 
puppy or kitten.

Specific Drug Therapy for the Pediatric Patient
Fluid therapy. Pediatric patients are predisposed to dehydra-

tion because extracellular fluid is increased, renal capacity to 
conserve water is decreased, the ratio of surface area to body 
weight is large, and fluid loss through immature skin is greater.52 
Fluids can be administered by several routes. Crystalloids 
administered rectally should be isotonic; rapid rectal absorp-
tion of hyperosmolar solutions can lead to life-threatening  

hyperosmolarity. Subcutaneous administration may be an 
acceptable route if small volumes of isotonic fluids are admin-
istered in patients with normal hydration. Intraosseous fluid 
administration is an acceptable route of administration if a 
central vein is not accessible.53 Oral rehydration is recom-
mended as the preferred therapy for dehydration caused by 
diarrhea in human pediatric patients.54

Antimicrobial therapy. As for adults, an appreciation of the 
chemotherapeutic triangle (i.e., relationship among host, 
drug, and microorganism) is necessary for the appropriate use 
of antimicrobials with pediatric patients. Several antimicrobi-
als are not recommended for pediatric patients. These include 
chloramphenicol, tetracyclines, doxycycline, and other drugs 
that undergo enterohepatic circulation (e.g., clindamycin) and 
thus are more likely to disrupt the normal colonization of the 
alimentary tract in pediatric patients.

Beta-lactam antibiotics are generally the drugs of choice 
for pediatric patients whenever possible. Although drug 
half-lives are likely to be prolonged, they tend to be safe 
because they are characterized by a wide therapeutic index. 
Higher doses may be necessary to achieve desired peak PDCs 
because their distribution is greater. The time interval of 
administration can be prolonged to compensate for the lon-
ger half-life. Therapeutic drug monitoring should be used to 
improve the safety and efficacy of aminoglycosides whenever 
possible. Higher doses and longer intervals may be neces-
sary to achieve recommended peak and trough concentra-
tions. Amikacin, which is potentially less nephrotoxic (and 
more effective against Pseudomonas spp.) than gentamicin, 
might be preferred. Quinolones are very effective and, for 
most patients, safe antimicrobials. They are characterized by 
excellent tissue distribution. However, these drugs are not 
appropriate for large-breed pediatric animals because they 
can cause destructive lesions in the cartilage of long bones. 
Thus the author does not recommend these drugs as first 
choice for any pediatric patient. The use of disease-modifying 
agents containing glucosamine should be encouraged in any 
animal in which cartilage is growing (or repairing). The com-
bination of a sulfonamide with trimethoprim or ormetroprim 
tends to be safe and effective for kittens and puppies. Oral 
tetracyclines should be avoided in nursing animals and before 
tooth extraction. Therapeutic indications for lincosamides 
and macrolides are limited for pediatric patients. Because 
both groups of drugs undergo extensive biliary secretion 
and enterohepatic circulation, they should not be used as 
first-choice antimicrobials. An exception should be made for 
Mycoplasma infections for which tylosin is the drug of choice. 
Metronidazole is the drug of choice for Giardia infections in 
dogs and cats, and it is often used for the treatment of anaero-
bic infections. Decreased clearance and prolonged half-life 
should be anticipated in kittens and puppies; lower doses and 
longer intervals may be necessary to prevent CNS toxicity. 
Enrofloxacin is one of the few drugs that has been studied 
well in neonatal to pediatric kittens.37 After oral administra-
tion, bioavailability of enrofloxacin (5 mg/kg) was at least 
33% at 2 weeks of age, increasing to 50% at 4 and 70% at 6 
and 8 weeks of age. Following intravenous and subcutaneous 



41CHAPTER 2 Factors Affecting Drug Disposition

administration, the area under the curve compared to adult 
cats varied with the age of the kittens and route of adminis-
tration. Neonates (younger than 2 weeks of age) presented as 
most “different,” with area under the curve at least twofold 
higher than that of any other age (4, 6, or 8 weeks), although 
elimination half-life was similar among the groups studied. In 
general, volume of distribution (Vd) was greater (up to two-
fold) at 4 and 6 weeks compared with the younger age groups 
and adults, indicating the need for a higher dose; because 
clearance was faster as well, elimination half-life was actually 
shorter than with adults.

Sedation, anesthesia, and analgesia. Opioid agonists are 
the preferred sedative, premedicant, or analgesic of some 
veterinary clinicians for pediatric patients.19 Although asso-
ciated with marked cardiac and respiratory depression, the 
effects of opioid agonists are largely reversible with opioid 
antagonists. Bradycardia can be prevented in older pediatric 
patients by premedication with atropine or glycopyrrolate. 
Whereas the duration of fentanyl analgesia (nontransder-
mal patch) is generally too short to justify its use for adult 
patients, some clinicians prefer it for short-term intraop-
erative analgesia for pediatric patients because it minimally 
affects the cardiovascular system. Ketamine can be adminis-
tered subcutaneously, intramuscularly, or intravenously for 
the restraint and immobilization of young cats. Response to 
ultrashort barbiturates such as thiopental and methohexi-
tal or similar agents (e.g., propofol) should be exaggerated 
in young animals because of decreased body fat and hepatic 
clearance. Dilution to a 1% to 2% solution is indicated to pre-
vent over-administration.

Complications associated with intravenous adminis-
tration can be reduced by rectal administration of either 
thiopental or methohexital in human pediatric patients. As 
a class the benzodiazepines can probably be used safely in 
pediatric patients. Elimination occurs primarily by hepatic 
metabolism and is likely to be slower in pediatric patients. 
Benzodiazepines are, however, characterized by a wide ther-
apeutic index. Midazolam, the newest member of this group, 
is more potent, has a faster onset of action, and is more rap-
idly eliminated than diazepam. Although not approved for 
use in human pediatric patients, it has been used in this age 
group successfully to induce sedation.55 Inhalant anesthet-
ics are preferred for maintenance anesthesia in veterinary 
pediatric patients. Halothane, methoxyflurane, enflurane, 
and isoflurane, and to a lesser degree, sevoflurane have been 
used. Hypotension is a complication of all gas anesthetics, 
however, and variable patient response necessitates close 
monitoring.

Pregnancy and Lacation
Maternal–Fetal–Placental Unit
Even the most simple pharmacokinetic representation of the 
maternal–fetal system is complex, being composed of at least 
three compartments: maternal, placental, and fetal. The phar-
macokinetics of each compartment is determined, in turn, by 
its own rate of absorption, distribution, metabolism, and elim-
ination.56-58 Pregnancy is further complicated by its dynamic 

nature, with dramatic changes in placental and fetal growth 
and in the physiology of the pregnant animal. All pharmaco-
kinetic processes change in concert with the progression of 
pregnancy.

The placenta transfers nutrients and oxygen from the 
mother to the fetus and facilitates waste removal from the 
fetus. However, the placenta also has a number of metabolic 
functions, among them the synthesis of hormones, peptides, 
and steroids that are vital for a successful pregnancy. The 
placenta also presents a barrier to drug distribution from 
maternal blood into the fetus. Transporter proteins (e.g., 
P-glycoprotein [P-gp]) on both the maternal and fetal side 
influence drug movement; placental phase I and II drug-
metabolizing enzymes also have been identified throughout 
gestation in the human placenta. Thus far, CYP1A1, 2E1, 3A4, 
3A5, 3A7, and 4B1 and uridine diphosphate glucuronosyl-
transferases have been detected in the term human placenta. 
However, these barriers to drug movement from the mother 
to fetus presented by the placenta are not impenetrable. 
Extrapolation of data among species regarding maternal to 
fetal transfer of compounds is complicated by differences in 
placentation.59 Humans and rats have the least number of lay-
ers. However, the endotheliochorial placentation of carnivores 
differs from hemochorial placentation of humans only by the 
presence of maternal endothelium, and it is likely that this 
single fenestrated layer does not present a significantly greater 
barrier.60 The idea of absolute placental selectivity has been 
replaced with the realization that any drug administered to a 
pregnant animal might prudently be anticipated to cross the 
placenta, regardless of the degree of intimacy between fetal 
and placental membranes.56,57,61 The route of administration 
is also likely to determine the amount of placental transfer: 
Routes that result in higher plasma peak concentrations (i.e., 
intravenously, as an intravenous infusion, and in multiple 
doses) are likely to expose the fetus to higher drug concentra-
tions. Further, a “depot phenomenon” described in the human 
placenta reflects the accumulation of selected lipid-soluble 
xenobiotics in the placenta, with the placenta possibly serving 
as a storage site.61

The primary mechanism of drug movement is passive 
diffusion, with the amount of transfer dependent on physio-
chemical properties; less commonly, active transporters and 
facilitated diffusion contribute to drug movement.61 Although 
many factors determine the rate and extent of drug transfer 
across the placenta, the lipid solubility of the drug and a steep 
maternal–fetal drug concentration gradient are probably the 
most important.57 In general, nonionized compounds with 
high lipid solubility cross rapidly, whereas drugs with little 
lipid solubility cross slowly. Impermeability of the placenta 

KEY POINT 2-3 Assuming that most drugs administered 
to the pregnant or lactating bitch or queen will reach the 
offspring is prudent. Water-soluble drugs should be chosen 
when possible if therapy is necessary.
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to polar compounds, which generally do not penetrate cell 
membranes, has been described as relative rather than abso-
lute.57 A number of drugs that are polar at physiologic pH can 
cross the placenta rapidly.57 Molecular weight influences drug 
movement, with those below 500 Dalton more likely and those 
above 1000 less likely to transfer. Protein binding precludes 
drug movement, whereas differences in fetal and maternal 
blood pH increase the accumulation of weak bases in fetal 
blood (humans).

Fetus and Neonate
Unique differences in drug disposition predispose the 
near-term fetus and neonate to adverse drug reactions. The 
pharmacologic principles that address risk of fetal expo-
sure to potential teratogens have been reviewed.61,62 The 
drug approval process generally precludes availability of 
those compounds with a demonstrated risk, but premarket 
assessment does not necessarily occur in dogs or cats. The 
responses of the fetus and newborn to individual drugs, 
however, vary. Differences in responses reflect, in part, dif-
ferences in placental kinetics of drugs. The fetus is most sen-
sitive to adverse effects particularly in the first trimester. The 
risk is positively correlated with the duration of pregnancy, 
with the risk greater in shorter pregnancies (e.g., dogs and 
cats) because this period represents a longer proportion of 
the pregnancy.63

Current efforts in human neonatology are concerned 
with the characterization of the pharmacokinetic differences 
between drugs in the near-term fetus. Differences in drug dis-
position compared with that of both pediatric animals and 
adults can lead to adverse reactions in the near-term fetus 
receiving drugs through the placenta. The amount of fetal pro-
tein is generally less in the neonate, which is, in turn, less than 
that in the adult.56,57 Thus higher concentrations of unbound 
and pharmacologically active drugs can be anticipated. It is 
not clear if increased concentrations of unbound drug will be 
compensated for by increased clearance, as will occur in the 
adult animal. Perhaps more important are anatomic peculiari-
ties of fetal circulation. Because the fetal liver and lungs are 
largely bypassed, blood reaching the heart and brain contain 
essentially the same concentration of drugs as present in the 
umbilical vein. Although fetal metabolism of drugs can con-
tribute to the ultimate elimination of drugs in the human neo-
nate, the amount of drug-metabolizing enzymes present in 
near-term animals is negligible.57

Although drugs administered to pregnant animals may be 
detectable in the fetus, they may not produce clinically impor-
tant effects. Examples of drugs that have been shown to reach 
detectable and potentially clinically important concentrations 
in the fetus include salicylates and other NSAIDs, anticon-
vulsants (phenytoin and diazepam), local anesthetics such as 
lidocaine, gentamicin (in some species), and narcotic analge-
sics. In human infants the ratio of maternal to fetal concentra-
tion of beta-lactams approximates 1.64 Because predicting the 
effects of a drug crossing the placenta is difficult, drug selec-
tion for the mother should be based, in part, on anticipated 
safety to the near-term fetus.

Maternal
The effects of pregnancy can alter all phases of disposition in 
the mother. Gastrointestinal motility and gastric acid secre-
tion decrease and may lead to decreased drug absorption. Dis-
tribution may be influenced by decreased serum albumin, and 
increased Vd of drugs, resulting in lower PDCs. However, drug 
clearance may be more rapid as cardiac output, renal blood 
flow, and glomerular filtration rate increase. High progester-
one concentrations may induce hepatic microsomal enzymes 
and increase drug metabolism.65

Lactation
As is the fetus, the nursing animal is an inadvertent recipi-
ent of drugs administered to the mother. Most of the perti-
nent information in the veterinary literature is concerned 
with excretion of drugs in the milk of food animals; there 
appears to be no information regarding small animals. Stud-
ies of humans indicate that drugs diffuse into the milk from 
maternal circulation. Low-molecular-weight (<200), un-ion-
ized, highly lipid-soluble drugs that are minimally protein 
bound diffuse into the lactating mammary gland rapidly, 
whereas water-soluble drugs diffuse more slowly.66 The pKa of 
a drug largely determines its concentration in milk. Animal 
milk tends to be acidic compared with plasma pH. Conse-
quently, although a drug may be nonionized in the plasma 
and thus more likely to diffuse into milk, it may become ion-
ized and nondiffusible once in the milk. Such “ion trapping” 
can concentrate drugs in milk. The ratio of drugs in milk to 
plasma is predictable, being greater for weak bases and weak 
acids whose pKas differ from the pH of milk by 2 pH units 
(+2 for acids and −2 for bases).67 Generally, the amount of 
drugs excreted in milk is less than 2% of the maternal dose.66 
Greater concentrations can be expected, however, if a drug is 
administered to the mother intravenously, as an intravenous 
infusion, or in multiple doses.

Not all drugs ingested with milk during nursing will be 
absorbed from the gastrointestinal tract of the nursing ani-
mal. For example, milk may decrease the absorption of some 
drugs, whereas the pharmacokinetic properties of other drugs 
(i.e., aminoglycosides) preclude their absorption except in 
the very young. Not all drugs, however, must be absorbed to 
cause clinically important adverse effects. For example, anti-
microbials can sometimes alter the developing flora of the 
pediatric alimentary tract.27,68 Thus it is prudent to refrain 
from administering potentially toxic drugs to the lactating 
bitch or queen.

Sex
Pregnancy and lactation are obvious differences between the 
sexes that affect the disposition of and response to drugs. 
However, sex differences are relevant without the influence 
of active reproduction. The impact of sex on drug disposition 
is not well characterized in human or other animal medicine. 
In general, female humans, compared with male humans, are 
characterized by reduced smooth muscle motility, greater 
body fat, greater content and fluctuation in plasma volume and 
increased organ blood flow, xenobiotic metabolism (increased 
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CYP3A4, others not clear), and transporter protein activ-
ity.69,70 It should be anticipated that sex differences are likely 
to be complex, as has been demonstrated for CYP enzymes in 
cats.71 Female cats were characterized by greater CYP2D and 
lower CYP3A compared with males.

Roles of Species and Breed Differences in Drug 
Disposition
Differences among species in the kinetics and response to 
drugs are profound; Riviere72 has offered a review in animals. 
Few studies have compared disposition among species, and 
when reported, data are generally oriented toward human 
medicine, with the intent to identify the (laboratory) animal 
most predictive of human drug disposition. Presumably, spe-
cies that are physiologically similar tend to have similar drug 
disposition patterns, and the same dosing regimen can often 
be used for a particular drug.73 However, pharmacokinetic 
data (Vd, clearance, and mean residence time) after intrave-
nous administration have been compared among humans, 
monkeys, dogs, and rats for over 100 molecules (including 
many drugs).74 Correlations between chemical structures of 
the compounds with pharmacokinetics allowed two catego-
ries of compounds to be identified: those characterized by 
high clearance, for which mathematical models would allow 
general extrapolation of data from one species to another, 
and those whose characteristics yielded incorrect extrapola-
tions. Although the authors concluded that such an approach 
might be useful for extrapolation, more to the point is the 
reality that drugs may not be extrapolatable even with the 
most sophisticated of mathematical models. The combina-
tion of computation analysis of the molecular characteristics 
of each compound with in vivo pharmacokinetic data might 
ultimately be helpful in identifying the most appropriate spe-
cies for predicting pharmacokinetic behavior of a particular 
molecule in another species. Thus caution needs to continue 
when extrapolating information from humans to the dog, and 
dog to cat. Likewise, pharmacodynamic responses may be 
profound.

Absorption
Gastric pH profiles have been described for the dog in antici-
pation of extrapolation to humans.75 Dogs are described as 
poor gastric acid secretors, compared with humans as good 
secretors, with gastric pH fluctuating in dogs from 2.7 to 8.3 
(mean 6.8). The shorter gastrointestinal tract of dogs com-
pared with that of humans, results in a transit time (111 min-
utes) that is 50% of that of humans, although this may be offset 
by taller villi and greater bile salt concentrations. Accordingly, 
differences in absorption might be expected between dogs 
and humans in the oral absorption of drugs, particularly for 
enteric-coated or altered-release products.75 Different affini-
ties for P-gps have been demonstrated among humans, non-
human primates, and Beagle dogs.76 In dogs absorption of 
some hydrophilic compounds is more similar to that in rats, 
whereas absorption of others is more similar to that found in 
humans.77 Another retrospective comparison between dogs 
and humans in the oral bioavailability of 43 drugs found 

close to 50% to be completely absorbed in both species. For 
the remaining drugs, 12 were absorbed more rapidly and to a 
greater (15% to 200%) extent.78 However, the extent of absorp-
tion for drugs not well absorbed correlated poorly between 
the two species. In general, if the drug was well absorbed in 
humans, it tended to be well absorbed in dogs. Both lipid- and 
water-soluble drugs appear to be better absorbed in dogs, the 
latter suggesting more paracellular transport. The rate and 
magnitude of drug absorption for many drugs may be similar 
between dogs and cats, regardless of the route of administra-
tion. However, extrapolations must be done with caution, as 
is exemplified with ciprofloxacin, whose oral bioavailability in 
the dog is 40% (compared to 80% or better in humans) but 0% 
to 20% (the latter more likely with multiple dosing) in cats.79,80 
Another example is prednisone. An exception also may need 
to be made for slow-release preparations; rates and extent of 
absorption do vary among species. Dye81,82 has demonstrated 
not only differences in bioavailability in cats versus dogs but 
also differences in pharmacokinetics related to morning ver-
sus evening dosing. Because slow-release preparations used in 
human patients are designed to maintain therapeutic concen-
trations in humans, absorption kinetics of these products can 
be profoundly different in the dog and cat. Use of such drugs 
should be based on clinical studies of these preparations in 
dogs and cats.

Distribution
Because most determinants of xenobiotic distribution are 
largely affected by cardiac output, regional blood flow, and 
xenobiotic chemistry, distribution differences among species 
might be predictable through allometric scaling.83 However, 
they must also take into account differences in transport pro-
teins. Differences in drug distribution can result in important 
differences in drug response. Blood volume of the cat (70 mL/
kg) is less than that of the dog (90 mL/kg); PDCs of drugs 
whose distribution is confined to the plasma compartment 
may therefore differ between the species. The same amount of 
drug (on a per-kilogram basis) is diluted less in cats because 
the plasma volume is smaller. Thus drug concentrations after 
administration of a mg/kg dose might initially be higher in cats 
than in dogs. Organs that are well perfused (i.e., heart, brain) 
may be more susceptible to toxicity. Cats are approximately the 
same size as the smaller dog breeds. Thus doses determined 
for medium-size to large-size dogs may not be appropriate for 
the cat because the smaller animals have a greater body surface 
area. In larger animals body water makes up a larger propor-
tion of body weight, which tends to dilute the drug. A higher 
dose may be needed for larger animals. Because the drug half-
life may be longer (owing to increased distribution), however, 
the dosing interval may need to be longer.

Differences in plasma protein-binding characteristics (par-
ticularly albumin) may alter the distribution of drugs that are 
highly protein bound. The degree to which various drugs are 
protein bound varies dramatically among the species, although 
the clinical implication is not clear. Although the elimination 
characteristics of many drugs have been established for cats, 
few studies have determined the extent of protein binding.
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The interaction between disease and species should be consid-
ered when considering species differences in drug distribution. 
For example, the unhealthy cat does not maintain hydration as 
well as the dog; fluid imbalances resulting from dehydration or 
edema alter drug distribution. The obese cat can represent a “sink” 
for drugs that are lipid soluble, thus lowering PDCs potentially 
to submaximal levels if the dose is not appropriately increased. 
Weight loss in a hyperthyroid cat can have the opposite effect.

Sight hounds (e.g., Salukis, Greyhounds; Figure 2-3) offer 
an example of potential breed differences in drug distribution. 
Their lean body weight provides little fat tissue for drug dis-
tribution. As a result, they are more susceptible to overdosing 
with drugs that redistribute, such as thiobarbiturates.

Distribution is influenced by the multidrug transport pro-
tein P-gp. Polymorphism has been demonstrated in the Collie, 
yielding differences in P-gp content. Two P-gp transporting 
proteins are encoded by ABCB1 (previously MDR1 or PGY1) 
and MDR3 (also named MDR2 and PGY3); only the MDR1 
gene product is thought to significantly influence drug metab-
olism. P-gp acts as an efflux pump by translocating drugs 
from the intracellular to extracellular compartments (Table 
2-2) (see Chapter 3). The protein transports a large number
of drugs that are chemically divergent; further, these drugs are
associated with a specific CYP450 responsible for metabolism
of the drugs that have been transported. Polymorphism of the
MDR1 gene and P-gp have been reported in humans and are
associated with altered drug disposition and thus susceptibility
to adverse drug events. Interestingly, polymorphism also has
been associated with an increased risk of certain illnesses (e.g.,
refractory seizures, Parkinson’s disease, inflammatory bowel
disease biliary mucoceole in dogs*). Polymorphism reflect-
ing a mutation deletion of MDR1 that causes nonfunctional
P-gp has been documented in Collie and related working-
breed dogs. The incidence of the deletion is impressively high:
in the U.S., in one study, 35% of Collies were homozygous
and another 42% heterozygous for the mutation deletion.84 A

*Personal communications, K. Mealey, Washington State University.

similarly high incidence was found in dogs in France: 20% of 
Collies and related breeds were found to be homozygous for 
the normal allele, 32% heterozygous for the deletion (carrier), 
and 48% homozygous for the mutant allele (affected dogs).85 
The impact of the mutation on drug safety in afflicted animals 
can be profound (see Chapter 3). Substrate specificity for P-pg 
appears to be similar among species, suggesting that human 
data can be used to predict which drugs might be more likely 
to cause adverse effects in these breeds.86 However, protein 
type and amount may vary among species and breed.

Metabolism
Human polymorphisms in CYP metabolic enzymes have 
been associated with therapeutic failure resulting from 
extremely rapid metabolism of a drug and toxic effects caused 
by decreased metabolism.87 Species extrapolation among the 
CYP450 appears to be predictable in order of most to least: 
2E1 (reasonably predictable) greater than 1A1, 1A2, and 4A 
(cautiously predictable) greater than 2D and 3A greater than 
2A, 2B, and 2C (major caution with extrapolation).88 Studies 
attempting to identify similarities between dog and human 
CYP activity suggest general extrapolation between the spe-
cies is not prudent.87 Although significant differences among 
species were not detected among rodents, rabbits, and dogs for 
CYP2E1, 3A2, and 4A1, comparison of animal CYP activity 
with human found only 2D6 to be most similar to dog.89 Other 
enzymes present in dogs are CYP1A, 2C, and 2D families and 
subfamilies (Table 2-3).90

Species differences have been documented in the handling 
of racemic isomers of selected drugs. Inversion (from one 
isomer to the other) patterns differ and are likely to result in 

A B

Figure 2-3 Differences in breeds may affect body composition (A) as well as other aspects of drug disposition. The sight hounds, 
represented by the Greyhound (B) is at risk for selected adverse drug events, in part because of a larger lean body mass com-
pared with fat. Drugs that normally accumulate in fat may achieve higher drug concentrations in such breeds.

KEY POINT 2-4 The genetic basis for differences in drug 
transport and metabolism limits extrapolation of dosing 
regimens among species, and potentially, breeds. How-
ever, understanding of these polymorphisms is increasing 
our ability to predict increased risks associated with drug 
administration in some breeds.
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different pharmacologic or toxic effects of the drugs. Induc-
tion (or presumably inhibition) of drug-metabolizing enzymes 
also will differentially affect the isomers.91

As in humans, polymorphism in drug- metabolizing 
enzymes has been reported in dogs92 but is not as well 
described. Differences in response to anesthesia recognized 

in sight hounds reflect both differences in drug distribution 
(to lean versus fat compartments; see Chapter 1) as well as 
differences in metabolism. Cytochrome-mediated clearance 
of several anesthetic agents is less in Greyhounds compared 
with other (nonsight hound) dogs; documented drugs include 
thiopental, thiamylal, and methohexital. Clearance of pro-
pofol by Greyhounds is three times less than that by Beagles. 
Ketoconazole plasma concentrations were twofold higher than 
expected in Greyhounds in one study.93 Further, Greyhound 
disposition of celecoxib, a cyclooxygenase-1 protective NSAID, 
indicates that breed differences may predispose this breed to 
adverse drug reactions. Polymorphism also has been described 
for CYP2C isoenzymes, again in Beagles94 and possibly 
Greyhounds.95 Polymorphism in celecoxib metabolism was 
attributed to CYP2D15, for which three canine variants were 
found.96 In a study of 242 Beagles receiving celecoxib, approxi-
mately 50% were considered efficient metabolizers and 50% 
poor metabolizers, with bioavailability and maximum PDC in 
the latter group almost twofold higher. The impact of species 
differences in pharmacokinetic and pharmacodynamic con-
siderations of enantiomers has been described.91,97 For exam-
ple, for many NSAIDs the S- isomer has a much greater affinity 
for cyclooxygenase-2, but the proportion of the S isomer varies 
among species. Further, species differ in their ability to inter-
convert S and R isomers.97 For example, chiral inversion has 
been described for ketoprofen in cats.98

Other polymorphisms that have been described include 
thiopurine methyltransferase (TPMT), which is one of several 
enzymes responsible for the metabolism of the active metabo-
lite of the prodrug azathioprine; polymorphisms resulting in 

Table 2-2  Substrates for P-glycoprotein 
Transport Pump and Known 
Inhibitors and Inducers of Drug 
Transport

Substrates Inhibitors Inducers
Antimicrobial Drugs
Erythromycin Bromocriptine Clotrimazole
Tetracycline Carvedilol Dexamethasone
Itraconazole Cyclosporine Morphine
Fluorinated quinolones 

(selected)
Erythromycin Rifampin

Anticancer Drugs Fluoxetine Phenothiazine
Doxorubicin Intraconazole St. John’s Wort
Vinblastine Ketaconazole
Vincristine Meperidine
Mitoxantrone Pentazocine
Anthelmintics Progesterone
Ivermectin Quinidine
Cardioactive Drugs Tacrolimus
Digoxin Verapamil
Quinidine
Diltiazem
Verapamil

CNS-Active Drugs
Phenothiazines
Amitryptyline Inhibitor of CYP3a
Morphine Substrate CYP3a

Endogenous Substrates
Bilirubin

Steroidal Hormones
Cortisol
Aldosterone

Gastrointestinal Drugs
Cimetidine
Loperamide
Ondansetron
Tacrolimus

Immunomodulators
Dexamethasone
Methylprednisolone
Cyclosporine
Tacrolimus
Colchicine

CNS, Central nervous system.

Table 2-3  Cytochrome P450 Families, Their 
Contribution to Drug Metabolism 
in Humans, and Their Orthologs in 
Other Species

Human 
Isoform % of Drugs Canine Isoform Feline Isoform
CYP1A1 13 CYP1A1 CYP 1A
CYP1A2 CYP1A2 (o)
CYP2B6 CYP2B11
CYP2E1 7 CYP2E2 CYP2E^^*
CYP2C9 18 *CYP2C1† **CYP 2C††

CYP2D6 1.5 ^CYP2D15§ CYP2D
CYP3A4 30 CYP3A12 CYP 3A

CYP3A26
*polymorphism **very low
^ 3 variants ^^ 3 variants

*Tanaka N, Shinkyo R, Sakaki T et al: Cytochrome P450 2E polymorphism in feline liver, 
Biochim Biophys Acta 1726(2):194-205, 2005.
†Blaisdell J, Goldstein JA, Bai SA: Isolation of a new canine cytochrome P450 CDNA 
from the cytochrome P450 2C subfamily (CYP2C41) and evidence for polymorphic dif-
ferences in its expression, Drug Metab Dispos. 26(3):278-283, 1998.
††Shah SS, Sanda S, Regmi NL, Sasaki K, Shimoda M. Characterization of cytochrome 
P450-mediated drug metabolism in cats, J Vet Pharmacol Ther 30(5):422-428, 2007.
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deficiencies in humans have been associated with an increase 
in the toxic bone marrow effects of the drug. Differences in 
dogs have been demonstrated as well: Kidd99 and coworkers 
have demonstrated that Giant Schnauzers have significantly 
less and Alaskan Malamutes significantly more TPMT com-
pared with other canine breeds.

The most significant and best-characterized differences 
in drug disposition between the dog and cat probably result 
from differences in drug metabolism. Identification of phase 
I enzymes and their specific drug substrates is difficult, and 
few species differences have been described in the cat or dog. 
However, a recent review of CYP450 activity–based substrate 
metabolism in cats suggests that cats have very low activity 
of CYP2C, but activity of CYP2D and CYP3A approximates 
that of dogs or humans, depending on sex.77 Deficiencies in 
demethylation and hydroxylation have been described in the 
cat and may be responsible for different patterns of prodrug 
activation (e.g., primidone; see Chapter 27) or adverse reac-
tions to selected drugs (i.e., chloramphenicol).100 Deficien-
cies in phase I demethylation and hydroxylation as well as 
phase II glucuronidation lead to much slower elimination of 
phenols and aromatic acids and amines in the cat compared 
with other species (Figure 2-4).101,102 The described reaction 
of cats to diazepam may represent differences in the metab-
olites produced, as may the susceptibility of the feline liver 
to metabolite-induced damage.103 Polymorphisms in drug-
metabolizing enzymes have also been described in cats, which 
have at least three variants of CYP2E,104, although breeds 
were not cited.104

Deficiencies in phase II metabolism have long been recog-
nized in cats. The deficiency reflects extremely low concen-
trations of some glucuronyl transferases. Thus many drugs 
excreted as glucuronide conjugates in other species are char-
acterized by a prolonged clearance rate and half-life in the cat. 
Toxic levels may accumulate much more quickly in the cat, 

and exaggerated pharmacologic responses or toxicities occur 
more easily (Figure 2-4). Dosing regimens must be modified 
for such drugs by either decreasing the dose (especially for 
drugs whose dosing interval is shorter than the elimination 
half-life) or prolonging the dosing interval. The prototypic 
example is aspirin, whose half-life approximates 36 hours in 
cats compared with 8 hours in dogs. To prevent toxicity in the 
cat, aspirin is dosed every 48 to 72 hours, compared with twice 
daily in dogs.

Not all drugs that are conjugated with glucuronide are pre-
disposed to toxicity in the cat. This is true for several reasons. 
First, the cat is deficient only in certain families of glucuronyl 
transferase. Cats can conjugate and excrete endogenous sub-
strates such as bilirubin, thyroxine, and steroid hormones as 
well as other species. Metabolism of a variety of exogenous 
drugs, however, particularly phenols and aromatic acids and 
amines, occurs at a much slower rate in the cat than in other 
species.101,102 The degrees of deficiency and potential toxicity 
depend on the drug substrate. For example, some phenolic 
compounds are sufficiently conjugated, whereas others are 
not. Second, glucuronide-conjugated drugs characterized by 
a wide safety margin are associated with few adverse reactions 
even if accumulation occurs. Finally, in the absence of gluc-
uronide, drugs may be sufficiently metabolized by an alterna-
tive pathway. Some sulfates may be particularly well developed 
in the cat, and many drugs that are excreted as glucuronide-
conjugates by the dog may be excreted as sulfated compounds 
by the cat. Other sulfate-conjugating systems, however, appear 
to be easily saturated in the cat. Unfortunately, alternate path-
ways of drug metabolism may also contribute to the toxic-
ity of some drugs because they may involve phase I enzymes 
that catalyze the formation of toxic metabolites. Thus drugs 
shunted to another pathway in the cat may be very toxic to the 
cat but minimally toxic in other species. Deficiencies in both 
glucuronide and (potentially) glutathione transferase may also 
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I and phase II drug-metabolizing enzymes.
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predispose the cat to poor scavenging systems in erythrocytes 
and hepatocytes, limiting the otherwise protective effects that 
might be realized by these systems and further contributing to 
toxicity. Acetaminophen is an excellent example of the poten-
tial sequelae of phase II deficiences in the cat (See Chapter 4). 
Because glucuronide is deficient, excessive acetaminophen 
is shunted to phase I enzymes, which produce toxic oxygen 
radicals. More metabolites are produced than can be handled, 
and the glutathione-scavenging system of feline erythrocytes 
and hepatocytes is overwhelmed, resulting in life-threatening 
methemoglobinemia and (potentially) hepatic necrosis. The 
rationale for cimetidine treatment can be understood in the 
context of the role of phase I metabolism, as well as that of 
N-acetylcysteine, a glutathione precursor.

Not all deficiences in metabolism occur in the cat. Although 
acetylation is not a common route of elimination for xenobi-
otics, it is an enzyme system whose deficiency in the dog is 
clinically relevant (e.g., procainamide). For example, the anti-
arrhythmic procainamide is acetylated in humans to an active 
metabolite. Procainamide is less potent than its acetylated 
metabolite and the canine dose for procainamide is consider-
ably higher than that in humans on a mg/kg basis in order 
to achieve an equivalent pharmacologic response (see Chap-
ter 14, Cardiac). A second example might be sulfonamide 
elimination. Sulfonamides are detoxified by N-acetylation in 
humans. In the face of deficient acetylation, shunting of the 
xenobiotic to an alternative pathway in dogs, with the produc-
tion of the cytotoxic metabolite hydroxylamine, may be one 
mechanism of sulfonamide toxicity in dogs, although alterna-
tive mechanisms are likely to be responsible.105

Renal Excretion
In contrast to hepatic metabolism, differences in renal excre-
tion between the dog and cat do not appear to be profoundly 
important to drug disposition. Glomerular filtration and active 
tubular secretion parallel cardiac output and thus should be 
predictable among species based on allometric scaling.83 The 
glomerular filtration rate of cats (2.5 to 3.5 mL/min/kg) is less 
than that of dogs (3 to 5 mL/min/kg), suggesting that renal 
clearance of drugs may be faster in dogs. Although this is true 
of inulin, differences have not been established for most drugs. 
Renal disease profoundly alters the rate of drug excretion in 
all species. In general, serum creatinine concentrations can 
be used to modify the dose (decrease in proportion) or inter-
val (prolong in proportion to abnormality). The modification 
should be applied only to that portion of the drug eliminated by 
the kidney. Note that fluid imbalances in renal disease can also 
alter drug distribution. Finally, differences in active transport 
and passive resorption—the latter influenced by differences in 
urinary pH—may result in differential excretion among spe-
cies. However, because urine tends to be acidic in both dogs 
and cats, differences in the latter may not be profound.

Role of Species Differences in Target Tissues
It is difficult to predict differences in drug reaction that can 
be ascribed to differences in target tissues because very little 
is known about cats. Differences in response to selected drugs 

(e.g., opioids, insulin, chlorinated hydrocarbons) are known 
to be or are thought to be reflections of differences in tissues; 
however, often these differences turn out to be pharmacoki-
netic differences reflecting decreased or increased PDCs of 
active (including toxic) compounds rather than differences at 
the receptor level.

Feline erythrocytes (hemoglobin) appear to be more sus-
ceptible to oxidation and thus to methemoglobinemia. Drugs 
reported to cause methemoglobinemia in the cat include 
urinary antiseptics containing methylene blue106 or azodyes, 
acetaminophen101,107,108 and related compounds, benzo-
caine,109 and propylthiouracil.110 Several mechanisms have 
been postulated to explain the potential increased sensitivity 
of cats to methemoglobin formation. Lower concentrations 
or activities of the intracellular repair enzyme methemoglo-
bin reductase have been postulated but not confirmed.111,112 
Faster metabolism of specific drugs to toxic metabolites that 
overwhelm scavenging systems has already been discussed 
as a likely cause for some drugs, particularly those whose 
elimination is shunted to alternate (toxic) pathways (i.e., 
acetaminophen).107 Differences in the structure of feline 
hemoglobin have also been postulated. Feline hemoglobin 
contains up to 20 sulfhydryl groups compared with a maxi-
mum of four in other species. Sulfhydryl groups tend to be 
reactive and thus are susceptible to interaction with reactive 
parent drugs or metabolites. Thus more sulfhydryl groups 
would need to be maintained in a reduced state in cats.113 
Other unique considerations for the cat might include its 
propensity for drug-induced retinal damage; hepatic lipido-
sis associated with anorexia; and, potentially, an increased 
risk of nephrotoxicity.

Canine breed differences in response to drugs may also 
reflect pharmacodynamic responses. For example, brachyce-
phalic breeds (e.g., Boxers) are more susceptible to cardiac 
arrhythmias (sinoatrial block) caused by acepromazine.

Miscellaneous
Differences in circadian rhythm (i.e., diurnal versus noctur-
nal) play a role in some differences between the dog and cat. 
Aminoglycosides are less likely to cause toxicity if adminis-
tered during active periods. This also has been established 
for theophylline, for which clearance occurs more rapidly 
at night in the dog compared with early morning in cats. 
Dosing of glucocorticoids at night has been recommended 
for cats in order to mimic endogenous release patterns. 
The clinical significance of these differences has not been 
determined.

RECOMMENDATIONS REGARDING 
EXTRAPOLATION OF DOSING REGIMENS

Drug Information Sources
Extrapolation of doses of human drugs to dogs and cats and 
from dogs to cats should be based on a knowledge of the clini-
cal pharmacology of the drug to be administered and on the 
physiologic differences of the target species. The safer the 
drug, the safer the extrapolation. Numerous resources are 
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available for human drug information (e.g., Facts and Com-
parisons, USP Pharmacopeia, the package insert from the 
product, Physicians’ Desk Reference)114 to determine the safety 
and the determinants of disposition of a new drug. The vet-
erinary literature and clinicians with expertise in the field, 
including diplomates of the American College of Veterinary 
Clinical Pharmacology, are additional sources.

Note that every drug that has been approved for use in 
humans has been studied in dogs. The studies generally have 
focused on safety, however, not efficacy. The information 
regarding safety (often including pertinent pharmacokinetic 
data, such as volume of distribution, bioavailability, and drug 
elimination half-life) may be obtainable through a Freedom 
of Information Act request, which would be processed by the 
Food and Drug Administration.115

Extrapolation of dosing regimens should be limited to rela-
tively healthy animals, if possible, to avoid the effects of dis-
ease on drug disposition. Likewise, extrapolation to geriatric 
and pediatric patients is discouraged. Administration by the 
oral route is generally safer (although gastric irritation may be 
more likely). Oral administration is less preferred if the drug 
undergoes first-pass metabolism, however, because this can 
vary dramatically among animals. A 50% change in first-pass 
metabolism may double the pharmacologically active dose in 
a patient. Intravenous administration is not recommended; 
when it is absolutely necessary, the drug should be adminis-
tered slowly (over 5 to 10 minutes or more). Drugs with long 
half-lives (>12 hours) should generally be avoided. If a drug 
is administered at an interval that is less than the drug half-
life, accumulation should be anticipated and accounted for in 
the dosing extrapolation. Note that maximal adverse effects 
may not appear until accumulation is complete at steady state. 
Also, a drug half-life can change (as a result of disease or drug 
interactions). Thus a drug that initially did not accumulate 
(and whose dose is based primarily on volume of distribution) 
may begin to accumulate as disease worsens. Unless the drug 
can be monitored, a change in drug half-life will be missed. 
In such instances a dosage reduction is again indicated. On 
the other hand, as a patient improves, response to therapy 
may again change disposition, perhaps leading to therapeutic 
failure. The veterinarian should be prepared to treat adverse 
effects if they occur. If the drug half-life is long, the time nec-
essary for abatement of the adverse reaction will also be long. 
In general, extrapolation of lipid-soluble drugs is discouraged 
because of the risk of too many species differences.

Water-Soluble Drugs
As a general rule, extrapolation of doses for drugs that are 
water soluble is more appropriate because these drugs are 
distributed to extracellular fluids (normalizing Vd) (Box 2-2); 
protein binding is likely to be negligible; and hepatic metab-
olism is minimized. Drug Vd and renal elimination may be 
similar among species, and the interval used for such drugs 
can often be extrapolated among species. The dose adminis-
tered, however, probably should be reduced to compensate 
for differences in blood volume among animals. Increased 
doses are indicated for pediatric patients and for patients with 

edema; decreased doses are indicated for geriatric and dehy-
drated patients.

Lipid-Soluble Drugs
Lipid-soluble drugs tend to be distributed to total body water 
and beyond, leading to a greater risk of differences among 
species. They are more likely to be highly protein bound, 
leading to a risk of differences in tissue distribution and in 
the proportion of pharmacologically active drug. In contrast 
to water-soluble drugs, lipid-soluble drugs are more likely 
to require hepatic metabolism (Box 2-3). In general, the cli-
nician should anticipate a longer half-life in cats for drugs 
that undergo phase I metabolism in other species. Note that 
species differences in phase I metabolism can be very pro-
found. If acetylation is a major phase II route of elimination, 
it is likely that the drug may be metabolized faster in cats 
than in dogs. If phase I metabolism and glucuronidation is 
the major route of elimination, a longer half-life should be 
anticipated in cats. Although glucuronidation does not nec-
essarily indicate that elimination of the drug will be slower 
in cats, until an appropriate study has established the kinet-
ics of the drug in cats, its use is discouraged. An exception 

KEY POINT 2-5 Extrapolation of dosing regimens among 
 species is often safer with water-soluble drugs compared 
with lipid-soluble drugs because disposition tends to be 
much simpler.

General Characteristics of Water-Soluble Drugs
	•	 	Distributed	to	extracellular	fluid
	•	 	Characterized	by	a	volume	of	distribution	≤0.3	L/kg
	•	 	Minimally	protein	bound
	•	 	Undergo	minimal	to	no	metabolism
	•	 	Associated	with	fewer	drug	interactions
	•	 	Less	likely	to	be	allergenic
	•	 	Less	likely	to	be	hepatotoxic
	•	 	Tend	to	be	renally	excreted
	•	 	Often	characterized	by	a	short	elimination	half-life
	•	 	May	not	accumulate	and	thus	reach	steady	state

Box 2-2

General Characteristics of Lipid-Soluble Drugs
	•	 	Distributed	to	total	body	water
	•	 	May	be	accumulated	or	stored
	•	 	Characterized	by	a	volume	of	distribution	≥0.6	L/kg
	•	 	More	likely	to	be	significantly	protein	bound
	•	 	Generally	metabolized	before	renal	excretion
	•	 	More	likely	to	interact	with	other	drugs
	•	 	More	likely	to	be	associated	with	hepatotoxicity
	•	 	More	likely	to	be	allergenic
	•	 	Often	characterized	by	a	long	elimination	half-life
	•	 	May	 accumulate	 and	 thus	 be	 characterized	 by	 a	 time	 lag	 to	

steady state

Box 2-3
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might be made if the drug can be monitored or the drug is 
characterized by a wide therapeutic window. Altered-release 
preparations are not recommended because rates of absorp-
tion among the species can be dramatic. Finally, it might 
be necessary to refrain from administering preparations 
containing propylene glycol and other unknown carriers 
because of adverse reactions in cats.

All Drugs
Drugs with large (>2 L/kg) Vds are not recommended because 
accumulation or tissue binding of the drug may occur. These 
factors are likely to vary among species. Prodrugs, drugs for 
which active metabolites contribute significant activity and 
slow-release drugs are not appropriate because the amount of 
active drug is not predictable among the species. Body sur-
face area should be used whenever possible to determine doses 
of toxic drugs. Drug disposition may change as the animal 
improves, particularly if a disease that affects drug disposi-
tion (i.e., cardiac, renal, hepatic) is being treated. Changes in 

dosing regimen may again be indicated. Finally, the veterinar-
ian should be aware of the laws regulating the use of drugs 
labeled for use in humans.

PATHOLOGIC FACTORS

The diseased patient is more likely to react adversely to a drug. 
Although such reactions occasionally reflect disease-induced 
differences in receptor number or sensitivity, most often 
they reflect differences in drug disposition. The dosage regi-
mens recommended for a pharmaceutical preparation gen-
erally are based on controlled studies in the normal, healthy 
animal. However, drugs are most frequently administered to 
the diseased patient. Pathophysiologic changes in most body 
systems can alter all phases of drug disposition, predisposing 
the patient to adverse drug reactions (Table 2-4). The sequelae 
of disease on drug disposition often but not always leads to 
increased PDCs and thus to a greater potential for adverse 
drug reactions. Occasionally, however, PDCs are lower than 

Table 2-4  Impact of Disease on Drug Disposition
Pharmacokinetic Changes Impact Sequelae
Liver disease Decreased hepatic blood flow Increased oral bioavailability, decreased clearance of highly 

extracted compounds
Decreased phase I enzymes Decreased hepatic clearance (longer half-life)
Decreased phase II enzymes Decreased hepatic clearance (longer half-life)

Decreased hepatoprotection (increased risk of hepatoxicity)
Decreased albumin Increased concentration of free drug (may not be cleared 

more rapidly in presence of liver disease)
Ascites Decreased distribution of water-soluble drugs, higher drug 

concentrations, shorter half-life
Decreased production of phase II enzymes Decreased cytoprotection

Renal disease Decreased cytoprotection Increased risk of xenobiotic-induced nephrotoxicity
Decreased autoregulation Increased risk of xenobiotic-induced nephrotoxicity
Decreased body mass (dehydration) Decreased volume of distribution (higher xenobiotic 

 concentration, shorter half-life)
Increased fluid retention Increased distribution of drugs, decreased concentration, 

longer half-life
Decreased renal blood flow Decreased renal clearance (longer half-life)
Tubular disease Decreased concentration of drug, decreased efficacy of 

urinary antibiotics, decreased clearance
Glomerular disease Increased risk of xenobiotic-induced nephrotoxicity

Deceased protein-binding (increased fraction of unbound 
xenobiotic)

Increased clearance of unbound fraction of highly 
 protein-bound xenobiotics

Cardiac disease Decreased renal blood flow See renal disease
Decreased hepatic blood flow See hepatic disease
Decreased regional blood flow Decreased organ delivery (higher concentrations delivered 

to brain and heart)
Gastrointestinal disease Decreased cytoprotection Increased risk of gastrointestinal toxicity

Altered permeability Altered absorption
Altered gastrointestinal motility Decreased rate of absorption
Altered P-glycoprotein Altered absorption
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anticipated (e.g., increased Vd, decreased oral bioavailabil-
ity), and therapeutic failure may occur. Diseases most likely 
to contribute to adverse drug reactions are those affecting the 
kidneys, liver, and heart. Less significant effects accompany 
gastrointestinal, pulmonary, endocrine, and metabolic disor-
ders. Pathologic responses that generate clinical signs of dis-
ease also may be associated with changes in drug disposition. 
For example, following oral administration, amoxicillin area 
under the curve increased in dogs rendered febrile by admin-
istration of endotoxin.116 The cause of the increase was not 
clear but may have reflected increased absorption caused by 
lipopolysaccharide reduction of gastrointestinal transit time 
or fever-induced increased absorption or endotoxin-induced 
decreased renal clearance. The sequelae of hypovolemia affects 
multiple aspects of drug disposition. Because blood flow to the 
brain and heart are maintained, drug that might have been dis-
tributed to peripheral organs is distributed to these two organs, 
increasing their risk of toxicity while simultaneously limiting 
clearance by organs of excretion. Drug distribution to periph-
eral organs will then increase with successful management.

Renal Disease
Drug toxicity in renal failure may result either from increased 
sensitivity to the drug owing to uremia-induced alterations in 
tissue receptors or from decreased or increased PDCs caused 
by disease-induced changes in pharmacokinetics. Changes 
induced by renal disease have been best characterized (see 
Table 2-4).117-120

Renal blood flow is often profoundly decreased in patients 
with renal disease. Changes in glomerular filtration and tubu-
lar secretion tend to parallel changes in renal blood flow. The 
effects of changes in renal blood flow (usually decreased) on 
drug excretion are most profound if renal extraction of the 
drug is high (e.g., penicillins, sulfates, glucuronide conjugates) 
but are less significant for drugs that are slowly extracted (e.g., 
aminoglycosides, diuretics, digoxin).

Glomerular filtration of drugs and other compounds is also 
adversely affected in renal disease independent of changes in 
renal blood flow. The determinants of glomerular filtration 
include protein binding, glomerular integrity, and the number 
of functional (filtering) nephrons. The molecular size of the 
drug is also important because drugs with a molecular weight 
greater than approximately 70,000 usually cannot be filtered. 
Drugs that are tightly protein bound (such as NSAIDs) are not 
filtered until they are displaced from the protein. Factors that 
tend to displace such drugs from protein-binding sites may 
increase the rate of drug excretion in renal disease and include 
hypoalbuminemia, competition for protein-binding sites owing 
to accumulation of uremic toxins, or changes in the conforma-
tion and thus binding affinity of the protein (e.g., albumin). 
Changes in protein binding that have been measured in renal 
disease include decreased binding of acidic drugs (e.g., furose-
mide, NSAIDs, selected penicillins and anticonvulsants) and 
normal or increased binding of basic drugs owing to increased 
concentrations of inflammatory proteins (e.g., propranolol, 
diazepam, prazosin). The impact of increased clearance of 
otherwise protein-bound drug may be offset by the increase 

in plasma concentration of the free drug displaced from the 
protein, thus increasing elimination of unbound drug.

Although changes in active tubular reabsorption that may 
accompany renal disease probably do not profoundly influence 
the rate of drug excretion, changes in active tubular secretion 
can be significant. Active tubular secretion occurs in the pars 
recta (straight segment) of the proximal tubule. A transport 
system exists for a variety of organic acids (e.g., penicillins, 
cephalosporins, NSAIDs, sulfonamides, several diuretics) as 
well as bases (e.g., cimetidine, procainamide, some morphine 
derivatives). Distal nephron active transport may also be 
important for some drugs (e.g., digoxin). Excretion of these 
drugs is most likely to be decreased in the presence of renal 
disease because of decreased nephron mass, decreased renal 
blood flow, and decreased tubular function.

In addition to these changes, renal disease can also alter 
drug disposition because of changes in electrolyte, acid–base, 
and fluid balance. Changes in electrolytes and acid–base bal-
ance may also be important in altering receptor sensitivity to 
drugs, such as those affecting the cardiovascular system (e.g., 
hyperkalemia and its effects on responses to digitalis, quini-
dine, and procainamide).

For drugs whose elimination depends on renal function 
and whose clearance is known to be decreased in renal dis-
ease (Box 2-4), dosing regimens can be appropriately altered 
to reduce the incidence of adverse reactions.119 Either serum 
creatinine or creatinine clearance is generally used to esti-
mate glomerular filtration rate; however, because of its ease 
of measurement, serum creatinine is most commonly used. 
Decreases in the renal elimination of a renally excreted drug 

Examples of Drugs Characterized by Changes 
in Drug Disposition in Patients with Renal 
Disease
Changes in Protein Binding (Decreased)
Furosemide
Naproxen
Phenylbutazone
Salicylate
Warfarin

Changes in Volume of Distribution (Increased)
Cefazolin
Furosemide
Naproxen

Changes in Clearance
Aminoglycosides
Beta-lactams
Digoxin
Sulfates
Furosemide

Box 2-4

KEY POINT 2-6 Serum creatinine is a reasonable indicator 
of the impact of renal disease on renal drug clearance.
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tend to parallel increases in serum creatinine, and dosing regi-
mens can be altered by either lengthening the dosing interval 
or decreasing the dose by a proportional decrease in creatinine 
clearance or the increase in serum creatinine (Box 2-5).

The parameter of the dosing regimen that should be altered 
depends on the drug. Lengthening the interval results in wider 
swings in PDCs during a single dosing interval and thus may 
not be desirable for time-dependent antimicrobial therapy but 
would be acceptable for concentration-dependent drugs or 
lengthening the interval also should be avoided for anticon-
vulsant or cardioactive drugs that depend on maintenance of 
a minimum drug concentration within a specified therapeu-
tic range. Thus decreasing the dose may be more appropriate 
for these drugs. For drugs with a long elimination half-life or 
drugs whose effects persist in the absence of detectable drug 
(e.g., selected antimicrobials [e.g., concentration-dependent], 
glucocorticoids, nonsteroidal agents), however, it may be more 
appropriate to prolong the interval. Aminoglycosides previ-
ously were dosed at 12-hour intervals. Because their efficacy 
depends on a high PDC, yet safety is based on allowing PDCs 
to fall below a recommended trough concentration, prolonging 
the interval (i.e., from 12 to 18 or 24 hours) was more appro-
priate than lowering the dose in patients with renal disease 
sufficient to alter creatinine clearance. However, aminoglyco-
sides are currently administered at 24-hour dosing intervals, 
precluding the need to prolong intervals in some renal dis-
ease patients. For other drugs whose toxicity is related to peak 
drug concentrations, the dose might be decreased by 50%, or 
the interval prolonged one half-life. Few clinical studies have 
addressed the impact of renal disease on the clearance of drugs 
in dogs or cats. Experimentally induced renal disease sufficient 
to cause serum creatinine to increase to 145 ± 122 μmole/L in 
dogs caused a slight decrease in renal clearance but no clinically 
significant change in elimination half-life of marbofloxacin.121

Hepatic Disease
The efficiency of hepatic elimination is determined by hepatic 
clearance and the hepatic extraction ratio of the drug.122-125 
Both, in turn, depend on hepatic blood flow; the extent of 
drug protein binding; and intrinsic hepatic clearance, which 
itself consists of hepatic uptake (the rate-limiting step of 
hepatic clearance), intracellular transport, metabolism, and 
(if applicable) biliary elimination. Drugs that are eliminated 
by the liver can be categorized according to their rate of 

extraction.126 Flow-limited drugs (e.g., lidocaine, propranolol, 
verapamil) are so rapidly extracted by the liver that their rate 
of elimination depends only on the rate at which it is delivered 
to the liver (e.g., hepatic blood flow). Such drugs are insensi-
tive to changes in hepatic metabolism but are very sensitive 
to changes in hepatic blood flow. Capacity-limited drugs (e.g., 
diazepam, prednisolone, phenylbutazone, phenytoin, theoph-
ylline, cimetidine, and antipyrine) are extracted slowly by the 
liver, and their elimination depends on hepatic uptake and 
metabolism but is independent of hepatic blood flow. The 
elimination of such drugs is affected by changes in hepatic 
metabolism but not by changes in hepatic blood flow. Some 
drugs are intermediate, being partially dependent on hepatic 
blood flow and hepatic metabolism.123,126

Protein binding can affect the elimination of some 
 capacity-limited drugs because only unbound drug can be 
extracted by the liver. Flow-limited drugs tend to be binding 
insensitive in that hepatic extraction is so fast that binding to 
proteins does not alter their rate of elimination. Some capac-
ity-limited drugs are not significantly protein bound and thus 
are also binding insensitive (e.g., antipyrine). In contrast, some 
capacity-limited drugs are binding sensitive (e.g., theophylline, 
phenytoin) because their slow rate of extraction can be increased 
by decreasing or increasing, respectively, protein binding.127

The effects of hepatic disease on drug disposition are very 
complex, particularly for drugs that are affected by changes in 
hepatic blood flow, hepatic metabolism, and protein binding 
(Box 2-6).123,126 Each of these parameters may be altered in var-
ious ways in patients with liver disease. Hepatic blood flow is 
generally reduced in chronic liver disease because of formation 
of portosystemic shunts and intrahepatic shunting. Drug deliv-
ery bypasses many functional hepatocytes that would other-
wise clear the drug. Plasma and tissue drug concentrations are 
markedly higher when dosing regimens are not appropriately 
altered. This is particularly important for highly extracted drugs 
when they are administered orally. The dose of such drugs (e.g., 
propranolol, verapamil, prazosin, morphine derivatives) in the 
presence of normal hepatic blood flow is based on decreased 
bioavailability owing to first-pass extraction: a large percent-
age of the drug does not reach systemic circulation because 
it is removed from portal blood by the liver the first time it 
passes through the liver. Decreased hepatic blood flow and 
intrahepatic shunting of blood can markedly increase systemic 
bioavailability of such drugs (Figure 2-5).128 Studies in human 
patients with liver disease suggest that the intrinsic metabolism 
of highly extracted drugs also is reduced in patients with liver 
disease. In human patients with liver disease, the dose of many 
highly extracted drugs is reduced by 50%; such an approach is 
probably reasonable for the veterinary patient.

The effect of liver disease on poorly extracted (capacity- 
limited) drugs is more difficult to predict, particularly for drugs 
that are highly protein bound. Generally, hepatic metabolism 
is reduced in patients with liver disease. Disease is generally 
quite profound, however, by the time changes in drug disposi-
tion become evident. The severity of disease is manifested as a 
decrease in serum albumin and blood urea nitrogen levels.This 
has been shown by studies that have measured the clearance of 

Dosing Regimens for Drugs Dependent 
on Renal Function
New dose = old dose × pt CrCl/normal CrCl or × normal Cr/pt Cr

New interval = old interval × normal CrCl/pt CrCl or × pt Cr/
normal Cr

pt = patient, Cr =creatinine, and CrCl = creatinine clearance
For example, a patient has a serum creatinine level of 2.5 mg/dL  

(normal is 1.2), a dosing interval for a drug given every 12 hours 
would be prolonged to every 24 hours, or the dose of 2  mg/kg 
could be reduced to 1 mg/kg.

Box 2-5
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antipyrine and caffeine, which are capacity-limited, binding-
sensitive and binding-insensitive drugs, respectively, in dogs 
with experimentally induced liver disease.129,130

Because elimination of these drugs depends entirely on 
hepatic metabolism, their clearance might be used as a hepatic 
function test. Because their elimination does not necessarily 
correlate with the elimination of other drugs that also depend on 
hepatic clearance, however, they are not used to predict changes 
in dosing regimens for the patient with liver disease. Recom-
mendations regarding dosing regimens for drugs not highly 
extracted by the liver thus are difficult to make for the patient 
with liver disease, in part because there is no simple test that 
will assess or quantitate hepatic function.125,129-133 In general, 
clearance of capacity-limited drugs is probably not impaired in 
patients whose serum albumin and blood urea nitrogen levels 
are within normal limits. Common sense dictates, however, 
that discretion be used when administering potentially toxic 
drugs that depend on hepatic clearance for elimination.

Diseases of the biliary tract alter the disposition of drugs 
eliminated through the bile. This route of elimination is 

complex, however, with drugs being eliminated in feces and 
undergoing enterohepatic circulation. Characterizing these 
changes is difficult without catheterization of the biliary duct, 
and recommendations are very difficult to offer. Cholestasis 
decreases the content or activity of cytochrome P450 drug-
metabolizing enzymes and thus can affect the elimination of 
drugs that are not secreted in bile.134,135 In general, doses of 
drugs eliminated principally in the bile should be reduced, 
particularly if the drug is characterized by a narrow therapeu-
tic window. Examples include selected antimicrobials  (doxy-
cycline and clindamycin), digitoxin, and naproxen.

The effects that changes in protein binding may have on 
hepatic drug clearance contribute to the unpredictable nature 
of liver disease–induced changes in drug disposition.127,136,137 
Decreased protein binding of drugs that may accompany 
liver disease (i.e., caused by decreased synthesis of albumin, 
competition for binding sites by endogenous compounds, or 
changes in conformation of the binding site) may increase 
hepatic clearance and thus compensate for reduced hepatic 
metabolism, although the ability of the diseased liver to com-
pensate is not clear. Increased rather than decreased binding 
may occur particularly for basic drugs (e.g., lidocaine) as a 
result of increased production of acute-phase proteins, which 
may have the effect of decreasing clearance. Changes in pro-
tein binding will also affect drug distribution. Protein binding 
decreases the amount of drug that distributes to peripheral 
tissues. Drug distribution in the patient with liver disease 

Drugs Characterized by Changes in Drug 
Disposition in Patients with Hepatic Disease
Changes in Blood Flow; Flow-Limited Drugs
Lidocaine
Meperidine
Metoprolol
Morphine
Pentazocine
Propranolol

Changes in Metabolism; Capacity-Limited Drugs
Chloramphenicol
Cimetidine
Diazepam
Furosemide
Prednisolone
Ranitidine
Theophylline
Warfarin

Changes in Protein Binding
Lidocaine
Meperidine
Propranolol
Diazepam
Phenylbutazone
Phenytoin

Box 2-6

(From Williams RL: Drugs and the liver: clinical applications. In Benet LZ, Massoud N, 
Gambertoglio JG, editors: Pharmacokinetic basis for drug treatment, New York, 1984, 
Raven Press, pp 53-75.)

Figure 2-5 Portosystemic shunting affects drug disposi-
tion at multiple sites. Clearance of flow-limited drugs will 
be decreased in proportion to the fraction of blood shunted 
around the liver. Capacity-limited drugs may also be decreased 
if hepatic mass is sufficiently reduced. Accumulation of fluid 
in response to sodium retention may be profound, particularly 
in the abdomen. Albumin may be decreased, increasing the 
fraction of unbound drug, which may not be cleared as rapidly 
in the presence of disease.

KEY POINT 2-7 If liver disease has impacted serum albu-
min or blood urea nitrogen, ensuring that drug metabo-
lism is also impacted is prudent.
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will be further complicated by the effects of fluid, electrolyte, 
and acid–base imbalances, which are also likely to occur. For 
example, an ascitic compartment may lead to overdosing if a 
patient is not dosed on the basis of lean body weight and the 
drug does not distribute to the ascitic compartment, which 
may constitute up to 30% of body weight (Figure 2-6).

Cardiac Disease
Cardiac disease profoundly affects drug disposition (see 
Table 2-4). Primary or compensatory disturbances that lead 
to altered drug disposition include renal sodium and water 
retention, increased pulmonary and systemic venous pres-
sures, and increased sympathetic nervous system output.6 
Sodium and water retention can cause profound changes in 
drug distribution owing to changes in the sizes of body com-
partments. In addition, increased sympathetic outflow results 
in redistribution of blood flow such that the heart and brain 
receive a higher proportion of blood and thus are exposed to 
more drug. Because other tissues, particularly skeletal muscle, 
represent a large volume to which drug is normally distrib-
uted, reduced distribution of drug to these tissues results in 
even higher PDCs in blood going to the heart and brain. Thus 
the heart and brain are more susceptible to toxicity. CNS and 
cardiac toxicities to lidocaine and cardiac toxicity to digoxin 
have been described in some patients with cardiac disease; 
these toxicities have been attributed to blood redistribution, 
which accompanies cardiac failure.

As cardiac output decreases, reduced blood flow to the kid-
ney and liver will have profound effects on clearance of drugs 
through either of these organs. Reduced blood flow reflects, in 
part, redistribution mediated by sympathetic output. As car-
diac disease progresses, however, decreases in blood flow to 
both the liver and kidneys parallel decreases in cardiac output. 
The effects of decreased hepatic blood flow on drug elimina-
tion depend on the drug; as with liver disease, hepatic clear-
ance of flow-limited drugs may be profoundly decreased. In 
the kidney, sympathetically mediated intrarenal redistribution 
of blood from cortical to juxtaglomerular tubules increases 
the likelihood of tubular reabsorption, which prolongs drug 
half-life.

Tissue hypoxia and decreased delivery of nutrients to the 
kidney and liver also contribute to decreased clearance by 
these organs. The metabolic capacity of the liver is reduced; 
thus clearance of capacity-limited drugs is impaired. Similarly, 
renal tubular function is impaired.

Drug absorption may be impaired in the patient with car-
diac disease. This is particularly true for parenterally adminis-
tered drugs. The rate of absorption is more likely to be affected 
than the extent of absorption; hence peak concentrations may 
be less, although the extent of drug absorption may not be 
affected. Redistribution of blood away from skeletal muscle 
and skin decreases the rate of drug absorption after intramus-
cular and subcutaneous injections. Autonomic disturbances, 
consisting of increased sympathetic activity and decreased 
autonomic tone, tissue hypoxia, and mucosal edema may 
decrease both the rate and the extent of gastrointestinal 
absorption. Decreased blood flow to the intestinal villus may 
decrease absorption of drugs that are normally very rapidly 

Figure 2-6 Disease can affect body composition. The ascitic compartment in an animal with liver or other disease can represent 
up to 30% or more of body weight. If this compartment is not one to which a drug distributes and the animal is dosed on the 
basis of total body weight, plasma drug concentrations may be more than 30% higher than expected. If the drug is distributed to 
the ascitic compartment, prolonged distribution from the compartment back to plasma may result in a longer elimination half-life.

KEY POINT 2-8 Cardiac disease can affect every aspect of 
drug disposition. Variability may be greater as the patient 
responds or fails to respond to therapy.
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absorbed from the gastrointestinal tract. Finally, the effects of 
cardiac disease on hepatic clearance of flow-limited drugs and 
thus on systemic bioavailability of orally administered drugs 
must be considered.

Several recommendations can be made for administering 
drugs to the patient with cardiac disease (Box 2-7):
 1.  Critical drugs should be administered intravenously

because absorption from all other routes is limited.
 2.  Drugs that are toxic (particularly to the brain and heart)

should not be rapidly administered intravenously (i.e.,
administer over 10 to 30 minutes).

 3.  High drug concentrations resulting from redistribution
should be compensated for by decreasing loading doses.

 4.  Maintenance doses of selected drugs cleared by the liver,
kidney, or both should probably be lowered, although pre-
dicting which drugs and how much is difficult. Therapeutic
monitoring should be used to guide alteration of dosing
regimens whenever possible.

Thyroid and Other Diseases
Both hyperthyroidism and hypothyroidism can profoundly 
affect drug disposition, although the manner is unpredict-
able.138 The effects thus far involve metabolism. In human 
patients with hyperthyroidism, the activities of some cyto-
chrome P450 enzymes (e.g., hydroxylation) are increased, 
whereas those of others (e.g., N-demethylation) are decreased. 
In rats in which hyperthyroid disease had been induced, 
enzymes that act as cofactors were increased. Thyroidecto-
mized animals have a general decrease in drug metabolism, 
although the sequelae are not always predictable. The effects 
of thyroid disease on drug disposition also depend on sex, 
with male rats having a general decrease in cytochrome P450 
enzymes. The clinical sequelae of changes in drug disposition 
induced by thyroid disease are not well described in scien-
tific studies, although several examples are provided in the 

human literature. Digoxin doses necessary to induce a clini-
cal response are in general increased for patients with hyper-
thyroidism, whereas smaller doses than normal are needed 
for patients with hypothyroidism. Interestingly, propranolol 
clearance is decreased in cats with hyperthyroidism.139

Diseases of other body systems can also dramatically alter 
drug disposition. For example, gastrointestinal disease (e.g., 
chronic inflammatory bowel disease) alters absorption of 
orally administered drugs.140 Diseases of any system may alter 
the response of that system to a drug. Nutrition also can alter 
drug-metabolizing enzymes. The effects of disease, regardless 
of the system, on drug absorption, distribution, metabolism, 
and excretion are very complex, often subtle, and very diffi-
cult to predict. Finally, as therapy becomes successful and the 
clinical signs of disease resolve, the sequelae of disease on drug 
disposition also resolve. Therapy once again may need to be 
adjusted as the animal responds.

PHARMACOLOGIC FACTORS

Drug interactions occur whenever the action of one drug is 
modified by the presence of another, concurrently adminis-
tered drug. The incidence of interactions increases with the 
number of drugs included in the preparation and with the 
duration of treatment.141 As such, the critical care patient may 
be particularly at risk; indeed, 81% of patients in a small ani-
mal intensive care unit were at risk for clinically relevant drug 
interactions in one study. The risk was greater in dogs with 
disease of the abdominal cavity and cats with cardiovascu-
lar disease.142 Drug interactions should be expected to have 
a potentially profound impact on animals. In human medi-
cine more than 50% of recent drug withdrawals in the United 
States have occurred because of serious drug–drug interac-
tions, which underscores the increasing recognition of the role 
of interactions in adversity.143 The author is aware of several 
instances of euthanasia in patients resulting from drug inter-
actions that were not recognized until significant pathology 
had occurred.

The route of administration can influence the type of drug 
interaction. Drug interactions are not limited to interactions 
with active drug ingredients but may also involve interactions 
with additives or excipients. Interactions may occur among 
drugs, herbs, botanicals, and endogenous nutraceutical prepa-
rations and with foods (i.e., drug–diet interactions (Table 2-5). 
Interactions may also occur with containers in which the drug 
is stored or through which it is administered and the environ-
ment in which the drug is stored. Drug interactions can be 
categorized according to the phase of drug administration 
in which they occur: pharmaceutical, pharmacokinetic, or 
pharmacodynamic.

Examples of Drugs Characterized by Changes 
in Drug Disposition in Patients with Cardiac 
Disease
Decreased Volume of Distribution
Lidocaine
Procainamide
Quinidine
Theophylline

Decreased Clearance
Lidocaine
Prazosin
Procainamide
Quinidine
Theophylline
Digoxin*

Box 2-7

*Clearance of digoxin is affected by other drugs used to treat cardiac disease.
(From Benowitz NL: Effects of cardiac disease on pharmacokinetics: pathophysiologic 
considerations. In Benet LZ, Massoud N, Gambertoglio JG, editors: Pharmacokinetic 
basis for drug treatment, New York, 1984, Raven Press, pp 89-104.)

KEY POINT 2-9 The risk of drug interactions increases with 
the number of drugs the patient is simultaneously receiving. 
The negative sequealae of the interactions is likely to be 
greater when complicated by the presence of physiologic 
and pathologic factors.
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Pharmaceutical Drug Interactions
Pharmaceutical drug interactions occur before the drug is 
absorbed and may occur before administration (Figure 2-7). 
Interactions can occur between two drugs or between a drug and 
a carrier (solvent), a receptacle (including intravenous tubing), 
or the environment in which it is administered (e.g., gastric envi-
ronment).144 In human medicine pharmaceutical interactions 
most frequently result from the addition of drugs to intravenous 
fluid preparations. In veterinary medicine they are most likely 
to occur in the critical care environment, where intravenous 
administration and multiple drug administration are common, 
or after inappropriate compounding of drugs. Drug incompati-
bilities can change the chemical or physical nature of a drug (Fig-
ure 2-8). Incompatible reactions can reflect degradation caused 
by changes in pH, binding by drugs with different charges, or 
other molecular interactions; changes in temperature; or expo-
sure to ultraviolet radiation.145 Incompatibilities may occur both 
with (approved) finished dosing forms or compounded prepara-
tions. A number of sources can be used to minimize the risk of 
drug interactions involving admixtures of drugs.146-150

Intravenous Preparations
A number of interactions involve drugs intended for injec-
tion (Table 2-6). Drugs that are unstable generally have a short 
shelf life when in solution. Reconstituted parenteral solutions 

should always be labeled with the new expiration date and 
used with strict adherence to the product label instructions 
after reconstitution. If directed by the label, refrigeration 
or freezing can prolong the shelf life. It is risky, however, to 
assume that cold storage will prolong the shelf life of the drug 
unless efficacy has been documented at the intended condi-
tions. Freezing can increase the degradation (e.g., ampicillin), 
crystallization (e.g., heparin, dobutamine, furosemide), or 
precipitation (e.g., insulin) of drugs. Refreezing of a previously 
frozen and defrosted solution increases the risk of efficacy loss.
Often, if specifically queried, the manufacturer of the prod-
uct can provide specifit information regarding drug stability 
in conditions beyond those stated on the label. The proper 
reconstituting fluid should be used to prevent inactivation of 
drugs. For example, amphotericin B should be diluted only 
with 5% dextrose because precipitates will otherwise form; 
whole blood or packed red blood cells should be diluted only 
with 0.9% saline to prevent damage to infused cells.

Changing the pH of a solution by improperly diluting it or 
mixing it with another drug can be risky. The release of some 
insulins is pH dependent. Diluting insulin with a solution 
other than that provided by the manufacturer may change the 
pH and thus the rate of insulin release. The pH of a solution 
may be needed to keep the active drug dissolved or stable; 
changing the pH may result in precipitation or loss of stabil-
ity. For example, acid-labile drugs (e.g., penicillins) can be 

Table 2-5  Drug-Supplement Interactions
Drug Supplement Side Effect
Alprazolam Kava Enhanced effect
Anesthetics, sedatives St. John’s wort, valerian, kava Increased CNS effects
Antiplatelet/anticoagulants Garlic, ginger, ginkgo, chamomile, feverfew, 

 bromelain, dang gui
Prolonged bleeding time

Antiviral Garlic (allium) Decreased effect because of CYP3A4 and 
P-glycoprotein induction

Cardiac stimulants Ephedra, ginseng Increased risk of cardiac arrhythmias
Chlorpropamide Garlic (allium) Hypoglycemia
CNS stimulants Ephedra, yohimbine, guarana, ginseng, caffeine Increased CNS stimulation
Cyclosporine St. John’s wort Decreased effect because of CYP3A4 and 

P-glycoprotein induction
Digoxin St. John’s wort Decreased effect because of P-glycoprotein 

induction
Diuretics Senna, licorice Electrolyte disturbances
Hypoglycemics Ginseng, bilberry, dandelion, garlic, bitter melon Hypoglycemia
Immunosuppressants Echinacea, astragalus Antagonizes immunosuppressive effects
Loperamide St. John’s wort Inhibition of monoamine oxidase 

(enhanced effect)
Oral drugs Senna Decreased absorption
Propranolol Piperine Enhanced effect (CYP inhibition)
Selective serotonin reuptake inhibitors St. John’s wort, SAMe, silamaryn Increased risk of side effects, serotonergic crisis
Theophylline St. John’s wort Decreased effect because of CYP3A4 and 

P-glycoprotein induction
Theophylline Piperine Enhanced effect (CYP inhibition)
Thiazide diuretics Ginkgo Decreased clearance (enhanced effect)

CNS, Central nervous system; SAMe, S-adenosylmethionine.
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destroyed in a low-pH solution. Drugs prepared as an acid 
salt (e.g., lidocaine hydrogen chloride) or in acidic solutions  
(i.e., sodium heparin) should not be combined with alkaline 
solutions (i.e., sodium bicarbonate).

Drugs can bind to and inactivate one another, often because 
of ionic attractions. Calcium in solutions causes precipitation 
when combined with solutions containing carbonates (e.g., 
sodium bicarbonate). Heparin is incompatible with several 
drugs, such as aminoglycoside and beta-lactam antibiotics. 
Thus saline rather than heparin should be used whenever pos-
sible to maintain patency of catheters through which drugs 
are administered. When present in sufficiently high concen-
trations, penicillins inactivate aminoglycosides. In fact, ticar-
cillin can be used therapeutically to bind gentamicin in cases 
of overdose. Although plasma concentrations after therapeutic 
dosing of either drug probably do not achieve concentrations 

necessary to inactivate aminoglycosides, in the critical care sit-
uation, and as a once-daily dosing regimen of aminoglycosides 
becomes more generally acceptable, the risk of aminoglyco-
side (or a fluorinated quinolone) antimicrobial inactivation by 
a penicillin may become greater.

Often, a pharmaceutical drug interaction involving intra-
venous solutions can be detected by a visual change in the 
appearance of the drugs. Discoloration, cloudiness, and for-
mation of precipitate generally are indications of an inter-
action, and with some exceptions use of the drug should be 
reconsidered. Not all interactions will result in a physical 
change of the appearance, however. Likewise, the change in 
physical appearance of a drug combination does not neces-
sarily indicate that the activity of the drug has been changed. 
For example, diazepam has been mixed with other preanes-
thetics with no observable change in drug efficacy, despite a 

Amikacin vs Vancomycin beads
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Figure 2-7 An example of a drug interaction is exemplified by drug efflux from calcium hydroxyapatite (plaster of Paris) beads. 
Individually, amikacin or vancomycin is characterized by an initial rapid release, followed by slow release from the beads over 
several weeks. However, when both drugs are mixed in the beads, efflux of both amikacin and vancomycin is much more rapid, 
being nearly complete in 1 to several days.

A

B C D

Figure 2-8 Examples of chemical changes in drugs. Transdermal gels are thermoreversible, liquefying at refrigerated tempera-
tures (A) and solidifying at room temperature (B). Discoloration, shown here for an ophthalmic product (C and D) and steroid.
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Table 2-6  Examples of Drug Interactions in Solution
Drug or Drug Class Incompatible Drugs Other Risks
Amino acid solutions Many drugs
Aminoglycosides Semisynthetic beta-lactams, heparin, many others; check 

manufacturer’s label
Adsorbs to glass; use plastic for 

 monitoring
Aminophylline Should not be mixed with other drugs
Amphotericin B Use only 5% dextrose (or manufacturer suggests sterile 

water).
Light exposure

Ampicillin sodium Selected diluents and drugs; check manufacturer’s label
Atropine sulfate Bicarbonate, methicillin, promazine, warfarin, others
Beta-lactams

Cephalosporins Many drugs, depending on specific antimicrobial; check 
manufacturer’s label

Check manufacturer’s recommendations 
regarding stability upon reconstruction.

Penicillins As for cephalosporins; aminoglycosides
Bicarbonate Many drugs
Buprenorphine Should not be mixed with dimenhydrinate, pentobarbital
Butorphanol Should not be mixed with diazepam
Blood, red blood cells Any intravenous solution except 0.9% saline
Calcium-containing solutions Many drugs
Calcium disodium EDTA Should not be mixed with many drugs, including dextrose, 

metal salts
Chloramphenicol Many drugs
Carbenicillin disodium Should not be mixed with many drugs
Cefazolin Should not be mixed with any other drug
Cephalothin Should not be mixed with any other drug
Diazepam Cloudiness when mixed with many other drugs indicates 

precipitation, which will include drug; potency may be 
reduced.

Adsorbs to intravenous tubing and plastic 
containers

Protect from light.
Digitoxin (not digoxin) Calcium, epinephrine, vitamin B complex
Diphenhydramine Furosemide, methylprednisolone, pentobarbital
Dobutamine Alkaline solutions Check manufacturer’s label regarding 

discoloration.
Doxorubicin Bicarbonate, heparin, insulin, others Avoid prolonged contact with aluminum.
Doxycycline Selected drugs, including lidocaine, heparin, isoproterenol, 

vitamin B complex
Epinephrine Calcium-containing solutions, ampicillin, other penicillins, 

pentobarbital, prochlorperazine, others
Erythromycin Several drugs, including selected cephalosporins, chloram-

phenicol, heparin, tetracyclines, and vitamin B complex
Flunixin meglumine Most solutions
Furosemide Acidic solutions cause hydrolysis; precipitates when com-

bined with many drugs
Yellow discoloration; protect from light

Gentamicin Many drugs, including dopamine, furosemide, heparin (see 
also beta-lactams, amphotericin B)

Glycopyrrolate Alkaline solutions Strongly acidic solution
Should not be diluted with saline or bicarbonate for intrave-

nous infusion
Other drugs

Heparin Many drugs Strongly acidic solution
Slightly yellow discoloration is acceptable.

Hydrocortisone sodium esters Acid pH causes hydrolysis. Use proper dilution volume to prevent 
precipitation.

Incompatible with many selected drugs

Continued
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Table 2-6  Examples of Drug Interactions in Solution—cont’d

Drug or Drug Class Incompatible Drugs Other Risks
Imipenem Do not freeze.
Insulin Check package label regarding diluents and refrigeration 

need and mixing lente insulin kinetics; incompatible with 
many drugs

Binds to intravenous tubing, selected types 
of glass, and plastics

Iron dextran Oxytetracycyline, sulfonamides
Kanamycin See gentamicin, aminoglycosides
Ketamine Barbiturates, diazepam
Lidocaine Alkaline solutions Loss of drug when stored in polyvinyl 

chloride bags (adsorption to polyvinyl 
chloride)

Magnesium sulfate Many drugs, including calcium-containing drugs, sodium 
bicarbonate, tetracyclines, others

Mannitol Blood, strongly acidic, or alkaline solutions Crystallization of high (25%) concentra-
tions in glass containers generally can 
be redistributed by warming; crystal-
lization in plastic solutions is difficult 
to resolve

Methylprednisolone sodium 
succinate

Normosol-R, Normosol-M, selected drugs Do not dilute with a volume that is too 
small; precipitation may occur other-
wise.

Metronidazole Reconstituted lyophilized product is 
very acidic and must be buffered with 
bicarbonate. Ready-to-use product 
requires no additional handling. It is 
light sensitive; however, discoloration 
induced by light is not accompanied by 
loss of potency.

Do not freeze.
Metoclopramide Beta-lactams, erythromycin, sodium bicarbonate Protect from light.
Morphine Many drugs
Multiple vitamin Bicarbonate, selected cephalosporins, aminophylline, others Decreased potency as been documented; 

complexes 8 hours after dilution.
Nitrofurantoin Many drugs
Oxyglobin Vitamin K (see phytonadione) Removal from foil wrap exposes hemo-

globin to oxidation, with subsequent 
formation of methemoglobinemia (indi-
cated by brown discoloration).

Oxytetracycline See tetracycline
Oxytocin Do not mix with any other drug. Refrigerate at <25° C; do not freeze.
Penicillin G See also beta-lactams Rapidly inactivates in pH <6-7 or >8

Polyethylene glycol
Prochlorperazine, pentobarbital, sulfadiazine
Others

Pentobarbital Acid pH Prepared as extremely alkaline solution
Many drugs

Phenobarbital Many drugs, especially acidic solutions
Phenylephrine Penicillin, pentobarbital, phenobarbital, phenytoin, sodium 

bicarbonate
Phenytoin Do not mix with any other drug or intravenous solution.
Phytonadione Do not mix with ascorbic acid, barbiturates, phenytoin.
Potassium chloride Do not mix with amphotericin B.
Pralidoxime chloride (2PAM) Reconstitute with sterile water only; do not mix with any 

other drug.
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cloudy discoloration. Whereas a pink discoloration of dopa-
mine indicates inactivation, discoloration of dobutamine does 
not preclude efficacy if the drug is used within 24 hours. Slight 
yellow discoloration of procainamide is acceptable; dark dis-
coloration indicates a loss of efficacy.

Several drugs can bind to receptacles. For example, lipid-
soluble drugs (e.g., diazepam) can bind to plastic containers; 
insulin binds to selected glasses and to many plastics, includ-
ing polyethylene and polyvinyl; aminoglycosides bind to glass. 
Binding to catheters and intravenous lines can be minimized 
by flushing each new system with a sufficient volume of solu-
tion (50 mL) before drug administration. Drugs packaged in 
brown bottles (e.g., diazepam, furosemide) are somewhat pro-
tected as such from ultraviolet light, and protection should be 
continued if they are transferred to another vial.

Oral Preparations
Oral preparations may involve drug–diet or drug–drug inter-
actions (see Box 2-7 and Tables 2-5 and 2-6). Many drugs 
bind luminal contents (drug–diet interactions; Table 2-7), 
and oral absorption is impaired.151 Food can alter splanchnic 
blood flow, gastric motility (and thus mixing and drug dis-
solution as well as gastric emptying), and gastric secretions. 
Changes in gastric secretions can alter gastric pH, which can 
change the percentage of ionized and thus diffusible drug. The 
net effect of food on drug absorption depends on the pKa of 
the drug, whether the drug is labile to the effects of pH and 
enzymes, and the site of absorption of the drug (i.e., stomach 
versus intestine).151 The sequelae may affect either the rate or 

extent of drug absorption. The effect of food on the rate of 
drug absorption is most important for drugs with a narrow 
therapeutic window and for drugs with a steep dose–response 
curve, for which a small change in PDC can cause profound 
differences in response to the drug. Predicting drug–diet 
interactions on the basis of chemical structure should be done 
cautiously. Whereas food will impair the oral absorption of 
most tetracyclines, doxycycline is minimally affected. Food 
reduces the absorption of ampicillin but not amoxicillin;152 
food prolongs the time to peak plasma concentrations of 
cefadroxil (and increases time above the minimum inhibitory 
concentration) but has no impact on the absorption of cepha-
lexin.153 Oral absorption of selected drugs is enhanced rather 
than decreased in the presence of food (see Table 2-2). Inter-
actions between drugs and foods were recently well reviewed 
using a body-systems approach.154

Drug–drug interactions (see Table 2-7) in the lumen 
include, but are not limited to, changes in the diffusibil-
ity, dissolution rate, and particle size of orally administered 
drugs. Drug–drug interactions in the gastrointestinal tract 
can inactivate or prevent absorption of drugs. Sucralfate, 
cimetidine, aluminum hydroxide, and attapulgite (previously 
Kaopectate®) are examples of drugs that bind to and prevent 
the absorption of many drugs. Other drugs alter the rate of 
absorption by altering gastric motility (see Table 2-4; see 
also the discussion of pharmacokinetic interactions later in 
this chapter). To minimize these effects, none of these drugs 
should be given simultaneously with another orally adminis-
tered drug.

Drug or Drug Class Incompatible Drugs Other Risks
Procaine Many solutions, especially alkaline
Procainamide Dextrose Light yellow (but not amber) discoloration 

acceptable
Prochlorperazine Many drugs; do not mix in same syringe
Promazine Many drugs
Promethazine Selected drugs
Protein hydrolysate Many drugs
Propofol Do not mix with any other drugs.
Propranolol Rapidly decomposes in alkaline solution
Ringer’s lactate Alcohol in 5% dextrose, epinephrine, oxytetracycline, sodium 

bicarbonate, sulfadiazine
Sodium bicarbonate Many drugs; check package insert
Sodium iodide Several drugs
Sulfonamides, sodium salts Many drugs
Tetracycline Highly acidic solution may render this incompatible with 

many drugs.
Dark solution indicates decomposition; 

discoloration in multiple electrolyte 
solution does not indicate potency loss.

Thiopental Many drugs
Vancomycin Selected drugs
Vitamin B complex Magnesium sulfate, erythromycin, selected others
Warfarin Many drugs

Table 2-6  Examples of Drug Interactions in Solution—cont’d
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Topical Preparations
Pharmaceutical interactions in topical preparations may occur 
between drugs or between drugs and the vehicle in which they 
are carried.155,156 Both the rate and extent of drug absorp-
tion can be affected adversely. For example, macromolecular 
additives may bind chemically with the active drug. Methyl, 
ethyl, hydroxyethyl, and carboxymethyl cellulose frequently 
form complexes with drugs that can lead to drug precipita-
tion. Vehicles are often selected because of their effect on drug 
absorption. For example, retardant vehicles (e.g., polyethylene 
glycol 300) interact with the drug, decreasing its absorption, 
whereas dimethyl sulfoxide (DMSO) is well recognized for its 
ability to enhance absorption of many topically applied drugs. 
The pluronic-lecithin vehicle of PLO gels (PLO) designed for 
transdermal drug delivery is thermoreversible, meaning they 
are semisolid at room temperature but become liquefied when 
refrigerated (see Figure 2-8).

The concentration of drug available for skin penetration 
depends on its dissolution in the vehicle. Drugs must gener-
ally dissolve in an aqueous layer of fluids that collects under 
the ointment base before percutaneous absorption can occur. 
Few drugs (and particularly water-soluble drugs) are suffi-
ciently soluble to be dissolved in petrolatum bases; most drugs 
mixed in such bases are present as particles. Because few par-
ticles are located at the vehicle–skin interface, and dissolution 
is very slow for the particles, drugs in such preparations are 
likely to be ineffective. As such, lipid-soluble drugs tend to be 
better absorbed, particularly when prepared in lipid vehicles. 

Because only dissolved drug can move, the solubility of a drug 
in the vehicle is an important determinant of drug movement 
into the skin. However, a drug that has too great an affinity for 
the vehicle also may not be well absorbed simply because it 
will not leave the vehicle.156

Compounded Preparations
Many U.S. pharmacies now cater specifically to veterinarians 
and thus are prepared to address special problems in drug 
therapy through compounding. As important as compound-
ing can be to the safe and effective administration of drugs to 
animals, compounded products present more risks of thera-
peutic failure than encountered with approved drugs.157,158 
Among the risks are the potential failure of the drug at the 
pharmaceutical phase because of interactions among the 
active or inactive ingredients. These risks are addressed in 
more depth in Chapter 4.

Pharmacokinetic Drug Interactions
Drug interactions that occur inside the body may lead to 
life-threatening adversities because of either therapeutic fail-
ure or increased side effects. Pharmacokinetic interactions 
occur when one drug alters the disposition of another drug.159 
Each stage of disposition of a drug—absorption, distribution, 
metabolism, or elimination—can be altered by another drug. 
The majority of drug interactions leading to serious adverse 
events in humans reflect pharmacokinetic interactions, involv-
ing either transport proteins or drug-metabolizing enzymes.143 

Table 2-7  Examples of Sites of Drug–Drug Interactions
Interaction Example Drugs
Binding to luminal contents Tetracyclines (except doxycycline), fluorinated quinolones, antacids, 

sucralfate,

Absorption
Gastric motility Metoclopramide, anticholinergics, erythromycin
Gastric pH Antisecretory drugs, antacids
Competition for transport proteins See Table 2-2
Inhibition or induction of drug metabolizing enzymes See Table 2-7
Increased splanchnic blood flow (nutrients)

Distribution
Competition for transport proteins in circulation See Table 2-2
Competition for transport proteins in tissues See Table 2-2
Altered regional blood flow Fluid therapy, ACE inhibitors, other cardioactive drugs, phenothiazines,

Metabolism
Competition for transport proteins See Table 2-2
Induction of phase I enzymes (CYP 450) See Table 2-8
Inhibition of phase I enzymes (CYP 450) See Table 2-8
Increased phase II enzymes (glutathione) See Table 2-8

Excretion
Competition for transport proteins See Box 2-8
Altered renal blood flow Cardioactive drugs, NSAIDs, amphotericin B, aminoglycosides
Altered urinary pH See Box 2-9

NSAIDs, Nonsteroidal antiinflammatory drugs.
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Identifying the role of drug interactions in causing adverse 
effects is difficult; large numbers of patients generally must be 
studied to identify even common interactions. Predictions of 
drug–diet or drug–drug interactions might be facilitated by 
evaluation of chemistry, but caution is necessary.154 Models 
that predict drug interactions are complicated by complex 
interactions (e.g., species, disease, and multiple drug interac-
tions).160 Identification of drug interactions involving dietary 
supplements is handicapped by the lack of a mandated sur-
veillance mechanism; information in human medicine gener-
ally is obtained through reviews, case reports, or case series or 
based on open, uncontrolled studies.161 Evidence-based infor-
mation in veterinary medicine is even further limited. Several 
human-medicine reviews have described interactions between 
drugs and botanicals or herbs161 and foods.154 Mechanisms are 
often difficult to identify, in part because of broad substrate 
specificity. Some examples of drug–drug or drug–supplement 
interactions follow.

Absorption
Absorption of one drug may be hindered as a result of changes 
in the drug’s passage through biological phases and changes 
in local pH; the integrity of biological membranes; regional 
blood flow; and, in the case of orally administered drugs, gas-
trointestinal motility. Each of these changes can be induced 
by a concurrently administered drug. Examples include the 
impact of an antisecretory drug on the ratio of un-ionized 
(diffusible) to ionized (nondiffusible) drugs. For weakly acidic 
drugs, a decrease in the ratio may decrease oral absorption; 
for weakly basic drugs, the opposite may occur. Sucralfate and 
cimetidine are examples of drugs that bind to and prevent the 
absorption of other drugs. Likewise, tetracycline and enro-
floxacin are bound by divalent or trivalent cations that might 
be found in antacids (see Table 2-4). Finally, drugs that alter 
gastric motility might alter the rate of oral drug absorption. 
Most drugs are absorbed from the small intestine. Administra-
tion of anticholinergics decreases gastric emptying, allowing a 
longer time to elapse before a drug moves to the small intes-
tine. Although extent of absorption may not be affected, peak 
PDCs may be lower. Metoclopramide probably has an oppo-
site effect. In contrast to gastric motility, increasing motility 
of the small intestine is unlikely to alter the oral absorption 
of drugs because the surface area is so large that it is difficult 
to manipulate. However, a few drugs alter drug absorption by 
causing malabsorption or changing gastric blood flow (see 
Table 2-4). Phenytoin and phenobarbital have been associated 
with decreased oral absorption of vitamins.

Drug interactions that have an impact on absorption may 
also reflect altered metabolism and/or uptake in the entero-
cyte or liver. Drugs entering enterocytes are subject to metab-
olism by CYP3A, efflux mediated by P-gp, or passage into 

portal system and exposure to metabolic activities of the liver. 
Cytochrome P450 3A is the most predominant drug-metab-
olizing enzyme in the intestinal cell and mediates biotrans-
formation of more than half of all drugs currently available 
(for humans).162 Transporters such as the multidrug export 
pump P-gp, facilitate either drug absorption or efflux from 
the enterocyte, and drugs may act as substrates or inhibit or 
compete at these proteins (see Table 2-2). Both proteins (CYP 
3A and P-gp) share drug substrates, and interplay between 
metabolic enzymes and transporters appears to confound the 
disposition of many orally administered drugs (Table 2-8; see 
also Table 2-2). Poor oral bioavailability may reflect a coor-
dinated action of intestinal drug-metabolizing enzymes and 
efflux transporters. Experimentally, drug efflux by intestinal 
P-gp is known to prevent absorption and thus decrease the
bioavailability of many CYP3A4 substrates. The interaction
between P-gp and CYP3A4 at the apical intestinal membrane
increases drug metabolism of those drugs that are absorbed.163

In contrast, selected drug interactions also involve inhibition
of the P-gp, resulting in increased oral bioavailability. Food–
drug interactions most commonly occur in the gastrointes-
tinal tract154 and reflect therapeutic failure owing to reduced
bioavailability of the drug. Less commonly, increased drug
concentrations reflect altered appetite or gastrointestinal acid-
ity. Those most commonly identified drug–diet (nutrient or
supplement) interactions involve altered drug pharmacoki-
netics caused by interference with either P-gp or xenobiotic
metabolizing enzymes (see the section on metabolism). Of
the potential drug–nutrient interactions affecting absorp-
tion, competition among substrates for transport proteins
have probably been the best described.143,164 For example, fla-
venoids (found in grapefruits) are inhibitors of several P-gp
substrates, which increases the risk of diet–diet or diet–drug
interactions during both absorption and distribution.164

Distribution
Pharmacokinetic drug interactions that alter drug distribu-
tion from the central compartment to peripheral tissues usu-
ally result from competition for protein-binding sites between 
two or more concurrently administered drugs. Because pro-
tein binding is reversible, the drug with the highest affinity for 
protein (usually albumin) displaces the drug with less affinity 
(Box 2-8). If a highly (>80%) protein-bound drug is displaced 
by only a small fraction, the amount of unbound, pharmaco-
logically active drug markedly increases, and the risk of toxic-
ity is initially increased. Because NSAIDs are generally more 
than 90% protein bound, even slight displacement of the drug 
from its binding sites can initially result in concentrations that 
might increase the risk of adverse effects. Increased hepatic 
or renal clearance of the unbound drug tend to balance dis-
placement of bound to unbound drug such that PDCs of free 
unbound drug only minimally increase (see Chapter 1).165 
However, according to its package insert, co-administration of 
cefovecin with other highly protein bound drugs increases the 
concentration of the latter. It is not clear whether increased 
clearance of unbound drug will be sufficient in the presence 
of hepatic (or renal) disease. Most drug interactions involving 

KEY POINT 2-10 The role of drug induction and inhibition on 
drug transporter proteins such as P-glycoprotein is only 
now being delineated, but can be particularly profound for 
drug absorption and distribution.
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Table 2-8  Members of Cytochrome P450 Superfamilies and Example Substrates, Inducers, 
and Inhibitors

Substrate Inducer Inhibitor

CYP1A2
Acetaminophen Insulin Amiodarone
Amitriptyline Omeprazole Cimetidine
Clomipramine Tobacco Fluoroquinolones
Clozapine Interferon
Imipramine Ticlopidine
Naproxen
Ondansetron
Propranolol
Theophylline
Verapamine
Warfarin
Zileuton

CYP2B6
Cyclophosphamide Phenobarbital Ticlopidine

Rifampin

CYP2C19
Cyclophosphamide Carbamazepine Cimetidine
Lansoprazole Prednisone? Felbamate
Omeprazole Rifampin? Fluoxetine
Diazepam Indomethacin
Phenytoin Ketoconazole
Phenobarbital Lansoprazole
Amitriptyline Omeprazole
Clomipramine Paroxetine
Cyclophosphamide Probenecid
Imipramine Ticlopidine
Indomethacin Topiramate
Primidone
Progesterone
Propranolol
Warfarin

CYP2C9
NSAIDS Rifampin Amiodarone
Ibuprofen Fluconazole
Diclofenac Isoniazid
Meloxicam Lovastatin
Naproxen Paroxetine
Piroxicam Phenylbutazone
Celecoxib
Tolbutamine Probenecid
Glipizide Sulfamethoxazole
Losartan Trimethoprim
Amitriptyline Zafirlukast
Fluoxetine
Phenytoin
Warfarin

Substrate Inducer Inhibitor

CYP2D6
Carvedilol Dexamethasone Amiodarone
Metaprolol Rifampin Celecoxib
Timolol Chlorpromazine
Amitriptyline Chlorpheniramine
Clomipramine Cimetidine
Paroxetine Clomipramine
Chlorpheniramine Cocaine
Chlorpromazine Doxorubicin
Codeine Fluoxetine
Encainide Metoclopramide
Fluoxetine Proxetin
Flecaine Quinidine
Lidocaine Ranitidine
Metoclopramide Terbinafine
Nortriptyline
Ondansetron
Propranolol
Tramadol
CYP2E1
Enflurane Ethanol
Halothane Isoniazid
Isoflurane
Methoxyflurane
Sevoflurane
Ethanol
Theophylline
CYP3A4,5,7
Clarithromycin Barbiturates Amiodarone
Erythromycin Carbamazepine Cimetidine
(not azithromycin) Glucocorticoids Ciprofloxacin
Quinidine Phenobarbital Clarithromycin
Alprazolam Phenytoin Diltiazem
Diazepam Rifampin Erythromycin
Midazolam St. John’s wort Fluconazole
Cyclosporine Troglitazone Itraconazole
Tacrilium Pioglitazone Ketoconazole
Cisapride Norfloxacin
Chlorpheniramine Verapamil
Amlodipine
Diltiazem
Felodipine
Nifedipine
Verapamil
Lovastatin
Hydrocortisone
Progesterone
Testosterone

Continued
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protein binding reflect competition for albumin-binding sites 
because albumin is the most common binding protein, partic-
ularly for weak acids. Lipoproteins; globulins (increased with 
acute-phase protein increase); and, to a lesser extent, albumin 
bind weak bases (e.g., bupivacaine, lidocaine) (see Box 2-8).

Use of drugs that alter drug distribution to peripheral 
organs can alter drug delivery to the organs. For example, the 
use of afterload reducers may increase renal blood flow; renal 
clearance of drugs may also increase. Use of glucocorticoids 
before volume replacement in a hypovolemic patient may 
enhance peripheral vasoconstriction, reducing tissue distri-
bution of other drugs. Rarely, drug interactions occur at the 
tissue site. For example, drugs can compete with each other 
at tissue-binding sites. Quinidine increases digoxin toxicity 
because it displaces digoxin from cardiac tissues; in contrast, 
hypokalemia facilitates binding of digoxin to cardiac tissue, 
thus enhancing digoxin cardiotoxicity.

Because P-gp is located on the cell membrane of many 
organs, this transporting protein can influence tissue distribu-
tion of drug. The most notable example is its presence in the 
blood–brain barrier, where it serves to efflux many drugs that 

are able to penetrate the barrier. Genetic deficiency of this pro-
tein has been associated with an increased risk of CNS toxicity 
in certain breeds its role in drug interactions should be antici-
pated (see Chapter 4 and later discussion). Drug–nutrient 
interactions resulting in competition for transport proteins 
may also affect distribution of drugs.143,164

Metabolism
Pharmacokinetic drug interactions frequently alter the 
metabolism of a concurrently administered drug (see Table 
2-4).166-170 When administering a drug metabolized by the 
liver, it is wise to anticipate a drug interaction if a second drug 
also metabolized by the liver is added to therapy. Most of the 
interactions result from modulation of hepatic (phase I) drug-
metabolizing enzymes (see Table 2-8).

Induction of drug-metabolizing enzymes should be con-
sidered as a protective mechanism that facilitates excretion 
of potentially toxic compounds. However, induction is a dou-
ble-edged sword: although the elimination of a potentially 
toxic drug increases, so does potential formation of toxic or 
carcinogenic metabolites. Most CYP enzymes are inducible, 
with response to inducers varying within and among spe-
cies, age, and gender. Human CYP known to be influenced 
by inducers include CYP 1A1/2, 2A6, 2C9, 2C19, 2E1, and 
3A4 (see Table 2-8). Inducers generally act as substrates for 
the induced enzymes, and induction generally is dose depen-
dent.171 Inducers often induce more than one CYP and may 
significantly increase the activity of an enzyme that other-
wise (constitutively) is either absent or present only in very 
low concentrations. Induction is accompanied by an increase 
in the transcription and thus intracellular concentration of 
the induced enzyme. Maximal induction of transcription 
generally requires 10 to 12 hours of exposure to a drug. 
Although transcription may return to baseline 18 to 24 hours 
(depending on dose) after the inducer is discontinued, the 

Highly (>80%) Protein-Bound Drugs
Weak Acids (Albumin)
Nonsteroidal antiinflammatories
Coumarin derivatives
Antimicrobials

Doxycycline
Minocycline
Cefovecin

Anticonvulsants
Valproic acid
Phenytoin
Diazepam

Furosemide

Weak Bases (α Glycoproteins)
Several cardiac drugs
Propranolol
Lidocaine (some species)
Tricyclic antidepressants

Box 2-8

KEY POINT 2-11 Interactions at the level of drug-metabolizing 
enzymes are among the most dangerous, yet their predict-
ability is complicated by the large number of enzymes, the 
lack of substrate specificities, and polymorphisms among 
animals.

Table 2-8  Members of Cytochrome P450 Superfamilies and Example Substrates, Inducers, 
and Inhibitors—cont’d

Substrate Inducer Inhibitor
Buspirone
Cocaine
Dapsone
Codeine
Dextromethorphan
Finasteride
Fentanyl

Substrate Inducer Inhibitor
Ondansetron
Lidocaine
Propranolol
Quinine
Terfenadine
Vincristine

NSAIDs, Nonsteroidal antiinflammatory drugs.
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impact of the inducer may persist. The duration of the effect 
varies with the rate of enzyme degradation, which normally 
results in half-lives that range from 8 to 30 hours. Although 
not common, induction also may reflect a decrease in the 
rate of CYP degradation—that is, a prolongation of enzyme 
half-life.172

Barbiturates are recognized inducers of CYP; indeed, the 
observation that “tolerance” to hypnotics developed in dogs 
chronically exposed to barbiturates led to the recognition of 
the phenomenon of induction.172 Phenobarbital is one of the 
most potent microsomal enzyme inducers known and can 
enhance the hepatotoxicity of other hepatotoxic drugs. Like-
wise, it increases the formation of and response to prodrugs 
and decreases the effects of itself and other drugs metabolized 
by the liver as clearance of these drugs is increased.73,173,141 
The CYP2B9 family, responsible for metabolism of a large 
number of drugs in rodents, is induced by phenobarbital. 
Therapeutic doses of phenobarbital have been associated with 
induction of CYPIA activity, as well as alpha-glycoproteins 
in dogs.174 The clinical impact of this effect is demonstrated 
in epileptic dogs treated with phenobarbital: initial con-
centrations may decrease within several months of therapy 
despite no dose change. Interestingly, oral pentobarbital also 
increases the amount of CYP2C present in the intestinal 
tract of dogs when administered at doses consistent with that 
consumed by dogs fed commercial dog foods prepared from 
animals euthanized by pentobarbital (10 to 60 μg/gm). The 
impact on the metabolism of selected subtrates varies and is 
greatest for higher doses, but changes are also present at low 
doses, suggesting a potential clinical impact on therapeutic 
drugs.171

Drug interactions that reflect inhibition of drug-metab-
olizing enzymes may be at greater risk in causing serious 
adverse events. A number of inhibitors of CYP enzymes have 
been identified. As with inducers, the extent of inhibition is 
dose dependent,172,175 with inhibitors often acting as sub-
strates at the inhibited enzyme, and either characterized by 
broad enzyme interaction, being inhibitory for a number of 
different CYPs, or acting selectively for a single enzyme (see 
Table 2-8).172 Currently, three types of drug-metabolizing 
enzyme inhibitors have been described: reversible, quasi-
reversible, and irreversible, with reversible inhibitors being 
the most commonly involved in drug–drug interactions. 
Reversible inhibition is transient, resolving when therapy with 
the inhibitor is discontinued. Like induction, reversible inhi-
bition appears to be dose dependent.175 Reversible inhibition 
most commonly reflects interactions that are competitive or 
noncompetitive. Competitive inhibition is exemplified by a 
drug that blocks access to the catalytic site of the enzyme of 
another structurally similar drug. The drug may or may not be 
a substrate for the enzyme. Noncompetitive inhibition occurs 
when substrate binding occurs at a different site but nonethe-
less changes the catalytic activity of the enzyme such that it is 
inactivated.172

Generally, clearance of a concurrently administered drug 
metabolized by the liver is prolonged in the presence of inhibi-
tors, increasing the potential for toxicity or for an exaggerated 

pharmacologic response. Additionally, prodrugs (e.g., enala-
pril, primidone) are less likely to be activated. Chloram-
phenicol, cimetidine, and imidazole antifungal drugs are 
examples of potent microsomal enzyme inhibitors.73,173,141 
Co-administration with potentially toxic drugs that are also 
metabolized by the liver should be done cautiously. Fluori-
nated quinolones such as enrofloxacin and marbofloxacin can 
increase theophylline plasma concentrations to toxic levels, 
presumably because of impaired hepatic clearance of theoph-
ylline.176 Ketoconazole inhibits cytochrome P450 enzymes, 
including CYP3A4 in the dog.177 However, it does not neces-
sarily clinically affect all drugs metabolized by the liver. For 
example, morphine clearance was not changed in Greyhounds 
treated with an average of 12.7 mg/kg ketaconazole per day.93 
Although area under the curve was greater in the presence 
of morphine, the change was neither statistically nor clini-
cally significant. This may reflect, however, the flow-limited 
nature of morphine clearance or, potentially, breed differences 
in drug metabolism. Other imidazoles (fluconazole and, to a 
lesser degree, itraconazole) also have broad enzyme inhibitory 
activity (see chapter 9).

Drug-induced inhibition of drug metabolism can be used 
for therapeutic benefit. Both cyclosporine and ketaconazole 
are substrates and inhibitors of both P-gp and CYP3A. As such, 
the combined use of the drugs may result in marked prolonga-
tion of the half-life of either drug. Ketoconazole has been used 
to increase blood drug concentrations of cyclosporine (owing 
to both inhibition of drug-metabolizing enzymes and compe-
tition with P-gp) in dogs.178 A twofold increase in expected 
PDCs may occur, as indicated by a 50% dose reduction in Bea-
gles179 or a twofold increase in Cmax in Greyhounds.93 Indeed, 
the impact may be greater in some dogs: our laboratory has 
documented an elimination half-life of over 150 hours in dogs 
simultaneously receiving ketoconazole, yielding concentrations 
that exceed 4500 ng/mL. In cats, cyclosporine (4 mg/kg orally) 
concentrations can be expected to increase approximately 
twofold when administered with ketoconazole (10 mg/kg).180 
The macrolides also have broad inhibitory effects. The 
inhibitory effect of erythromycin may reflect inhibition of  
CYP3A macrolides, which appear to inhibit cyclosporine 
clearance. Again, in our laboratory azithromycin co-adminis-
tration was associated with marked prolongation of cyclospo-
rine half-life in a cat, leading to cyclosporine concentrations 
that exceeded 4500 ng/mL (therapeutic range 800-1400 ng/
mL). The effect of cimetidine, another drug-metabolizing 
inhibitor with broad substrate specificity, is variable, rang-
ing from no significant effect in Beagles (n=10; 15 mg/kg 
cimetidine every 8 hours for 8 days and 5 mg/kg once daily 
for cyclosporine) to 50% decrease in clearance in humans.181 
Cimetidine-induced enzyme inhibition, however, has been 
used to prevent metabolism of acetaminophen in humans and 
cats into potentially lethal toxic metabolites.182,183 Cilastatin 
inhibits renal tubular drug metabolism of imipenem; the net 
effect may prolong the half-life of imipenem, but hepatotoxic-
ity or renal toxicity resulting from metabolites might also be 
reduced (see Chapter 4). Nutrition, sex, age, and other factors 
can influence the way drug-metabolizing enzymes respond 
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to drugs. Alcohol and 4-methylpyrazole competitively inhibit 
alcohol dehydrogenase, the drug-metabolizing enzyme that 
converts ethylene glycol to its lethal metabolite.

Although less common, drug clearance may also be affected 
by drugs that change hepatic blood flow, solely due to substrate 
delivery, not a limitation on metabolic rate. This interaction 
is significant, however, only for drugs that are characterized 
by extensive and rapid hepatic clearance (e.g., propanol, lido-
caine) and probably is not clinically relevant.

Among the most commonly identified drug–diet (nutri-
ent or supplement) interactions that alter drug pharmaco-
kinetics are those reflecting drug metabolism, particularly 
CYP3A4.154 Several dietary supplements are known to interact 
with drugs.161 These include, but are not limited to, St. John’s 
wort (induction of CYP3A4, particularly intestinal), echi-
nacea (induction and inhibition of intestinal CYP), ginkgo 
biloba (induction of CYP219A), and grapefruit (inhibition of 
CYP3A4 and inhibition of P-gp).

Excretion
Pharmacokinetic drug interactions may alter urinary excre-
tion because of changes in glomerular filtration, competition 
between the drug for active tubular secretion, or both (Box 
2-9). Competition for carrier proteins responsible for active 
tubular secretion usually involves acidic drugs. Probenecid is 
still occasionally used to prolong the elimination of an expen-
sive penicillin because it competes with the penicillin for a 
carrier protein. Renal excretion may also be affected by drugs 
that alter urinary pH and tubular reabsorption. Changes in 
urinary pH conducive to formation of a greater proportion 
of un-ionized drug (e.g., an acidic urinary pH and an acidic 
drug) encourage tubular reabsorption of a drug, thus decreas-
ing its clearance and prolonging its elimination half-life (Box 
2-10).73,173,141 For example, overdosing of some drugs (e.g., 
aminoglycoside or strychnine poisoning) can be treated by 
hastening elimination with urinary acidifiers.

Pharmacodynamic Drug Interactions
Pharmacodynamic drug interactions occur when one drug 
alters the chemical or physiologic response to another drug 
(see Table 2-6). Pharmacodynamic interactions may increase 
response to a drug in an additive or synergistic fashion at the 
same receptor (e.g., the permissive effect of glucocorticoids 
on alpha-adrenergic receptors; phenobarbital and cloraz-
epate at gamma-aminobutyric receptors), at an intracellular 
site (e.g., epinephrine and theophylline in bronchial smooth 
muscle), or at different sites but with the same physiologic 
reaction (e.g., hypokalemia induced by cardiac glycosides and 
diuretics; many interactions of antimicrobials). Pharmacody-
namic interactions may also decrease the response of some 
drugs owing to competitive antagonism at the same recep-
tor site (e.g., atropine and anticholinesterases or atropine 
and metoclopramide) or antagonistic responses mediated at 
distant but physiologically related sites. Antagonistic phar-
macodynamic interactions have been used therapeutically: 
oxymorphone or other mu agonistic effects are reversed with 
naloxone, xylazine and other chemical sedatives are reversed 
with tolazoline or yohimbine, and medatomidine is reversed 
with antipamazole.

The most familiar pharmacodynamic interactions are 
probably those that act in an additive or synergistic manner to 
augment response to a drug. Augmentation can occur through 
different mechanisms of action (i.e., controlling vomiting by 
combining a drug active at the chemoreceptor triggering zone 
with a drug that acts peripherally, controlling seizures by com-
bining phenobarbital with bromide, controlling tachycardia 
by combining diltiazem with digoxin or atenolol). Less com-
monly, augmentation may occur through similar actions at a 
receptor site; more often, drugs will compete with one another 
at the same receptor, thus resulting in antagonism. Unfor-
tunately, often forgotten is the fact that augmentation of the 
desired pharmacologic response may be accompanied by aug-
mentation of an undesirable adverse drug event (ADE). For 

Examples of Drugs That Compete for Renal 
Tubular Secretion
Anions (Acidic Drugs)
Penicillins
Cephalosporins
Probenecid
Sulfonamides
Aspirin
Furosemide
Nonsteroidal anti-inflammatories
Phase II metabolites (gluconic acids, glycine, and sulfate 

 conjugates)

Cations (Basic Drugs)
Procainamide
Dopamine
Trimethoprim
Several opioid agents

Box 2-9

Examples of Drugs Capable of Changing 
Urine pH
Urinary Acidifiers
Ascorbic acid
Methionine
Sodium acid phosphate
Ammonium chloride

Urinary Alkalinizers
Sodium bicarbonate, citrate, and acetate
Carbonic anhydrase inhibitors

Box 2-10

KEY POINT 2-12 Pharmacodynamic interactions 
can be either detrimental or beneficial.
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example, drugs that impair renal prostaglandin synthesis (e.g., 
NSAIDs, angiotensin-converting enzyme inhibitors, amino-
glycosides) should be used in combination cautiously because 
their combination increases the risk of renal failure. Likewise, 
ulcerogenic drugs (NSAIDs, glucocorticoids) enhance the risk 
of gastrointestinal ulceration when used in combination.

Pharmacodynamic interactions may decrease the response 
to a drug because of competitive antagonism at the same 
receptor site. Most commonly, these actions are desirable and 
are frequently the target of combined drug therapy: atropine to 
treat organophosphate toxicity, reversal agents for opioids and 
anesthetic agents. Antagonistic pharmacodynamic responses 
can also occur through different receptor sites or different 
mechanisms. The combination of a bacteriostatic antimicro-
bial (one that slows the growth of an organism) with a bac-
tericidal antimicrobial (one whose efficacy depends on rapid 
growth) might be considered as an example. Also, the proki-
netic effects of cisapride and metoclopramide are prevented by 
anticholinergics; calcium-containing solutions should not be 
combined with blood or blood components because the loss 
of anticoagulant effects increases the risk of microthrombi for-
mation in the transfused blood.

Hu161 has reviewed pharmacodynamic interactions 
between drugs and herbs or botanicals. These can be clinically 
significant, as is exemplified for selected organosulfur compo-
nents of garlic, which act as anticoagulants. Increased bleeding 
times have been documented in patients taking garlic supple-
ments and subsequently treated with warfarin compared with 
increases with warfarin alone.
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The goal of drug therapy is to produce a specific pharmaco-
logic effect in a patient without producing adverse effects. 
Unfortunately, this goal is not fully realized for every veteri-
nary patient. If the same drug were administered to 10 patients 
with a particular disease, each may respond differently with 
respect to both drug efficacy and the likelihood of an adverse 
reaction. This variation in response to drug therapy can be 
caused by a number of patient factors, including the patient’s 
age, health or disease status, species, gender, and breed. In 
many instances, however, these factors cannot fully explain the 
degree of interpatient variation observed. Pharmacogenetics, 
the study of genetic determinants of response to drug therapy, 
is likely the ultimate way to establish the right drug and dose 
for each patient, thereby optimizing efficacy and minimizing 
toxicity. Despite the fact that this branch of pharmacology is 
still in its infancy as a science, a number of important discov-
eries have already contributed to improved pharmacotherapy 
in human and veterinary patients.

Genetic variation can affect both the pharmacokinetics 
(i.e., drug absorption, distribution, metabolism, and excre-
tion) and pharmacodynamics (i.e., interaction with drug 
transporters and receptors) of pharmaceutical agents (Figure 
3-1). Currently, the greatest body of knowledge with regard to
pharmacogenetics involves genetic variation in drug metabo-
lism. Indeed, the concept of pharmacogenetics originated
in the 1950s as a result of the observation in human beings
that two populations of individuals existed with respect to
their ability to metabolize succinylcholine, followed by the
realization that this trait was inherited.1 Approximately 1 in
3500 Caucasian subjects is homozygous for a mutation in the
butyrylcholinesterase gene.2 Because this gene is responsible
for hydrolysis and inactivation of succinylcholine, patients
who have the mutation experience prolonged muscle paralysis
and apnea. At the time, molecular biological techniques had
not yet been discovered, so the field of pharmacogenetics was
initially based purely on phenotypic observations.

Modern pharmacogenetics has progressed rapidly from 
those initial phenotypic observations. It currently involves 
identifying both the phenotype and the genetic variation, or 

polymorphism, responsible for it. Furthermore, the pharma-
cogenetic traits that were first identified were monogenic—
that is, they involved a polymorphism at a single gene. It is 
presently known that myriad genes may be involved in deter-
mining a particular drug’s disposition, which increases the 
complexity of pharmacogenetics. Pharmacogenetics now 
involves systematic searches to identify functionally signifi-
cant variations in DNA sequences in genes that affect drug 
disposition. Sequencing of the human, canine, and now feline 
genome should facilitate the progress of pharmacogenetics 
toward individualized drug therapy.

It is important to note that individualization of drug ther-
apy encompasses two distinct, yet equally important, clinical 
implications. First is the ability to predict those patients at high 
risk for developing drug toxicity. These patients may have a 
polymorphism in a drug-metabolizing enzyme that results in 
low clearance rates for the drug. For such patients a lower drug 
dose or alternative drug should be administered. Second is the 
ability to predict those patients that are most likely to benefit 
from a particular drug because of appropriate receptor interac-
tions. Patients with polymorphisms in drug receptors may be 
poor responders to certain pharmaceutical agents because of 
inappropriate drug–receptor interactions. Rather than using a 
trial-and-error approach to drug therapy, a veterinarian could 
select the drug most likely to produce the desired pharmaco-
logic response in a particular patient, decreasing the amount 
of time in that the patient’s disease state is poorly controlled.

Described in this chapter will be several recent discoveries 
in pharmacogenetics and examples of pharmacogenetically 
based differences in drug absorption, distribution, metabolism, 
excretion, and drug–receptor interactions. The role of these dis-
coveries in clinical veterinary medicine will also be presented.

PHARMACOGENETICS OF DRUG 
ABSORPTION

Until recently, systemic bioavailability of orally administered 
drugs was considered to be a function of physicochemical char-
acteristics of the drug and subsequent hepatic metabolism. A 
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number of other factors have recently been shown to affect the 
ability of a drug to be absorbed into the systemic circulation 
after oral administration. Intestinal phase I drug metabolism 
and active drug extrusion by efflux transporters are now con-
sidered to be among the most important determinants of oral 
drug bioavailability. Consequently, polymorphisms in intesti-
nal drug-metabolizing enzymes and drug transporters should 
dramatically affect oral drug absorption.

In humans CYP 3A enzymes are expressed at higher levels 
in mature villus tip enterocytes than in hepatocytes.3 Because 
intestinal villi make up such a large surface area, there is a 
high likelihood that absorbed drug will interact with intesti-
nal CYP 3A enzyme, facilitating substantial first-pass metabo-
lism. Interpatient variability in intestinal CYP 3A levels has 
been studied in a small sample of human patients. Elevenfold 
variations in CYP 3A protein content and sixfold variation in 
enzymatic activity were identified, suggesting that CYP 3A 
polymorphisms exist in the human population.4

Intestinal drug metabolism is thought to be impor-
tant in veterinary patients also, but relatively little is known 
with regard to interpatient variability in enzyme activity. In 
dogs tissue distribution (specifically liver and duodenum) 
of CYP3A12 and CYP3A26 mRNA has been investigated by 
the author. Overall, expression of CYP3A mRNA was greater 
in liver than in duodenum, but the relative contributions of 
the two canine CYP3A isoforms differed. Hepatic expres-
sion of CYP3A26 was greater than CYP3A12 in all dogs, with 
CYP3A26 making up 75.2% of the hepatic CYP3A pool. Con-
versely, duodenal expression of CYP3A12 was greater than 
CYP3A26 in all dogs, with CYP3A12 composing 99.8% of the 
duodenal CYP3A pool.5 Additionally, there was a large amount 

of interindividual variability among dogs. Further research is 
needed in this area to determine whether genetic differences 
account for the variation in expression of this important drug-
metabolizing enzyme in hepatic and intestinal tissue among 
dog breeds and/or individual dogs.

Drug transporters are also known to play an important role 
in drug absorption. Many drug transporters have been iden-
tified in people, but the most well-characterized drug trans-
porter is P-glycoprotein (P-gp), the product of the MDR1 
(ABCB1) gene. The potential impact of transporter pharma-
cogenetics on drug pharmacokinetics is dramatically illus-
trated by P-gp. P-gp is a transmembrane protein that was first 
described in highly resistant tumor cell lines.6 Tumor cells 
expressing P-gp were cross-resistant to various anticancer 
agents (anthracyclines, vinca alkaloids, taxanes, and others). 
P-gp has since been shown to act as an ATP-dependent pump 
that exports drugs from cells. P-gp is also expressed in normal 
mammalian tissues, where it appears to function in a protec-
tive capacity. P-gp is expressed on bile canaliculi, renal tubular 
epithelial cells, the placenta, brain capillary endothelial cells, 
and at the luminal border of intestinal epithelial cells.7 At these 
locations P-gp pumps transported drugs either out of the body 
(into the bile, urine, or intestinal lumen) or away from pro-
tected sites (brain tissue, fetus).

The significant role intestinal P-gp can play in determin-
ing oral drug bioavailability has been demonstrated in rodent 
studies. In mdr1(-/-) knockout mice, oral bioavailability of 
many P-gp substrate drugs (vinblastine, taxol, digoxin, lop-
eramide, ivermectin, cyclosporine A, others) are substantially 
greater than in wild-type mice.8,9 Similarly, MDR1 polymor-
phisms in humans have been shown to result in altered oral 
bioavailability of P-gp substrate drugs. Studies have shown 
that oral bioavailability of digoxin, a P-gp substrate, is greater 
in subjects with the 3435TT MDR1 genotype compared with 
those with the MDR1 3435CC genotype.10 Similarly, the P-gp 
substrate phenytoin has been shown to have lower oral bio-
availability in subjects with the MDR1 3435 CC genotype.11

P-gp has been fairly well characterized in dogs. Tissue dis-
tribution of P-gp in dogs is similar to that in people,12 and it 
has been shown to contribute to chemotherapeutic drug resis-
tance in vitro and in vivo.13-15 Although its role in determin-
ing oral drug bioavailability is not well characterized, there is 
some evidence that P-gp is important. Bioavailability of the 
anticancer agent (and P-gp substrate) docetaxel was increased 
seventeenfold when co-administered with a P-gp inhibitor.

The MDR1 polymorphism in dogs consists of a four base-
pair deletion mutation. This deletion results in a shift of the 
reading frame that generates several premature stop codons.16 
Because protein synthesis is terminated before even 10% of the 
protein product is synthesized, dogs with two mutant alleles 
exhibit a P-gp null phenotype, similar to mdr1 (-/-) knock-
out mice. Affected dogs include many herding breeds. For 

Pharmacogenetics

Receptors Transporters Drug metabolizing
enzymes

PharmacokineticsPharmacodynamics

Variability in
response to drug

Efficacy Toxicity

Figure 3-1 Pharmacogenetics can alter both drug efficacy 
and the likelihood of toxicity. Polymorphisms in drug recep-
tors contribute to variable pharmacodynamics, and polymor-
phisms in drug-metabolizing enzymes contribute to variable 
pharmacokinetics. Interestingly, polymorphisms in drug trans-
porters can contribute to variation in pharmacodynamics and/
or pharmacokinetics, depending on the particular drug trans-
porter involved.

KEY POINT 3-1 Intestinal and hepatic drug transporters and 
cytochrome P450 enzymes contribute to variability in oral 
drug absorption.
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example, roughly 75% of Collies in the United States, France, 
and Australia have at least one mutant allele.17 Other affected 
herding breeds, albeit affected at a lower frequency, include 
Old English Sheepdogs, Australian Shepherds, Shetland 
Sheepdogs, English Shepherd Dogs, Border Collies, German 
Shepherd Dogs, Silken Windhounds, McNab Shepherds, and 
Longhaired Whippets.18

One group of investigators describe a modest effect of the 
MDR1 deletion mutation on oral drug availability.19 Three 
P-gp substrate drugs (fexofenadine, loperamide, and quini-
dine) were simultaneously administered to two groups of dogs,
dogs homozygous for the MDR1 deletion mutation (MDR1
mut/mut) and MDR1 wild-type dogs (MDR1 WT/WT). Sta-
tistically, there were no differences in area under the curve for
any drug between the two groups. Plasma concentrations of
fexofenadine were significantly higher at two time points in
MDR1(mut/mut) dogs than in MDR1(WT/WT) dogs.19 The
investigators suggest that P-gp limits intestinal absorption of
fexofenadine, an antihistamine (H1), in dogs.

PHARMACOGENETICS OF DRUG 
DISTRIBUTION

Drug distribution, the delivery of drugs from the systemic cir-
culation to tissues, can be dramatically affected by pharma-
cogenetics. The drug transporter P-gp serves as an important 
barrier to the distribution of substrate drugs to selected tis-
sues. For example, P-gp is a component of the blood–brain 
barrier, the blood–testes barrier, and the placenta. Therefore 
distribution of P-gp substrate drugs to these tissues is greatly 
enhanced in MDR1(mut/mut) dogs. MDR1(mut/mut) dogs 
experience adverse neurologic effects after a single dose of 
ivermectin (120 μg/kg). Heterozygous [MDR1(WT/mut)] or 
MDR1(WT/WT) dogs are not sensitive to ivermectin neuro-
toxicity at the 120 μg/kg dose, but MDR1(WT/mut) animals 
may experience neurotoxicity at ivermectin doses greater than 
120 μg/kg, particularly if daily doses are administered (i.e., pro-
tocols for treatment of demodectic mange). Affected dogs also 
appear to have increased susceptibility to neurologic adverse 
effects of other avermectins, including milbemycin, selamec-
tin (Revolution package insert), and moxidectin.20 Interest-
ingly, a retrospective study conducted by a national veterinary 
poison center reported that Collies were overrepresented in 
canine cases of loperamide-induced neurotoxicity.21 Many 
Collies displayed signs of neurologic toxicity after adminis-
tration of routinely recommended doses of the antidiarrheal 
agent loperamide (Imodium). Loperamide is an opioid that is 
generally devoid of central nervous system activity because it 
is excluded from the brain by P-gp.22,23 Loperamide neurotox-
icity was recently reported in a Collie that had received a rou-
tine dose (0.14 mg/kg orally).24 The dog in this report had the 
MDR1(mutant/mutant) genotype. MDR1 (WT/WT) dogs do 
not exhibit neurologic signs after receiving even higher doses 
of loperamide, indicating that P-gp plays a key role in modu-
lating distribution of substrates such as loperamide to canine 
brain tissue. The images in Figure 3-2 illustrate the role of P-gp 
in the blood–brain barrier of dogs.

Less information is available regarding P-gp and the blood–
brain barrier in cats. The author has received anecdotal reports 
of ivermectin toxicity in cats after standard doses, but whether 
the underlying cause is a result of altered P-gp expression or 
function is not currently known.

Distribution of some drugs to the testis and fetus may also 
be limited by P-gp. In human patients, this creates a problem 
for treating certain diseases. For example, the testes and brain 
are considered to be a sanctuary site for the human immuno-
deficiency virus (HIV).25 Because HIV-1 protease inhibitors 
are substrates for P-gp, the virus can remain viable in these 
sanctuary sites, hampering effective therapy. Similarly, thera-
peutic concentrations of certain chemotherapeutic agents may 
not be achievable for testicular cancers because of active efflux 
by P-gp.26 The effect of placental P-gp on distribution of drugs 
to the fetus is an area of active research in human medicine.27 
Understanding the role of pregnancy-associated hormones in 
regulating P-gp expression and function is one possible key 
in developing strategies to deliver drugs to the mother with 
minimal fetal risk.

PHARMACOGENETICS OF DRUG 
METABOLISM

Pharmacogenetic variation can affect both phase I and phase 
II metabolic enzyme activity. The pseudocholinesterase muta-
tion serves as an example of how pharmacogenetic variation 
can result in dramatic differences in drug response among 
patients. Patients with a normal pseudocholinesterase geno-
type metabolize succinylcholine and recover from neuro-
muscular blockade rapidly, whereas those with the mutant 
genotype undergo sustained neuromuscular blockade that has 
resulted in prolonged apnea and the necessity for mechanical 
ventilation. A number of polymorphisms have been described 
in human CYP450 enzymes, many of these resulting in pro-
found variations in clinical response. For example, CYP2D6 
is a highly variable P450 pathway in humans with individu-
als ranging from undetectable activity (found in 6% to 10% 
of Caucasians) to “ultrarapid” activity (found in 3% to 10% 
of Europeans and 30% of one black population).28 The ultra-
rapid phenotype is due to a unique gene duplication. Drugs 
that are substrates for CY2D6 in people include beta-receptor 
antagonists (propranolol, timolol, metoprolol), antiarrhyth-
mics (quinidine, flecainide), antidepressants (amitriptyline, 
clomipramine, fluoxetine, imipramine), neuroleptics, and cer-
tain opioid derivatives. Depending on the patient’s CYP2D6 
genotype, the “typical” dose of a substrate drug may need to 
be decreased (poor metabolizers require 1⁄10 of the standard 
dose of nortriptyline to avoid toxicity) or increased (ultra rapid 
metabolizers require 5 times the standard dose to achieve 
therapeutic concentrations).

Relatively few polymorphisms in drug-metabolizing 
enzymes have been described in veterinary patients, although 

KEY POINT 3-2 Dogs with the ABCB1-1Δ mutation experi-
ence greater brain penetration of drugs that are substrates 
for P-glycoprotein.
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this is likely to change insofar as research in this area is cur-
rently in progress. However, variation in metabolism of 
some drugs has been documented in dogs. CYP2B11 has 
been shown to have at least a fourteenfold variation in activ-
ity in mixed-breed dogs.29 Greyhounds have been shown to 
have particularly low CYP2B11 activity, which results in sus-
tained plasma concentrations of propofol, and delayed recov-
ery compared with mixed-breed dogs.30 The specific genetic 
alteration responsible for reduced CYP2B11 in Greyhounds 
compared with other canine breeds has not been determined. 
There is some evidence to suggest that CYP 2D15 may also 
be polymorphic in dogs. The nonsteroidal antiinflammatory 

drug celecoxib is metabolized to a large degree by CYP2D15. 
Clearance of celecoxib in Beagles is polymorphic, with about 
half the population being extensive metabolizers and the 
remainder being poor metabolizers.31 Celecoxib has a 1.5- to 
2-hour half-life in extensive metabolizers and a 5-hour half-
life in poor metabolizers. One pharmacogenetic variant that 
has been identified in the canine CYP2D15 gene, a deletion 
of exon 3, results in undetectable celecoxib metabolism. The 
frequency and breed distribution of this polymorphism has 
not yet been determined. However, it is likely to have clini-
cal significance for other drugs that are CYP2D15 substrates, 
including dextromethorphan, imipramine, and others.

A B

C D

Figure 3-2 Sagittal T1-weighted post gadolinium administration magnetic resonance images displaying normal brain anatomy, 
tissue signal characteristics, and contrast enhancement of an MDR1 WT/WT dog (A) and an MDR1 mut/mut dog (B) showing 
no differences between dogs of these two genotypes. Conversely99mTc-MIBI nuclear scintigraphic neuroimaging of the brain 
after 99mTc-MIBI administration demonstrates the role of P-glycoprotein at the blood–brain barrier. Representative 99mTc-MIBI 
nuclear scintigraphic images show diminished activity in the brain compared with surrounding tissue of an MDR1 WT/WT dog 
(C) but similar activity in the brain compared with surrounding tissue of an MDR1 mut/mut dog (D). (From Mealey KL, Greene S, 
Bagley R, et al: P-glycoprotein contributes to the blood–brain, but not blood–cerebrospinal fluid, barrier in a spontaneous canine 
p-glycoprotein knockout model, Drug Metab Dispos 36(6):1073-1079, 2008.)
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Variability in gene copy number is a phenomenon that has 
recently been explored in dogs.32 Among the genes that have 
been demonstrated to exist in copy number variant regions in 
canine DNA are CYP3A12 and CYP1A. Furthermore, there 
appear to be breed-specific copy number variants for some 
dog breeds. Thus variability in gene copy number may be 
another source of genetic variation in drug response involving 
phase I enzymes.

With respect to phase II metabolic enzymes, a pan-species 
defect in UDP-glucuronyl transferase exists in cats. Although 
this is not a true example of pharmacogenetics, it serves as 
an example of genetic variation among species, rather than 
within a species, that significantly affects drug disposition. 
Because cats have a pseudogene, rather than a functional gluc-
uronyltransferase gene, aceptaminophen and other drugs are 
not conjugated with glucuronide as they are in other species. 
Another pan-species phase II metabolic defect occurs in dogs. 
N-acetyltransferase is the enzyme responsible for metaboliz-
ing sulfonamides, procainamide, hydralazine, and other drugs. 
Both N-acetyltransferase genes are absent in dogs, increasing 
the risk for hypersensitivity reactions and adverse effect from 
these drugs relative to other species.33

A true pharmacogenetic variation exists for the thiopu-
rine methyltrasferase (TPMT) enzyme. TPMT is a phase II 
enzyme that is responsible for metabolizing azathioprine and 
its active metabolites to their inactive forms. A ninefold range 
in TPMT activity exists in dogs, and activity level appears to be 
related to breed. Giant Schnauzers had lower TPMT activity, 
and Alaskan Malamutes had high TPMT activity.34 Decreased 
TPMT activity has been documented to be associated with 
increased susceptibility to azathioprine-induced bone marrow 
suppression.

PHARMACOGENETICS OF DRUG 
EXCRETION

Drugs are eliminated from the body either unchanged or as 
metabolites. Renal and biliary excretion are the most impor-
tant pathways of drug elimination, but excretion may occur by 
other routes as well. As noted previously, P-gp is expressed on 
renal tubular cells and biliary canalicular cells, suggesting that 
it may play a role in drug excretion. Concurrent administra-
tion of a P-gp–inhibitor decreases the biliary and renal clear-
ance of doxorubicin in rats.35 In a separate study, biliary and 
renal excretion of digoxin and vincristine were increased in 
rats after treatment with a P-gp inhibitor.36 Further research 
is necessary to fully define the role of P-gp in regulating renal 
and biliary drug excretion in veterinary patients. However, 
altered biliary or renal excretion may play a role in the appar-
ent increased sensitivity of herding breeds to chemotherapeu-
tic drugs that are P-gp substrates. For example, MDR1(mut/
mut) and MDR1(WT/mut) dogs are significantly more 
likely to develop hematologic toxicity, specifically neutrope-
nia and thrombocytopenia after treatment with vincristine 

than ABCB1-1Δ wild-type dogs. However, these dogs toler-
ate cyclophosphamide at full doses.37,38 In dogs vincristine is 
eliminated primarily through biliary excretion of parent drug 
with some urinary excretion of parent drug and metabolites.39 
The enzyme family responsible for metabolizing vincristine in 
dogs has not been identified. Biliary excretion of vincristine in 
other species is highly dependent on the P-gp–mediated drug 
transport.36 The images in Figure 3-3 illustrate the role of P-gp 
in the biliary excretion of substrate drugs in dogs.

PHARMACOGENETICS OF DRUG 
RECEPTORS

A relatively new and important area of pharmacogenetics 
research involves polymorphisms in genes encoding drug 
receptors and effector proteins. In human patients poly-
morphisms have been described in angiotensin-converting 
enzyme, beta-2 adrenergic receptors, the dopamine receptor, 
the estrogen receptor, and others.40 In vitro functional stud-
ies suggest that these polymorphisms have functional signifi-
cance. A polymorphism in the canine dopamine receptor D4 
gene has been described, but its clinical implications are not 
yet understood.41

KEY POINT 3-3 Polymorphisms in drug-metabolizing 
enzymes can dramatically affect drug efficacy and toxicity.

A B

Figure 3-3 Images of the abdomen of dogs positioned in ven-
tral recumbency on a gamma camera. Images were acquired 
2 hours after intravenous injection of 99mTc-MIBI to an MDR1 
WT/WT dog (A) and to an MDR1 mut/mut dog (b). Intense 
uptake of 99mTc-MIBI in the gallbladder (arrowhead) is pres-
ent in (a). A void of activity in the location of the gallbladder 
(arrow) is present in (B). (From Coelho JC, Tucker R, Mattoon 
J et al: Biliary excretion of technetium-99m-sestamibi in wild-
type dogs and in dogs with intrinsic (ABCB1-1Δ mutation) and 
extrinsic (ketoconazole treated) P-glycoprotein deficiency,  
J Vet Pharm Ther 32:417-421, 2009.)

KEY POINT 3-4 Biliary excretion of P-glycoprotein substrate 
drugs is significantly decreased in dogs with the ABCB1-1Δ 
mutation compared with ABCB1 wild-type dogs.

KEY POINT 3-5 Genetic variation in drug-metabolizing 
enzymes, drug transporters, and drug receptors can have a 
substantial impact on drug safety and efficacy.
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PHARMACOGENETICS AND 
HYPERSENSITIVITY REACTIONS

Pharmacogenetic differences in metabolic pathways not only 
can affect type A adverse drug reactions (predictable; gener-
ally correlating with plasma drug concentration) but can also 
affect type B adverse drug reactions (idiosyncratic). Idiosyn-
cratic toxicity to sulfonamides is similar in dogs and humans 
and can be characterized by fever, arthropathy, blood dyscra-
sias (neutropenia, thrombocytopenia, or hemolytic anemia), 
hepatopathy consisting of cholestasis or necrosis, skin erup-
tions, uveitis, or keratoconjunctivitis sicca.42 In humans slow 
acetylation by NAT2 has been shown to be a risk factor for 
sulfonamide hypersensitivity reactions. It has been proposed 
that the alternative metabolic pathway in these individuals 
produces reactive metabolites.43 Covalent binding of reactive 
metabolites of these drugs to cell macromolecules results in 
cytotoxicity and immune response to neoantigens. Ongoing 
research in one veterinary pharmacology laboratory (Depart-
ment of Medical Sciences, School of Veterinary Medicine, 
University of Wisconsin-Madison; latrepanier@svm.vetmed.
wisc.edu) is under way to characterize dogs with possible idio-
syncratic sulfonamide reactions, using several methodologies, 
including enzyme-linked immunosorbent assay (ELISA) for 
antidrug antibodies, immunoblotting for antibodies directed 
against liver proteins, flow cytometry for drug-dependent 
antiplatelet antibodies, and in vitro cytotoxicity assays.

PHARMACOGENETICS IN CLINICAL 
PRACTICE

Scientific interest in the field of human pharmacogenetics 
has increased each year in parallel with the knowledge of the 
human genome. However, interest in this field from physicians 
has lagged significantly behind, presumably because relatively 
few significant clinical consequences can be correlated to the 
vast number of pharmacogenetic mutations described in the 
literature. There are two main reasons for this discrepancy. 
Up to this point, polymorphisms described in human patients 
either have had low allelic frequencies or the clinical relevance 
of a particular polymorphism was not significant. For exam-
ple, a highly clinically relevant polymorphism in the human 
TPMT gene has been described. TMPT metabolic activity in 
affected patients is essentially absent, so these patients experi-
ence severe neutropenia after a “normal” dose of azathioprine. 
Because this TPMP polymorphism affects approximately 
0.3% of the Caucasian population, pharmacogenetic testing 
is not routinely performed in clinical practice.44 Conversely, 

the allelic frequency of a genetic polymorphism of the human 
MDR1 gene has been shown to be associated with lower lev-
els of P-gp expression in the duodenum and other tissues. 
Although the allelic frequency of this particular MDR1 poly-
morphism is relatively high (>10%), it does not appear to have 
an important and predictable clinical impact on drug disposi-
tion. The vast majority of pharmacogenetics in human medi-
cine is carried out for research purposes and is not performed 
in clinical medical practice.

In veterinary medicine, however, a commercial veterinary 
pharmacogenetics laboratory (Veterinary Clinical Pharmacol-
ogy Laboratory, Washington State University, Pullman, WA; 
www.vetmed.wsu.edu/vcpl) is currently performing canine 
MDR1 genotyping for veterinarians, breeders, and owners in 
the United States. Such testing is available in Europe and Aus-
tralia as well. The primary reasons that commercial pharmaco-
genetic testing is readily available for canine patients and not 
for human patients are because the MDR1 mutation in dogs 
has a very high allelic frequency (55% in Collies, 42% in Long-
haired Whippets, and roughly 20% in Australian Shepherds), 
and because the polymorphism is highly predictive for serious 
adverse drug events, not just for ivermectin, but for chemo-
therapeutic drugs,38 other antiparasitics,45 loperamide,24 and 
other drugs.46 Box 3-1 contains a partial list of drugs that are 
substrates for P-gp.

FUTURE DIRECTIONS

The field of pharmacogenetics, particularly in veterinary med-
icine, is still in its infancy. However, we have an ever-increas-
ing arsenal of molecular tools that can be used to expand our 
knowledge of pharmacogenetics. Furthermore, with the recent 
completion of the canine and feline genome projects and the 
ongoing elucidation of their data, we may soon know the 
sequences of virtually all genes encoding drug-metabolizing 
enzymes, drug transporters, drug receptors, and other drug 
targets. With this information the traditional pharmacogenet-
ics approach (phenotype to genotype) will likely give way to 
a pharmacogenomics approach (genotype to phenotype). In 
other words, genetic variation identified in a specific gene will 
be investigated to determine if it results in a variation in phar-
macologic response. The convergence of these advances has 
the potential to individualize drug therapy for many veteri-
nary patients.

KEY POINT 3-6 Pharmacogenetic testing of canine patients 
for the ABCB1-1Δ mutation can be used to prevent adverse 
drug reactions.
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*Substrate of CYP 3A

Selected P-glycoprotein Substrates

Anticancer Agents
Doxorubicin
Docetaxel*
Vincristine*
Vinblastine*
Etoposide*
Mitoxantrone
Actinomycin D

Steroid Hormones
Aldosterone
Cortisol*
Dexamethasone*
Methylprednisolone

Antimicrobial Agents
Erythromycin*
Ketoconazole*
Itraconazole
Tetracycline
Doxycycline
Levofloxacin
Sparfloxacin

Opioids
Loperamide
Morphine

Cardiac Drugs
Digoxin
Diltiazem*
Verapamil*
Talinolol

Immunosuppressants
Cyclosporine*
Tacrolimus*

Miscellaneous
Ivermectin
Amitriptyline
Terfenadine*
Ondansetron
Domperidon
Phenothiazines
Vecuronium 

Box 3-1
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DEFINITIONS AND PREDISPOSING 
FACTORS

An adverse drug event (ADE) is any harm caused by a thera-
peutic or preventive (or diagnostic) intervention (Figure 4-1). 
The evolution of the definition in human medicine during the 
past decade has led to further subdivision into medication 
errors and adverse drug reactions (ADRs).1 Medication errors 
are ADEs that result from a mistake made by the caregiver, 
including but not necessarily limited to administration of 
the wrong drug, dose, interval, or route to the wrong patient. 
Thus, ADEs are iatrogenic in origin. A potential subcategory 
of medication errors might be failure to modify a dosing regi-
men for recognized patient, drug, or disease factors that lead 
to inappropriately low or high drug concentrations at the site 
of action.

In contrast to medication errors, an ADR is a noxious 
and unintended response to a drug or other medication that 
occurs at a dose given with the goal of achieving the intended 
effect of the medication. As such, the term ADR implies a 
reaction that might cause serious harm to the patient and 
reflects a patient response to the inherent properties of the 
drug. An ADR may reflect a pharmacodynamic response or 
a pharmacokinetic effect. An ADR should be contrasted with 
the term side effect, which refers to an effect other than the 
intended effect that does not cause harm. A side effect may 
not be undesirable and may, in fact, be desirable or inconse-
quential to the health of the patient. For the purposes of this 
discussion, the term ADE will be used to refer to ADR with 

or without an iatrogenic basis. Adverse drug reactions can be 
further classified as either type A (type I) or type B (type II).2-4 
Type A (“augmented”) adverse events generally result from 
drug concentrations at the site (generally estimated by plasma 
drug concentrations [PDCs] that either exceed the maximum 
or drop below the minimum therapeutic range (see Chapter 1).  
If the clinician is familiar with the drug and the patient, type A 
reactions are largely predictable and, as such, avoidable. Like 
type A, side effects are also generally predictable and dose 
dependent and for the purposes of discussion, will be included 
with type A adverse events in this chapter.

Generally, type A reactions are manifested as an exag-
gerated but normal or expected pharmacologic response to 
the drug (see Figure 4-1).5 This response may be the desired 
response (e.g., bradycardia in a patient receiving propranolol 
to slow a sinus tachycardia) but also may reflect an unwanted, 
secondary response resulting from the drug’s pharmacologic 
effects (e.g., bronchospasms induced by the beta-blockade 
effects of propranolol) (Figure 4-2). Some drugs also cause 
adverse events unrelated to their pharmacologic response. 
These reactions usually reflect damage to target cells and 
are referred to in this chapter as cytotoxic adverse reactions. 
Cytotoxic adverse reactions are exemplified by nephrotox-
icity induced by aminoglycosides (Figure 4-3) or hepatic 
necrosis or methemoglobinemia induced by acetamino-
phen. Often, it is the metabolite of the drug rather than the 
drug itself that causes cytotoxicity (see Chapter 2). In such 
cases, drugs that induce metabolism, particularly in the liver  
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(e.g., phenobarbital, phenytoin; Figure 4-4), may increase the 
risk of toxicity, whereas drugs that decrease metabolism may 
reduce the risk of toxicity (e.g., cimetidine).6-8 Cytotoxic drug 
reactions might be treated with drugs that scavenge radical 
metabolites (i.e., N-acetylcysteine, a glutathione precursor).

In contrast to type A events, type B (“bizarre”) events are 
not dose or concentration dependent. As a result, these reac-
tions are not predictable and are largely unavoidable. They 
occur only in a small percentage of the population receiving 
the drug; in human medicine they account for approximately 
6% to 12% of all ADRs.9 Generally, their incidence—indeed 
their existence—often is not documented until the drug is in 
wide use. In addition, because their cause is not well under-
stood, treatment is generally limited to symptomatic therapy. 
Examples of type B adverse reactions include drug allergies 
or idiosyncrasies. Many of the idiosyncrasies eventually may 
be shown to be genetically or otherwise based (e.g., polymor-
phisms in transport or drug-metabolizing proteins [ivermec-
tin toxicity of Collie-related breeds]), but the cause has yet to 
be identified and thus the reaction cannot be predicted. As 
with type A events, type B events may occur in response to the 
parent drug or its metabolite. This chapter will focus on aller-
gies as type B ADRs.

This chapter discusses the mechanisms and clinical signs of 
the adverse events caused by selected drugs and methods by 
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Figure 4-1 Flow chart delineating the definitions of adverse drug events (ADEs), including medication errors and adverse drug 
reactions (ADRs). ADEs can result in either an exaggerated response or failed response. In contrast to ADR, which implies harm 
to the patient, side effects do not cause harm and in some cases, may be beneficial. The risk of toxicity or ADR is assessed 
at several points before and during the approval process, with postmarket surveillance being perhaps the most comprehensive.
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Figure 4-2 Type A drug reactions resulting from overdose. 
Propranolol offers an example of a type A adverse reaction 
that reflects both an exaggerated primary response (brady-
cardia, decreased contractility) and an undesirable secondary 
response (bronchospasm).
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Figure 4-3 Underdose and cytotoxic response. An aminoglycoside such as gentamicin can cause two examples of a type A 
adverse reaction/therapeutic failure, meaning effective antimicrobial concentrations are not achieved, and a cytotoxic reaction, 
manifested as nephrotoxicity in response to persistent (rather than very high) plasma drug concentrations.
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Figure 4-4 Exaggerated and cytotoxic responses. Anticonvulsants metabolized by the liver exemplify a type A adverse reac-
tion manifested as cytotoxicity (hepatic disease). These drugs also can cause an exaggerated (but expected) response 
(sedation) as well as a secondary undesirable response or side effect that is not necessarily considered severe or life 
threatening (increased appetite, polyuria, and polydypsia). BUN, Blood urea nitrogen; SALT, serum alanine aminotransfer-
ase; SAP, serum alkaline phosphatase; SBA, serum bile acid.
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which the events might be avoided or treated. Adverse events 
or side effects that result from the expected pharmacologic 
action of a drug (e.g., exaggerated pharmacologic effect) are 
also discussed with each drug in subsequent chapters and gen-
erally are not emphasized here. This chapter focuses more on 
type A than type B events because they are recognized more 
commonly. The list of drugs included is by no means complete 
but represents those drugs most commonly recognized, as 
well as the addition of some that are often overlooked. ADEs 
are also addressed in chapters that address the use of the drug.

The impact of ADEs on the monetary and health costs in 
human medicine were assessed in the late 1990s. The imple-
mentation of a voluntary, anonymous reporting system has 
facilitated medication error reporting in human medicine and 
thus enabled a more accurate assessment of their impact.10 
The majority (66%) of medical errors occurred during transfer 
of patient care within hospitals, and another 19% occurred on 
discharge. In a human intensive care unit (ICU) environment, 
1 out of every 5 doses of medication was associated with an 
ADE as a result of medication errors. The veterinary profes-
sion has yet to implement a mechanism whereby ADEs due to 
medication errors can be assessed. Yet needs are equally appli-
cable to veterinary medicine.10

Organs most susceptible to type A drug events usually are 
those subjected to the greatest exposure or concentration of 
the drug. Thus the organs with the greatest blood flow and 
those organs capable of drug concentration, such as the liver 
and kidney, are the most vulnerable to systemic drugs. Highly 
metabolically active organs are also more likely to manifest 
toxic effects for two reasons. First, such organs depend on the 
presence of energy, and anything that impairs acquisition of 
energy (including blood flow) can lead to malfunction. Sec-
ond, if the metabolic activity includes metabolism of com-
pounds, the production of potentially reactive metabolites 
can increase the likelihood of cytotoxicity if these metabolites 
interact with cellular structures. In contrast to Type A ADEs, 
the organs most susceptible to damage by type B reactions 
tend to be the organs that contain tissues that act as haptens 
for drug-induced allergy (e.g., skin, blood-forming units) or 
tissues that filter and trap immune complexes (e.g., glomeru-
lus, joints). Organs containing a preponderance of mast cells 
also are more likely to manifest immune-mediated reactions 
(i.e., “shock organs”; see the section on allergic reactions). A 
summary of compounds causing predominantly type A drug 
reactions and, when available, their antidotes, can be found in 
Appendix 5. A variety of factors can influence the likelihood of 
adverse, and particularly toxic, reactions.6-8 Factors that pre-
dispose a patient to the development of type A adverse events 
are discussed in Chapter 2. 

Not all adverse reactions are clinically evident. Some-
times the reaction is not detectable unless actively sought. For 
example, clinical laboratory tests may detect a drug-induced 
hepatotoxicity (e.g., increased serum alanine transferase activ-
ity) that is otherwise clinically silent. Many drugs can directly 
interfere with or indirectly influence clinical laboratory tests,  
including endocrine function testing (discussed later).11 Organ 
predisposition to drug-induced toxicity may show diurnal 

variations. For example, both aminoglycosides and cisplatin12 
exhibit increased renal toxicity in humans when administered 
in the evening as opposed to in the morning. For the amino-
glycosides, safety in the morning has been attributed, in part, 
to the increase in glomerular filtration rate that occurs in the 
morning;13 an increased sensitivity to interleukin-6–induced 
inflammation has been suggested for cisplatin.

PRINCIPLES OF TOXICOLOGY RELEVANT 
TO PHARMACOLOGY

Terminology of Toxicity and Safety Assessment
Toxicology refers to the study of poisons and their effect on liv-
ing organisms.14 A poison is any substance that is injurious to 
animals; the term is synonymous with toxic substance, toxic 
chemical, and toxicant. It is important to note that any drug 
can become a poison (“the dose makes the poison”), and the 
toxic response to the poison tends to correlate with the dose (or 
duration). Toxic response refers to the effects manifested by an 
organism in response to a toxic substance. Toxicity describes the 
quantitative amount or dose of a poison that produces a toxic 
response or effect. Acute toxicity generally results from a single 
dose or exposure or multiple doses in a 24-hour period. Most 
acute toxicants rapidly interfere with critical cellular processes. 
Subacute and subchronic toxicity occurs after 1 week to 1 month 
of exposure. Chronic toxicity occurs after 3 or more months of 
exposure.14 These latter terms are generally applied to humans, 
but the relative duration of exposure applies equally to animals. 
Toxic chemicals can act directly by injuring the cells with which 
they come in contact or indirectly by injuring a group of cells 
that subsequently precipitate injury to others. Alternatively, tox-
ins can act indirectly by interfering with a physiologic process on 
which a group of cells are vitally dependent. Toxins can act sys-
temically (the majority), locally, or a combination of the two.15

An indicator of the assessment of toxicity is the LD50, or 
the dose per unit weight of a chemical that kills 50% of ani-
mals receiving it (the median lethal dose) (Figure 4-5). The 
LD50 is both drug and species specific. The lethal dose of a 
drug can be compared with the dose necessary to induce the 
desired pharmacodynamic response (effective dose, or ED) in 
a targeted percent of the sample population (see Chapter 1).  
The ED50 is the dose expected to induce the response in 
50% of the population; its more useful companion indica-
tor is the EC50, which describes the concentration at which 
50% of individuals respond, thus removing the effects of 
drug absorption and distribution from consideration. Like 
the LD50, ED50 and EC50 are generally based on single dos-
ing and do not take into account duration of exposure. The 
therapeutic index offers a measure of the relative safety of a 
drug by comparing the dose producing toxicity to that caus-
ing the desired effect, or the ratio of the LD50 to ED50 (see 
Figure 4-5). A related term is margin of safety which is the 
ratio minimal lethal dose (LD01) and the dose associated 
with the greatest efficacy (ED99). Caution is recommended 
if the margin of safety (MOS) is less than 1. Alternatively, 
rather than measure lethality as the adverse event, the con-
centration necessary to cause a specific adverse event can 
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be measured and used to calculate the therapeutic index. 
A second set of terms by which the safety of a compound 
might be assessed are the lowest observed adverse effect level 
(LOAEL) and no observed (adverse) effect level (NOEL, or 
NOAEL). The LOAEL is the lowest concentration of drug 
associated with observed adverse effects. The NOAEL is 
defined as the greatest concentration of a compound that 
causes no detectable adverse effect. When compared with 
anticipated drug intake, it provides an alternative margin of 
safety. The absence of these effects can be used to help verify 
the NOAEL. The NOAEL generally is based on chronic expo-
sure and thus may be more relevant for drugs administered 
at more than a single dose. NOELs and LOELs (no or lowest 
observed effect level, respectively) differ in that they may not 
indicate an adverse effect, but in fact may address a beneficial 
effect. All four terms are important to risk assessment which 
addresses exposure and the adverse outcomes that might be 
associated with exposure (see later discussion).

Other toxicologic terms relevant to drugs include terato-
gen, which is a compound that causes abnormal fetal develop-
ment. It is important to note that teratogenicity is not the only 
form of toxicity that may occur in utero; any toxic effect that 
occurs in the adult is likely to occur in the developing fetus 
as well. Carcinogenesis refers to the ability of a compound, or 
a carcinogen, to cause cancer. Cancer cells are cells that have 
been able to avoid the sophisticated mechanisms that control 
normal growth, development, and division. Induction of can-
cer by a compound involves many variables, including dura-
tion, dose, and frequency of exposure. Generally, carcinogens 
take 20 years or more to induce cancer, and the cause-and-
effect relationship between the compound and the cancer 
often is not recognized.15,16 Although some compounds can 

directly interact with DNA, leading to a cancerous cell, most 
compounds must first be converted to a reactive metabolite 
to covalently bond with DNA. Damage may still be avoided 
if DNA repair occurs before cell division. Cellular damage 
increases the stimulus for division of adjacent cells, leading to 
a new cell type with new genotypic and phenotypic properties 
that can then be transformed to a malignant cell under the 
correct conditions. A number of compounds are recognized to 
be initiating agents, targeting molecular DNA, whereas others 
are considered promoters, acting to increase the incidence of 
cancer or decrease the latency period without interacting with 
DNA. These latter compounds must be administered repeat-
edly and after the initial insult. Endogenous compounds such 
as growth factors or hormones may act as promoters.15

Many compounds can induce cancer in laboratory animals 
when they are exposed to extremely high (supratherapeutic) 
doses for prolonged periods of time. Rarely do these com-
pounds cause cancer in humans, and it is even more unlikely 
that they will do so in companion animals, in part because the 
life expectancy of companion animals generally is too short to 
allow emergence of cancer. Lifestyle changes that increase the 
risk of drug or toxicant-induced cancer in humans are likely to 
have the same effect in animals as well. These include but are 
not limited to exposure to cigarette smoke, exposure to char-
coal-cooked food, chronic consumption of alcohol (unlikely 
in animals), and consumption of foods, many of which con-
tain possible carcinogens.

Two mechanisms by which drugs can cause cell death are 
apoptosis and necrosis, each with distinct morphologic and 
biochemical characteristics. Apoptosis is an active process 
characterized by cell shrinkage, nuclear and cytoplasmic con-
densation, chromatin fragmentation, and phagocytosis. In 
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Figure 4-5 The dose necessary to cause the response in 50% of animals tested is referred to as either the lethal dose50 
(dose necessary to cause death; LD50 or 200 mg/kg) or effective dose50 (dose necessary to cause targeted pharmaco-
dynamic response; ED50 or 50 mg/kg), respectively. However, to induce the pharmacodynamic response of interest in 
the target species would require a dose of 50 mg/kg. The therapeutic index for this hypothetical drug would be the  
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contrast, necrosis is a passive process resulting in inflamma-
tion associated with cellular and organelle swelling, rupture 
of the plasma membrane, and spilling of cellular contents into 
the extracellular milieu.17 Because apoptosis is an active pro-
cess, sufficient intracellular energy must be maintained; deple-
tion of adenosine triphosphate (ATP) may cause an apoptopic 
process to become a necrotic process. Not surprisingly, mito-
chondria appear to play a role in apoptosis. A number of toxi-
cants cause their effects by disrupting mitochondria function 
and thus ATP production. However, several drugs appear to 
exert their toxicologic effect through induction of apoptosis 
(e.g., digoxin, selected chemotherapeutic agents).17

Genetic diversity is increasingly being identified as a cause 
for individual variation in response to toxins and drugs, lead-
ing to the fields of toxicogenetics and pharmacogenetics, 
respectively.5,16,18 The role of polymorphic cytochrome P450s 
as a cause of interindividual differences in xenobiotic metab-
olism and drug toxicity is fairly well established. In humans 
polymorphism occurs less commonly in those cytochrome 
P450s responsible for carcinogen activation (CYP1A1 and 2, 
CYP1B1, CYP2E1, and CYP3A4) compared with those that 
are primarily responsible for drug metabolism (CYP2C9, 
CYP2C19, CYP2D6, and CYP3A4). Polymorphisms in 
drug-metabolizing enzymes have been associated with drug 
hypersensitivities.6 All hepatic drug-metabolizing P450s are 
polymorphic with the clinically most important polymor-
phism in humans occurring with CYP2C9, CYP2C19, and 
CYP2D6.19 Polymorphisms in cytochrome P450s of animals 
is now being elucidated but may play a role in adversities in 
certain breeds (e.g., Beagles, Greyhounds). In addition, poly-
morphism in P-glycoprotein (P-gp) is a well-established rea-
son for susceptibility to adverse drug events for selected drugs 
in Collie-related breeds (see Chapter 2).

Postmarket Surveillance
The approval process for human-marketed drugs is designed 
to identify adverse reactions at several stages preclinical phase 
(short- and long-term animal testing): through phase III 
(extended clinical trials) and continuing into phase IV, which 
includes a mandated postmarket surveillance. However, the 
drug approval process for animals is not as regimented (see 
Figure 4-1). The requirements by the Food and Drug Admin-
istration’s Center for Veterinary Medicine tend to vary with 
the drug undergoing approval (See Appendix 1).20 In general, 
directed toxicity studies that are implemented during the 
approval process involve a small number (e.g., 2 to 30 but most 
commonly 4 of each sex) of study animals receiving the drug 
under conditions of exaggerated use—that is, doses (e.g.,1, 3, 
5× the highest labeled dose,) and durations (e.g., 3×) of several 
magnitudes greater than the anticipated approved intended 
use. Field trials implemented during the approval process are 
performed in the approved species, generally as controlled 
(placebo or positive), randomized clinical trials, under condi-
tions of intended use. Such studies generally involve a much 
larger sample population (e.g., hundreds of animals) than the 
directed toxicity studies. However, although toxicity studies 
do predict a number of adverse events that occur in the target 

species,21 neither directed toxicity nor field studies are likely 
to involve a sample size sufficiently large to allow detection of 
many adverse events that occur in a very small proportion of 
patients (e.g., 1 in 1000 or more). Detection of such an adverse 
event is likely to require thousands of subjects. Further, 
directed studies are generally performed in a sample popula-
tion of generally healthy animals unaffected by the complexi-
ties of host, drug, and disease factors associated with drug use 
in the target population (see Chapter 2). As such, postmar-
ket surveillance studies and pharmacoepidemiologic studies 
(which focus on subgroups of target species) are particularly 
important to the safety assessment of approved drugs used in 
animal patients.21 For the same reason, if an ADE is suspected 
as a result of drug therapy, the importance of reporting it (or 
suspicion of it) cannot be overemphasized. Note that safety 
assessment of human-marketed drugs are studied in dogs 
but with an emphasis on human rather than animal safety. 
Although all approved human-marketed drugs are likely to 
have been studied in dogs during the preclinical phase, most 
of this information is not generally available unless specifically 
requested through Freedom of Information Act mechanisms. 
If an ADE is suspected, it first should be reported to the manu-
facturer; by law, animal drug pharmaceutical companies must 
report adverse events reported in animals to the Food and 
Drug Administration (FDA). The veterinary profession, prob-
ably more so than the human-medicine community, is less 
likely to report adverse event perhaps because the mechanism 
by which the information is forwarded to the veterinary health 
care provider is limited in both scope and distribution. In con-
trast to drugs, adverse event reporting for animal dietary sup-
plements is entirely voluntary, with no obvious mechanism for 
reports to be collected, assessed, or returned to the veterinary 
profession. 

It is only through postmarket surveillance that more 
clinically relevant assessments of drug safety can emerge, 
and subtle differences in the safety of different drugs might 
become apparent. Assessments include hazard or risk assess-
ment, which express the probability of harm under conditions 
expected with use of the drug. Hazard is the potential to cause 
harm—that is, the inherent toxic nature of the compound. Risk 
is the likelihood that harm will occur. As such, it takes into 
account both hazard and exposure—that is, the amount of the 
toxin ingested and thus dose and duration.22 Risk–benefit anal-
ysis compares the risk associated with the use of a product and 
its potential benefits.23 As such, a risk/benefit ratio addresses 
the acceptability of an adverse reaction by taking into account 
the importance, frequency, and duration of therapeutic ben-
efit and the adverse reaction. Risk–benefit analysis generally 
is based on postmarket use of a product and a mechanism of 
surveillance that detects and assesses adverse events.24

Among the difficulties in assessing risk through postmar-
ket surveillance is the attribution of the adversity to the drug. 
Information submitted in an ADE report is limited, and care 
must be taken to not assume a cause–effect relationship The 
FDA’s Center for Veterinary Medicine has recently reviewed 
its ADE reporting program.25 It defines an ADE as an unde-
sired or lack of desired response to a drug, medical device, 
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or (in food animals) medicated feed. As such, a distinction 
is not made between adverse events associated with medica-
tion errors and those associated with inherent properties of 
the drug. In its 2004 report, the FDA indicates that a 6-point 
scoring system evaluates drug reactions submitted from man-
ufacturers, pet owners, or veterinarians. Information collected 
includes previous experience with the drug (i.e., historical evi-
dence of adversities from the label information or previously 
submitted reports), timing of the event in relation to dosing, 
alternative causes, the role of overdose, and effects of dechal-
lenge or rechallenge. Plans for improved submission include a 
web-based submission process.

The FDA website (http://www.fda.gov/AnimalVeterinary/
SafetyHealth/ProductSafetyInformation/ucm055375.htm; 
accessed May 2010) can be reviewed for yearly and cumula-
tive adverse event reports that have been reported in animals. 
Unfortunately, at the time of publication, the reports provide 
no evidence of frequency of occurrence, other than a ranking. 
This decision was made in part because of the inability of the 
FDA to standardize the number of adverse events by the num-
ber of doses administered (or units sold).

Predicting Drug Safety
Woodward21 has demonstrated that, to some degree, studies 
implemented during the approval process tend to predict adver-
sities that emerge in target species, but with marked limitations. 
Guengerich26 has discussed the role of predictive toxicology 
based on drug chemistry in assessing clinical safety of drugs. 
Toxicities are likely to be predictive if the drug is characterized 
by a high level of intrinsic toxicity; for such drugs chemistry 
may often predict toxicity. Toxicity is less predictable, although 
still reasonably so if metabolism plays a role, but is much less 
predictable if the toxicity is idiosyncratic (i.e., type B or II).

IDIOSYNCRATIC REACTIONS: ALLERGIC 
DRUG EVENTS

The clinical manifestations of idiosyncratic ADRs vary with 
the type of reaction and the body system targeted. Gener-
ally, for allergies, previous exposure to the drug must occur 
regardless of the type of reaction, or therapy must have been 
sufficiently long (i.e., at 10 to 14 days for some drugs) for an 
allergic response to develop. However, exceptions appear to 
exist, as is exemplified by allergy-based reactions to sulfon-
amides, which may occur in as early as 5 days (see Chapter 7). 
Drugs generally are too small in molecular size (<1000 D) to 
be sufficiently antigenic. As such, drugs that induce an allergic 
response generally act as haptens, covalently combining with 
a body tissue that then also becomes antigenic. As a result, the 
allergic response may be directed toward the drug or tissue.9 
The hapten hypothesis is controversial because only a small 
percentage of persons develop a reaction, possibly because of 
a failure to develop tolerance. Failed tolerance may occur at 
one or more proposed sites. First, the role of metabolism in 
the formation of chemically reactive metabolites as the ini-
tial step in mediating idiosyncratic drug responses (including 
allergies) is increasingly supported by scientific studies. Those 

individuals that produce more metabolites appear to be more 
likely to fail to develop immune tolerance to a drug.9 For the 
same reason, the dose of antigen exposure may determine the 
type of response. The role of CYP enzymes in idiosyncratic 
reactions (whether or not allergy based) is increasingly being 
recognized. Second, the metabolite must bind with an appro-
priate ligand, one with a high epitope density sufficient to 
induce an immune response. Third, an allergic response to a 
drug requires activity of an antigen-processing cell. As such, 
it may be more likely in the presence of inflammation, such 
as might be the case with a viral or bacterial infection or after 
stress or traumatic damage. Molecular signals that activate 
immune cells may also be more prevalent in the face of large 
concentrations of reactive metabolites because of their abil-
ity to induce oxidative stress.9 Fourth, other factors that may 
determine emergence of an allergic response (i.e., failed toler-
ance) may include failed downregulation of regulatory factors. 
A balance toward protective t-helper (Th1 or 2) response may 
preclude emergence of an allergic response; a loss of balance 
may facilitate it. Accordingly, both genetic predisposition and 
environmental factors contribute to emergent drug allergies.9

Type I allergic reactions (immediate or anaphylactic) are 
IgE mediated and result from the release of chemical media-
tors (e.g., histamine, serotonin, eicosanoids) from tissue 
mast cells or basophils. The reaction occurs within minutes 
after drug administration regardless of the dose administered  
(Figure 4-6). Clinical manifestations generally include nausea, 
vomiting, circulatory collapse, tachycardia, pulmonary edema, 
and neurologic signs. Urticaria and angioedema may also be 
evident. Clinical signs may be species dependent, depending 
on the shock organ of the species. The shock organ generally 
is the organ in which mast cells occur in greater numbers. In 
the dog the shock organs tend to be the liver and gastrointesti-
nal tract; in the cat the shock organ generally is the lung, with 
fulminating pulmonary edema being a clinical manifestation.

The exact antigen that causes anaphylaxis may not be known. 
For example, even though anaphylaxis in microfilaremic dogs 
after administration of microfilaricides is well documented, the 
specific antigen released by the effect of the drug is not known.27 
When given to microfilaremic dogs, both dimethylcarbamazine 
and ivermectin can induce shock manifested as peripheral vas-
cular collapse, dyspnea, bloody diarrhea, and other clinical signs 
and laboratory test results consistent with anaphylaxis.

Treatment of drug-induced anaphylaxis is directed toward 
prevention of the physiologic response to mediator release 
(i.e., epinephrine and antihistamines) and prevention of fur-
ther histamine release (e.g., epinephrine and glucocorticoids; 

KEY POINT 4-1 Drug allergies:
 1.  require previous exposure or treatment for 5 to 12 days.
 2.  generally involve metabolism to a reactive chemical,

which serves as a hapten.
 3.  often involve binding of the hapten to a highly epitopic

protein.
 4.  are facilitated by inflammation (e.g., infection).
 5.  might be manifested as types I through IV.
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possibly antihistamines). Ideally, antihistamines might also 
include the newer classes that may decrease mast cell degranu-
lation as well as block H1 receptors associated with histamine-
mediated shock. Interestingly, and perhaps disconcertingly, 
glucocorticoids themselves have been associated with anaphy-
lactic reactions (see Chapter 30).28 Supportive therapy is also 
indicated. Prophylactic pretreatment in cases of anticipated 
anaphylaxis helps decrease the manifestations of anaphylaxis 
by decreasing the mast cell response. Drugs associated with 
type I allergic reaction in humans include penicillins, angio-
tensin-converting enzyme inhibitors (particularly in the first 
3 weeks of therapy), nonsteroidal antiinflammatories drugs 
(NSAIDs), and opioids. However, the latter drugs may actu-
ally be more associated with an anaphylactic-like reaction, 
also referred to as an anaphylactoid reaction.

An anaphylactoid reaction is very similar to anaphy-
laxis but differs in that it is not mediated by an antigen-IgE 
response and thus is not allergic or immune mediated. Rather, 
selected drugs or compounds cause direct mast cell degranu-
lation. Generally, these drugs are cationic (basic) and include 
opioids (particularly morphine [see Figure 4-6], polymyxin, 
radiographic contrast agents, thiacetarsamide, and ampho-
tericin B). Hyperosmolar solutions such as mannitol can also 
cause direct mast cell degranulation. Adverse response to 
rapid intravenous administration of enrofloxacin, which is 
both hyperosmolar and basic, may represent an anaphlylac-
toid response or may simply reflect (in cats) stimulation of 
the chemoreceptor trigger zone. However, ciprofloxacin has 
been associated with an allergic response in humans,29 and the 
author is aware of at least one dog treated with ciprofloxacin 
for which the adverse reaction met the World Health Organi-
zation category of “probable” ADR. Anaphylactoid reactions 
tend to be related to dose. As such, administration of a small 
test dose may help the clinician determine the likelihood of 
occurrence. Response is probably more likely with intrave-
nous administration. In addition to the prophylactic measures 

for anaphylaxis, decreasing the rate of drug administration 
may help reduce the risk of the adverse response.

Type II reactions (cytotoxic) occur as antibody-bound 
blood cells become lysed and are removed from circulation. 
Lysis results from direct binding by either IgG or IgM. Com-
plement may or may not be activated. Either stem cells in the 
bone marrow or mature circulating cells may be targeted. 
Targeting red blood cells, leukocytes, and platelets results in, 
respectively, hemolytic anemia, agranulocytosis and leukope-
nia, thrombocytopenia, or any combination thereof.

Type III drug reactions (immune complex disease, or 
serum sickness) are induced by antigen–antibody complexes 
involving either IgG or IgM and complement activation. Cir-
culating antigen–antibody complexes may be filtered by and 
lodged in the vasculature of a number of organs, including the 
kidney, central nervous system (CNS), or peripheral vascula-
ture. Clinical signs generally refer to the predominant organ 
affected but also include fever and lymphadenopathy. The 
Arthus reaction is a variation of the type III reaction and is 
manifested as swelling and pain at the site of drug administra-
tion. Among drug reactions in veterinary medicine, the poten-
tiated sulfonamides are probably the most well-recognized 
cause of type III immune-mediated drug reaction.30 Type IV 
drug reactions (delayed hypersensitivity, cell mediated) reflect 
cellular response at the site of the antigen. Lymphocytes and 
macrophages infiltrate the site and cause mediator release that 
perpetuates the inflammatory response.

The list of drugs that cause each type of drug-induced 
allergy is long and probably will remain incomplete. Although 
some drugs are more likely to cause a specific type of allergic 
reaction, any drug that causes allergy probably can cause any 
type of allergy, affecting any body system. Eventually, studies 
of structure–chemistry relationship involving metabolites and 
assessment of the immune system’s response might allow iden-
tification of the patient at risk of developing an allergic response. 
Diagnosing an allergic (or any adverse) drug reaction can be 

A B

Figure 4-6 An example of dermatologic manifestation of either a type 1 allergic hypersensitivity or an anaphylactoid reac-
tion. A, The former would involve antigen formation; B, whereas the latter would reflect a direct drug-induced histamine 
release from cutaneous mast cells. Skin lesions appeared 15 minutes after the puppy (undergoing an elective castration) 
received a preanesthetic dose of hydromorphone. (Courtesy Harry W. Boothe.)
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very difficult and generally requires dechallenge (i.e., removal 
of the drug) and rechallenge. Clinical signs generally occur 
more promptly if the episode reflects reexposure to a previously 
administered allergen. The ethics of rechallenge (i.e., risk to the 
patient) may not justify confirmation of a presumed diagnosis. 
Peripheral eosinophilia and skin lesions often accompany an 
allergic drug response. ADRs in each of the body systems that 
have an allergic basis should be noted as such when possible.

Drug-induced allergy can be life threatening. Vasculitis 
and serum sickness are more likely to become life threatening 
when the kidney, liver, gastrointestinal tract, and nervous sys-
tem become involved. Angioedema is life threatening if muco-
sal edema threatens ventilation.

Among the drugs recognized to be associated with drug 
allergies in dogs are the sulfonamides. Many medications con-
tain a sulfonamide (a sulfur dioxide [SO2] and nitrogen [N] 
moiety), including sulfonamide antimicrobials (derivatives of 
sulfanilamide in which the sulfonamide is attached to an aryl 
amine; e.g., sulfamethoxazole, sulfadiazine, sulfadimethoxine), 
“coxib” cyclooxygenase-1–sparing NSAIDs (e.g., deracoxib, 
firacoxib), carbonic anhydrase inhibitors (e.g., acetazol-
amide), diuretics (e.g., hydrochlorothiazide, chlorthalidone, 
furosemide), uricosurics (e.g., probenecid), drugs to treat 
inflammatory bowel disease (e.g., sulfasalazine), sulfonylureas 
(e.g., glyburide, glipizide), and selected anticonvulsants (e.g., 
zonisamide).31 However, it is likely that a metabolite associated 
with the nitrogen moiety is responsible for the reaction, with 
reactions being limited to molecules containing an aryl-amine 
(both the sulfur and an amine moiety are attached directly to a 
benzene ring; sulfonylarylamine), a structure limited to sulfon-
amide antimicrobials. The underlying pathophysiology, clini-
cal manifestations, and other aspects of the response have been 
well described32,33 and are reviewed in Chapter 7.

ADVERSE DRUG EVENTS BY BODY 
SYSTEMS

Drugs causing adverse events in the various body systems 
are listed in tabular form in the respective sections on body 
systems. Discussion of the adverse reaction also can be found 
in the appropriate chapter. When available, treatments are 
offered, including tabular presentation (see Appendix 5).

Liver
The liver is vulnerable to drug-induced toxicity for several 
reasons (Box 4-1).34-37 The potential for hepatotoxicity can be 
enhanced by dietary imbalance (high fat, low protein), pres-
ence of disease concurrent with administration of drugs that 
alter hepatic drug-metabolizing enzymes or hepatic blood 
flow,37 and age.38

Drug-induced and chemical-induced liver injury have been 
classified into two categories.34,35,37 Type I toxins, or intrinsic 
hepatotoxins, cause type A adverse events, which are predict-
able, dose and time dependent and occur in most, if not all, 
subjects exposed to appropriate doses of the substance. Any 
drug metabolized by the liver probably can cause some degree 
of type I hepatic disease simply by the production of phase I 

metabolites, which as a general rule tend to be toxic because of 
their reactivity. The longer the drug is used and the higher the 
dose, the more likely the ADE will occur. Type II, or idiosyn-
cratic hepatotoxins, cause type B events, which are unpredict-
able and dose and time independent (consistent with Type B). 
Their occurrence is sporadic and not reproducible.

Drug-induced hepatotoxicity (Box 4-2) is associated with 
a wide range of histologic changes, from acute, reversible, and 

Hepatic Drug-Induced Toxicity
The liver is vulnerable to drug-induced toxicity for several reasons:
 1.  It receives a large portion of the cardiac output and thus is

exposed to large amounts of drug.
 2.  The liver is a portal of entry and is exposed to the greatest con-

centrations of orally administered drugs.
 3.  The liver is the major site of metabolite formation. Thus the

liver not only concentrates parent drugs but also is exposed to
the greatest concentrations of their toxic metabolites.

 4.  The liver is a site of drug and metabolite excretion.
 5.  The liver is a highly metabolic organ and is susceptible to tox-

icities that induce hypoxia, interactions with enzymes, or loss
of energy substrates.

Box 4-1

Examples of Drugs or Drug Classes Associated 
with Hepatotoxicity*†

Acetaminophen
Anabolic steroids
Deoxycholic acid
Diazepam (cats)
Glucocorticoids
Griseofulvin (cats)
Halothane
Isoniazid
Ketoconazole
Mebendazole
Megestrole acetate (cats)
Melarsomine
Methotrexate
Methoxyflurane
Mibolerone
Nonsteroidal antiinflammatories (including 

Cox-1–sparing drugs)
Oxibendazole
Phenobarbital
Phenytoin
Rifampin‡

Primidone
Sulfonamides
Thiacetarsamide 

Box 4-2

*Many other drugs that are metabolized by the liver are potentially hepatotoxic because 
of the production of phase I reactive metabolites.
†Microscopic lesions tend to be centrolobular in location, associated with necrosis, but 
otherwise nonspecific for most drugs.
‡In the author’s experience, marked increase in serum alkaline phosphatase may occur 
but is not necessarily associated with hepatic dysfunction.
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clinically benign lesions to those that cause fatal massive necro-
sis, chronic hepatitis, or malignancy.34,35 Some drugs character-
istically cause only a single lesion, whereas others cause multiple 
lesions. The lesions caused by any drug are rarely specific for that 
drug but can be caused by a variety of drugs or other disorders, 
often limiting the potential usefulness of biopsy (Figure 4-7).

Frequently, drug-induced hepatic injury is limited to select 
regions or zones (e.g., central, middle, or peripheral) in the 
lobule.34,35 Various histologic lesions associated with drug 
hepatotoxicity have been described.34,35 Zonal necrosis usually 
results from type I or predictable toxins. The production of 
toxic metabolites may be an important cause of zonal necro-
sis because drug-metabolizing enzymes predominate in zones 
most likely to develop necrosis. In most cases of acute injury, 
the process is either fatal or completely resolved. If exposure 
is chronic or recurring, however, the lesions may persist and 
progress, depending on the dose, agent, and health of the 

patient. Lipid accumulation, usually of triglycerides, may be 
associated with either minimal alteration of hepatic function 
or with both clinical and laboratory manifestations of liver 
dysfunction.

Nonspecific hepatitis is seldom associated with serious or 
progressive hepatic decompensation or failure and is fully 
reversible after discontinuation of the drug. Chronic hepatitis 
usually requires continued exposure and is not the result of 
self-perpetuation of an acute lesion. In general, prompt and 
complete resolution of this lesion can occur after timely dis-
continuation of therapy with the inciting drug. Cirrhosis gen-
erally requires prolonged or repeated exposure to the toxin. 
Silent cirrhosis is a term used to describe the gradual evolu-
tion of liver disease to cirrhosis without any clinical illness. 
Although methotrexate is among the most implicated drugs 
in humans, it is likely that many drugs that cause progressive 
liver disease do so “silently” for a long time.
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Figure 4-7 A, Drug-induced liver disease is generally nonspecific in presentation. Among the more frequent lesions are necrosis, 
particularly centrolobular, because hepatocytes in this region (zone 3) contain the most drug-metabolizing enzymes (i.e., produc-
tion of toxic metabolites) yet receive the least oxygen. Hemorrhage and vacuolization are also common lesions. B, In the persis-
tent presence of the toxin (including drug), the liver will continue to progress to irreversible changes, including the deposition of 
fibrous tissue as part of the cirrhotic process. C, A liver from a dog that died as a result of end-stage liver disease associated with 
phenobarbital concentrations above 50 μg/mL for 2 months. Clinical pathologic findings progressed from normal to indicative of
end-stage disease within a 3-month period. (A from Cunningham CC, Van Horn CG: Energy availability and alcohol-related liver 
pathology, Alcohol Res Health 27(4):281-299, 2003.)
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Drug-induced cholestasis is not well understood. Drugs 
can target bile ducts or canaliculi, causing primarily cho-
lestasis without hepatocellular disease. When accompanied 
by an inflammatory infiltrate, systemic illness usually occurs, 
whereas cholestasis without inflammation is associated with 
no or very mild clinical signs. Recovery usually occurs after 
discontinuation of drug therapy.34,35 Drugs can also affect 
primarily sinusoidal or endothelial cells, causing primarily 
fibrosis or veno-occlusive disease. Veno-occlusive disease tends 
to be predictable and is most commonly associated in people 
taking anticancer drugs. An immune basis has been recog-
nized for some drugs causing clinical signs consistent with 
chronic active hepatitis.

Treatment of drug-induced liver disease is primarily sup-
portive. Because reactive metabolites often either cause or 
exacerbate disease, however, use of compounds that help 
prevent metabolite damage to the liver should be considered. 
Specific examples include N-acetylcysteine, a precursor to 
intracellular glutathione; ascorbic acid, another type of oxy-
gen radical scavenger; S-adenosylmethionine (SAMe), a com-
pound that contributes to a number of methylation reactions 
in the body; and the herbal agent silymarin (see Chapter 19). 
Care must be taken to ensure that the duration of treatment 
exceeds the duration of activity of the toxicant, as has been 
demonstrated for N-acetylcysteine for treatment of acetamin-
ophen toxicity.39

Hepatotoxic Drugs
Inhalant Anesthetics
Adverse events to inhalant anesthetics are unusual in vet-
erinary medicine,40,41 in part because duration of anesthetic 
exposure is limited. Historically, methoxyflurane adminis-
tration in dogs has occasionally been associated with acute 
centrilobular necrosis accompanied by a mixed inflamma-
tory infiltrate. Halothane-associated hepatic injury in the dog 
has not been confirmed, although a clinical case report has 
described acute hepatic necrosis after its use. In humans the 
degree and incidence of halothane-induced liver damage do 
not appear to correlate with the duration or number of expo-
sures and therefore has been suggested to reflect an idiosyn-
cratic hypersensitivity.

Mebendazole and Oxibendazole 
The bendazole anthelmintics have been associated with liver 
pathology. Acute centrilobular hepatic necrosis and fatal ful-
minating hepatitis have been reported in dogs after the clinical 
and experimental administration of the anthelmintics meben-
dazole and oxibendazole.42,43 Clinical signs were evident in as 
few as 2 days or as many as 10 to 14 days after administra-
tion. Although mebendazole was originally thought to be an 
intrinsic hepatotoxin, other studies suggest that it produces an 
idiosyncratic  reaction.

Sulfonamides. Sulfonamide antimicrobials are associated 
with toxicity of multiple organs, including the liver.30,32,33,44 
Sulfonamides do not appear to differ in their likelihood of 
causing toxicity. In one report that supports an idiosyn-
cratic reaction, the duration of therapy before hepatotoxicity  

developed ranged from 4 to 30 days, and the dose ranged from 
18 to 53 mg/kg every 12 hours.44 The mechanism of sulfon-
amide toxicity is discussed in more depth in Chapter 7.

Thiacetarsamide and Melarsomine. Thiacetarsamide (capar-
solate) is associated with hepatic injury in humans and  animals. 
Chronic exposures in humans are more likely to cause clini-
cally significant hepatic disease. Hepatotoxicity is, however, a 
common complication of acute administration of thiacetars-
amide for heartworm disease in dogs, although residual effects 
after therapy is completed are not expected (see Chapter 14). 
In normal animals melarsomine causes less hepatotoxicity and 
renal toxicity than thiacetarsamide.45

Bile Acids. Bile acids are hepatotoxic, and they contribute 
to the development of hepatitis in patients with cholestasis, 
regardless of the origin. Bile acids are also used therapeutically 
as choleretics. Among the bile acids present endogenously and 
used therapeutically, however, those that are lipid soluble (e.g., 
deoxycholic acid) are more hepatotoxic than those that are 
water soluble (e.g., ursodeoxycholic acid). Ursodeoxycholic 
acid rather than deoxycholic acid should be used for therapy. 
Bile acid therapy should be discontinued in the event of cho-
lecystectomy.

Xylitol. The sugar alcohol xylitol is associated with life-
threatening hypoglycemia and hepatic necrosis in dogs. Most 
cases, reported by the American Society for Prevention of 
Cruelty to Animals (ASPCA) Poison Control Center, reflect 
over ingestion of products containing xylitol as a sweetener (a 
small to average cookie may contain approximately 4 g xyli-
tol). In contrast to humans, xylitol induces a ten-fold increase 
in insulin secretion in dogs compared to an equivalent amount 
of glucose. The result is a precipitous drop in serum glucose 
within 30 to 60 minutes after ingestion of as little as 100 mg/kg. 
Onset of hypoglycemia may be offset for 12 hr if xylitol-con-
taining gum is ingested. Lethargy, ataxia, collapse, and seizures 
may occur. Clinical pathology may also reveal hypokalemia 
as potassium moves into the cell with glucose, and hypophos-
phatemia as a result of insulin’s effects on cell permeability.45a,b 
The impact on cats is not clear. More recently, hepatic necrosis 
has been reported in dogs ingesting xylitol. Enzyme increases 
within 12 to 24 hours after ingestion of 500 mg/kg or more are 
followed by clinical signs and sequelae, including coagulopa-
thies consistent with acute hepatopathy. Hyper- rather than 
hypophosphatemia associated with acute hepatopathy may 
be a poor prognostic indicator. Sorbitol does not appear to be 
associated with toxicity in dogs.

Kidney
Like the liver, the kidney is vulnerable to drug-induced tox-
icity for several reasons (Boxes 4-3 and 4-4).46 Specific cel-
lular or subcellular sites of nephrotoxins frequently are not 
known. Usually, a toxin affects more than one type of renal 
tissue because of the high drug concentrations to which the 
kidney is exposed. The glomerulus is susceptible to direct 
nephrotoxicity as well as to indirect toxicity such as that 
caused by immunologic injury.46 Many nephrotoxins cause 
predominantly proximal tubular damage. This is expected in 
part because blood flow is greatest in the renal cortex, where 
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the proximal tubules are located. Variations in proximal 
tubular susceptibility to toxins may reflect different tubular 
functions.46,47

A study in human medicine focused on the use of nephro-
toxic drugs in the critical care patient.48 Reductions in renal 
blood flow associated with hemodynamic responses to a myr-
iad of illnesses predisposes the ICU patient to acute renal fail-
ure which occurs in 6% of human ICU patients. Prolonged use 
of vasopressors increases the risk of renal hypoxia. Addition-
ally, of note, the use of low-dose dopamine (≤3 μg/kg/min) as 
a nephroprotectant, particularly in patients with acute renal 
failure (representing at least 6% of ICU patients) was discour-
aged. Although renal vasodilation and urine flow increase, 
outcome does not improve, and the increased risk of cardiac 
or other adversities balances any potential nephroprotection.48 
NSAIDs were cited as a particular risk in ICU patients; newer 

drugs that target COX-2 do not appear to offer an advantage in 
regard to nephrotoxicity. Nephrotoxicity induced by NSAIDs 
in the critical care environment occurs rapidly and is mani-
fested as a rapid increase in serum creatinine. If an NSAID 
must be used in the ICU patient, one with a short half-life is 
recommended, and use of other nephroactive drugs (those 
that alter renal blood flow) are discouraged.48 The ICU patient 
also is at increased risk for aminoglycoside toxicity, with urine 
enzymes the earliest indicator. Clinical evidence of nephro-
toxicity occurs within 5 to 10 days of therapy; once-daily (or 
less frequent) therapy reduces the risk. Likewise, amphotericin 
B often is associated with acute renal dysfunction. Sodium-
containing fluids and lipid-based products are recommended 
in the patient at risk. The use of nacetylcysteine to protect the 
kidney should be considered for selected drugs.

Nephrotoxic Drugs
Most nephrotoxic drugs are discussed in relevant chapters. 
Methoxyflurane causes a dose-dependent, high-output neph-
rotoxicity in humans. Toxicity appears to be the result of oxa-
late metabolites and inorganic fluoride. Oxalate metabolites 
crystallize in and obstruct the tubules, whereas inorganic 
fluoride produces tubular necrosis.42 Veterinary reports of 
methoxyflurane-induced nephrotoxicity are rare, probably 
because veterinary patients are at a reduced risk of develop-
ing nephrotoxicity because exposure (surgery) times are much 
shorter than in humans.49

Trivalent arsenicals such as thiacetarsamide denature pro-
teins by binding to sulfhydryl groups. The glomerulus is often 
the first site of arsenical-induced nephrotoxicity, but proximal 
tubule damage predominates, probably because of the large 
number of enzymes that are denatured in this region.46 Initial 
proteinuria is followed by tubular necrosis and degeneration.

Gastrointestinal
Stomatitis may progress to ulcerations with several drugs, 
particularly antineoplastic agents. Those most likely to cause 
stomatitis are listed in Table 4-1. A number of drugs are suf-
ficiently caustic that ulcerations occur if the drug remains in 
contact with the mucosa (see Table 4-1). A number of drugs, 
including doxycycline and other drugs administered orally as 
a tablet have been associated with local mucosal damage and 
subsequent esophageal strictures in cats (see Chapter 19).

Although not an ADE, several drugs can cause tooth discol-
oration. Among the most recognized are tetracyclines, which 
chelate to calcium of either dentin or enamel, resulting in a 
yellow to brown discoloration. Oxytetracycline causes the least 
discoloration. The effect occurs during tooth development and 
is one reason that tetracyclines should not be administered to 
pregnant animals. The time that must lapse postpartum is not 
clear in animals. (It is up to 8 years of age in children.) Mino-
cycline can cause discoloration despite animal age, probably as 
a result of chelation of iron resulting in insoluble complexes. 
Oral iron solutions can cause transient superficial discoloration 
of teeth, which can be removed. Other compounds associated 
with tooth discoloration in humans include isoproterenol, 
ciprofloxacin (a greenish-yellow discoloration when used in 

Examples of Drugs Associated with 
Nephrotoxocity
Acyclovir
Aminoglycosides
Amphotericin B
Angiotensin-converting enzyme inhibitors
Bacitracin
Carboplatin
Cephaloridine
Cisplatin
Colistin
Cyclosporine (humans)
Foscarnet
Ganciclovir and other antiviral drugs
Iodine radiologic contrast agents (intravenous)
Methoxyflurane
Nonsteroidal antiinflammatory drugs
Polymyxin B
Sulfonamides
Tetracyclines
Thiacetarsamide
Vancomycin (in combination with other nephrotoxic drugs) 

Box 4-3

Renal Drug-Induced Toxicity
The kidney is vulnerable to drug-induced toxicity for several 
 reasons:
 1.  Renal blood flow accounts for 25% of cardiac output, exposing

the kidneys to large amounts of blood-borne drugs.
 2.  Reabsorption of salt and water in the proximal tubules results

in progressive concentration of drugs in the glomerular filtrate.
 3.  Passive drug reabsorption exposes the tubules to even greater

concentrations of drug.
 4.  The kidney contains drug-metabolizing enzymes, thus increas-

ing its exposure to potentially toxic metabolites.
 5.  The kidney is sensitive to extrarenal factors (e.g., those that

induce ischemia or dehydration) that can predispose the kid-
ney to or exacerbate drug-induced renal damage . 

Box 4-4
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Table 4-1  Examples of Drugs Associated with Gastrointestinal Toxicity
Ulceration/Erosions Xerostomia Gingival 

Hyperplasia
Taste 
disturbance

Miscellaneous

Antineoplastic drugs Anticholinergic-like  
drugs

Omeprazole (gastric) Omeprazole 
(gastric)

ACE inhibitors Angioedema Drugs associated with 
 allergic response (many)

Those More Likely to Cause 
 Stomatitis

Phenytoin (gingival) Phenytoin 
(gingival)

Diuretics

Melphan Sodium channel  
blockers (gingival)

Sodium channel blockers 
(gingival)

Griseofulvin Griseofulvin Microflora 
disruption

Many antimicrobials, 
especially with biliary 
elimination

Thiotepa Calcium channel  
blockers (gingival,  
especially nifedipine)

Calcium channel  blockers 
 (gingival, especially  nifedipine)

Metronidazole Metronidazole

Doxyrubicin Antiparkinson’s drugs Carbenicillin Carbenicillin Drugs associated with 
achlorhydria

Epirubicin Diuretics Chlorhexidine Chlorhexidine Nausea/vomiting Direct stimulation of 
chemoreceptor- 
triggering zone

Idarubicin Bronchodilators  
(systemic)

Calcium channel 
blockers 
(diltiazem)

Calcium channel 
blockers 
(diltiazem)

Cardiac glycosides

Busulfan Beta-blockers Gold salts Gold salts Opioids
Procarbazine Muscle relaxants Vitamin D Vitamin D Many others
Dactinomycin Narcotics Sulfasalazine Sulfasalazine Anticancer drugs
Mitoxantrone Cyclosporine Drugs that alter gastric 

motility
Methotrexate Erythromycin
Fluorouracil Doxycycline (?)
Cytarabine Teeth discoloration Tetracyclines
Etoposide

NSAIDs
Those Causing Local  Erosions

Doxycycline (esophageal; cats)
Aspirin
Phenylbutazone
Indomethacin
Silver nitrate
Hydrogen peroxide
Isoproterenol
Phenols
Acids/alkalis
Potassium chloride
Fluorinated quinolone (especially 

large animal formulation)
ACE, Angiotensin-converting enzyme; NSAIDs, nonsteroidal antiinflammatory drugs.
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infants), and chlorhexidine (reversible yellowish-brown stains 
when used as a mouth rinse for more than several days).

Xerostomia (dry mouth) has been associated with anticho-
linergics and drugs with anticholinergic-like effects (see Table 
4-1), as well as other drugs. Taste change is more discernible in
humans and is caused by a number of drugs, including several
antimicrobials (see Table 4-1).

Most orally administered drugs are probably capable of 
causing nausea or vomiting simply as a result of irritation or 
stimulation of the gastrointestinal tract mucosa. Erythromy-
cin, for example, is a prokinetic agent and, as such, may cause 
upset in up to 50% of animals taking the drug. A patient with 
disease of the gastrointestinal tract is predisposed to these side 
effects. Many intravenous drugs also cause nausea or vomit-
ing, particularly if given rapidly because of stimulation of the 
chemoreceptor-triggering zone. A number of drugs are rec-
ognized for their tendency to stimulate this zone regardless of 
the route of administration. Examples include digoxin, anti-
cancer drugs, and most opioids.

Gingival hyperplasia has been reported for several drugs, 
including phenytoin and (in humans) calcium or sodium 
channel blockers.50 The risk of its emergence might be reduced 
with good dental hygiene; in dogs it responded to metronida-
zole therapy.51 Gingival hyperplasia is a recognized side effect 
of cyclosporine administration in dogs and cats (package 
insert, Atopica); 31% of the dogs developed gingival hyper-
plasia and gingivitis, which responded to metronidazole and 
spiramycin.51 However, the more common effect of drugs on 
the oral mucosa is erosion. A number of drugs cause direct 
erosion with prolonged contact, especially in the feline esoph-
agus (Table 4-1). Any drug that is antianabolic or inhibits cel-
lular division is potentially toxic to the gastrointestinal tract by 
impairing the rapid turnover of epithelial cells in the mucosa 
(see Table 4-1). Tetracyclines and chloramphenicol are antian-
abolic, although long-term administration is necessary before 
these drugs affect the gastrointestinal tract.

Anticancer chemotherapeutic drugs best exemplify drugs 
that decrease epithelial cell turnover. Among the drugs most 
commonly causing gastrointestinal disease in veterinary med-
icine are the NSAIDs. These drugs inhibit prostaglandins, 
which in the gastrointestinal tract mucosa serve to inhibit gas-
tric acid secretion, stimulate bicarbonate and mucus produc-
tion and epithelialization, and increase blood flow. Among the 
NSAIDs most likely to cause gastrointestinal tract ulceration 
are aspirin, which also directly irritates the gastrointestinal 
tract mucosa, and ibuprofen, whose therapeutic range in the 
dog appears to be higher than the toxic range. Selected anti-
microbials alter the microflora of the gastrointestinal tract and 
can subsequently cause diarrhea. Achlorhydria induced by a 
number of drugs can lead to gastrointestinal upset by chang-
ing microflora.

Torpet50 has reviewed oral side effects of cardiovascular 
drugs in humans. The list of possible lesions is impressive, as 
are the number of drugs associated with lesions, which sug-
gests that the oral mucosa (at least in humans) is sensitive 
to the effects of many drugs. Lesions include taste distur-
bances (diuretics, angiotensin-converting enzyme inhibitors), 

xerostomia (e.g., alpha-agonists and beta or calcium channel 
blockers, angiotensin-converting enzyme inhibitors), gingi-
val overgrowth (calcium and sodium channel blockers) and 
ulcerations, as well as a number of syndromes associated with 
cutaneous lesions indicative of drug allergies, including angio-
edema (many).

Nervous System
Because of the brain’s role in integrating the body, toxic injury 
to one of its areas can result in manifestations from another 
site. Likewise, drugs that cause injury to other systems can 
result in CNS damage caused by metabolic changes (e.g., 
hypoglycemia, hypoxia). The high metabolic rate of neurons 
and their marked need for nutritional support render this sys-
tem more susceptible than others to damage.15 Neurons are 
uniquely dependent on the cell body to provide support for 
the dendrites and axons; the axon, which is devoid of meta-
bolic function, depends on axonal transport for supplies to 
meet its metabolic needs. Drugs or chemicals that interfere 
with axonal transport ultimately lead to axonal atrophy.15 The 
CNS is also uniquely lacking in effective regenerative capac-
ity. Lesions of CNS damage therefore persist, leading to addi-
tive effects after subsequent exposures to a toxic compound, as 
well as delayed manifestations when neuronal reserve can no 
longer compensate for the abnormalities. Some toxicities may 
not occur until age-related attrition of neurons causes decom-
pensation, thus prolonging the time between cause and effect 
and decreasing the likelihood that the relationship between 
exposure and neurotoxicity will be recognized.15

The blood–brain and blood-CSF barriers limit the incidence 
of adverse events in the CNS. Increased permeability of this 
barrier, however, such as might occur in pediatrics or disease, 
predisposes animals to CNS events. All CNS-active drugs are 
likely to cause CNS signs if the dose is too high. Drugs that can 
induce seizures in epileptic patients, and should therefore be 
avoided, include butyrophenones, metoclopramide, tricyclic 
antidepressants, and reportedly (although little literature sup-
ports this fact) glucocorticoids (Table 4-2). The impact of phe-
nothiazines on seizure activity is less clear (see Chapter 27). A 
number of antimicrobials can cause seizures. The fluorinated 
quinolones have received some attention for their possible 
CNS side effects and, in particular, potentiation of seizures. 
The mechanism of action appears to be inhibition of gamma-
aminobutyric acid–receptor interactions and may (although 
this has not yet been proven) be facilitated by the presence 
of NSAIDs.52 High doses are therefore discouraged, particu-
larly in predisposed patients.  Several other antimicrobials are 
associated with CNS toxicity in people.53 These include the 
beta-lactams, with imipenem and cefazolin being the most 
epileptogenic (see Table 4-2). Metronidazole also is associ-
ated with CNS adverse effects. Clinical signs of metronidazole 
toxicity in the dog include ataxia, nystagmus, and stumbling. 
Signs may not occur for 7 to 12 days after therapy is begun 
(see Chapter 7). Seizures may take up to 2 weeks to resolve; 
therapy is supportive. Signs may be more dramatic in the cat, 
including seizures and blindness. Toxicity has been reported 
at doses as low as 30 mg/kg every 24 hours.54 Seizures respond 
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to diazepam therapy. NSAIDs are associated with CNS side 
effects, particularly if combined with fluoroquinolones with 
unsubstituted piperazinyl rings  (ciprofloxacin) at position 7.55

The CNS toxicity of the avermectins, including ivermec-
tin, selamectin, moxidectin, and milbemycin, results from 
enhancement of gamma-aminobutyric acid–receptor inter-
actions.56-58 The role of P-gp deficiency in avermectin CNS 
toxicity in Collies, Australian Shepherds,59 and related breeds 
has been well established (see Chapters 2 and 3).60 Doses as 
small as 100 g/kg can cause toxicity in these breeds. Toxic-
ity will, however, also occur in any animal that is sufficiently 
overdosed. Clinical signs, which may not occur for 2 or 3 

days, include emesis, diarrhea, salivation, fever, disorienta-
tion, ataxia, trembling, seizures, depression, coma, and blind-
ness. Although picrotoxin or physostigmine (0.06 mg/kg, slow 
intravenous administration) have been recommended as an 
antidote, success is not well documented. Treatment with neo-
stigmine (125 μg twice at 6-hour intervals and then daily for 
2 days) along with fluid therapy was associated with success in 
an adult cat receiving 15 mg (16 times the recommended dose) 
of ivermectin but was unsuccessful in two kittens, each receiv-
ing 7.5 or 15 mg of the drug.61 Picrotoxin is associated with 
toxicities (seizures), and its use is not recommended unless 
the patient is comatose. One report cites a dose of 1 mg/min 
(as a 0.1% dilution in 5% dextrose) given as an intravenous 
drip until clinical response was evident (8 minutes). Seizures 
in the patient responded to anticonvulsant therapy.62 Support-
ive therapy is also indicated. Collies and related breeds with 
the MDR1 deletion mutation may also be at risk of reaction to 
other CNS-active drugs that serve as a substrate for P-gp (see 
Chapters 2 and 3). For example, the MDR1 deletion mutation 
responsible for the toxicity also has been associated with lop-
eramide toxicity in a Collie receiving 0.14 mg/kg twice daily.63

Amitraz has a number of effects. It stimulates alpha-2 
receptors in the CNS and alpha-1 and -2 receptors in the 
periphery, inhibits monoamine oxidases responsible for syn-
aptic removal of monoamines such as dopamine and nor-
epinephrine, and inhibits the synthesis of prostaglandin E2, 
although the clinical impact of this latter effect is not clear. 
Sequelae of β2 adrenergic stimulation includes cardiovas-
cular effects such as bradycardia and vasodilation, leading 
to hypotension, although peripheral alpha stimulation may 
cause hypertension. CNS effects of sedation, disorientation, 
and ataxia may progress to coma. Decreased insulin release 
results in hyperglycemia. Gastrointestinal effects include gas-
trointestinal stasis, and therefore atropine or other anticholin-
ergics are contraindicated. Clinical signs of amitraz toxicity 
may reflect the vehicle, which contains xylene and propylene 
oxide. Signs of acute xylene toxicosis include CNS depres-
sion, ataxia, impaired motor coordination, nystagmus, stupor, 
coma, and episodes of neuroirritability. Treatment is largely 
supportive and includes alpha antagonists such as yohimbine 
(0.1 to 0.2 mg/kg, administered subcutaneously), which are 
used to reverse alpha side effects. For life-threatening hypo-
tension, positive inotropes should be used cautiously. Control 
of seizures with diazepam has been contraindicated in the vet-
erinary literature but is supported for treatment of amitraz-
induced seizures in children.64

Metronidazole can cause CNS derangements in dogs 
receiving 60 mg/kg or less; duration is dose and duration 
dependent. Signs may not occur for 7 to 12 days after therapy 
is begun (see Chapter 7). Clinical signs including ataxia and 
nystagmus and seizures may take up to 2 weeks to resolve; 
therapy is supportive.

The potential for phosphate enemas to induce life-threat-
ening CNS derangements has been well documented, particu-
larly in cats. Toxicity is associated with hyperphosphatemia, 
hypocalcemia, hypernatremia, hyperglycemia, hyperosmo-
lality, and metabolic acidosis. Onset of clinical signs (ataxia, 

Table 4-2  Examples of Drugs Associated 
with Adverse Drug Reactions in the 
Central Nervous System

Drug Manifestation

Beta-lactams 
(cefazolin)

Hyperexcitability, depression, aggression, 
seizures

Amitraz Sedation, ataxia, muscle weakness
Aminoglycosides Neuromuscular blockade
Antidepressants Hyperexcitability, depression, aggression, 

seizures, ataxia
Antihistamines Sedation, excitement
Benzyl alcohol Hypersynthesis, ataxia, aggression, depres-

sion, coma (cat)
Beta-lactams 

(cefazolin and 
imipenem)

Lowered seizure threshold, ataxia

Bismuth Lethargy, somnolence
Butyrophenones Lowered seizure threshold
Enrofloxacin Seizures, exacerbated by coadministration of 

NSAIDs; dizziness
Erythromycin Seizures, others
Glucocorticoids Lowered seizure threshold with long-term 

therapy
Griseofulvin Ataxia, seizures
Hexachlorophene Neuropathy
Ivermectin Depression, lethargy, seizures, others
Lidocaine Seizures
Metoclopramide Hyperexcitability, lowered seizure threshold
Metronidazole Ataxia, nystagmus, seizures
Milbemycin Depression, lethargy, seizures, other
NSAIDs Nonseptic meningitis (naproxen), exacer-

bation of seizures caused by fluorinated 
quinolones

Opioids General CNS depression
Phenobarbital Hyperexcitability, depression
Phenothiazines Lowered seizure threshold
Quinolones Seizures, other
Sulfonamides Aseptic meningitis
Vincristine Neuropathy
Nitrofurantoin Peripheral neuropathies

CNS, central nervous system; NSAIDs, Nonsteroidal antiinflammatory drugs. 
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tetany, convulsions, weak pulse, and hypothermia) is rapid 
and may rapidly progress to death. Treatment is supportive, 
including (cautious) calcium therapy. A similar phenomenon 
has been reported after administration of a phosphate-con-
taining urinary acidifier in cats.65

Benzoic acid (alcohol or benzoate) is a preservative com-
monly added to oral and parenteral drugs at concentrations of 
5% or higher. Benzyl alcohol can cause CNS toxicity (charac-
terized by hyperesthesia and depression), particularly in cats. 
The drug is rapidly metabolized to benzoic acid and subse-
quently to hippuric acid and benzyl glucuronide. Glucuronide 
deficiency in cats results in accumulation of benzoic acid. 
Pharmacists may not be aware that the glucuronide deficiency 
of cats predisposes them to toxicity with products contain-
ing benzoic acid.66 Although the original dose necessary to 
induce toxicity in the cat was as high as 2 g/kg, clinical cases 
and experimental studies indicate that even a lower dose can 
be lethal. Diets containing benzoic acid at 0.2% to 2% (0.2 to 
2 gm/dL) have caused clinical toxicities. The death of up to 30 
cats in England66 led to experimental studies that determined 
the maximum tolerable single dose of benzoic acid to be 450 
mg/kg; accumulation with multiple doses limits the highest 
daily dose to 200 mg/kg.67 For example, a product containing 
5% benzoic acid contains 5 g/dL or 50 mg/mL (50 mg/g for 
dry weight products), limiting a single dose to 9 mL/kg, or a 
daily dose to 4 mL (4 g/kg). Drugs also can be prepared as ben-
zoate salts, although toxicity is less likely because less benzoate 
is administered on a mg/kg basis. For example, 40% of metro-
nidazole benzoate is benzoate. A dose of 20 mg/kg delivers 12 
mg/kg of metronidazole and 8 mg/kg of benzoate. A daily dose 
of approximately 500 mg/kg of metronidazole benzoate would 
be necessary to induce benzoate toxicity in the cat, a dose that 
would be difficult to achieve even with exceeding the recom-
mended dose of 16 mg/kg metronidazole benzoate twice daily.

Tricyclic and other antidepressants can cause a variety of 
CNS disorders by virtue of their stimulatory effect on several 
CNS neurotransmitters and potentially inhibitory effects at 
other sites. Because these transmitters often modulate the nor-
mal physiology of multiple body systems, the clinical manifes-
tations of events to these drugs can be diverse and subtle and 
affect other body systems. Manifestations related to the CNS 
include seizures, change in behavior, and depression. Many of 
the side effects caused in people probably cannot be detected 
in animals (e.g., blurred vision, dizziness, dry mouth). These 
drugs have not been well studied in animals, but clinical 
reports suggest up to 25% of animals may show an adverse 
reaction to these drugs. Clinical signs include increased or 
decreased appetite, hyperactivity, polydipsia, diarrhea, anxi-
ety, and fear. The disposition of the drugs in humans includes 
lipid solubility, hepatic metabolism, and high protein bind-
ing, all of which are conducive to drug interactions. Toxicity 
is enhanced when drugs are used in combination. Because the 
effects of these drugs take several weeks to be realized, doses 
may be inappropriately increased, further increasing the risk 
of toxicity.

Peripheral neuropathies have been associated with a num-
ber of drugs. In humans peripheral neuropathy associated 

with nitrofurantoin occurred at doses ranging from 1.5 to 
4.5 mg/kg, with a time of onset ranging from 3 weeks to 12 
months. Peripheral neuropathy was severe and irreversible in 
some patients. The aminoglycosides cause peripheral neuro-
muscular blockade by interfering with calcium-mediated ace-
tylcholine release. This effect is potentiated in the presence of 
other neuromuscular blockers and anesthetics.

Special Senses
Ocular Toxicity
Ocular ADRs can reflect local or systemic administration.68 
Very occasionally, systemic side effects may result from topi-
cal administration of ocular drugs.68 Identification of adverse 
events affecting the eye (Table 4-3) generally depend on post-
marketing surveillance systems or case reports; in some cases 
(e.g., fluoroquinolones in cats), follow-up toxicity studies may 
document the causal relationship between drug and adver-
sity.69 Adverse events to drugs manifested in the eye will most 
likely reflect systemic administration, with the retina being 
the most common site of reaction. Among the more com-
monly reported adverse events affecting the eye is acute retinal 
degeneration associated with exposure of the retina to a light 
source in patients receiving phototoxic drugs.70 A number of 
drugs used to treat cardiac disease have been associated with 
a variety of ocular lesions, including changes (increased or 
decreased) in intraocular pressure.71

Among the most notable ADEs manifested as ocular tox-
icity in animals is retinal degeneration in cats after adminis-
tration of fluorinated quinolones. Although fluoroquinolones 
do not appear to cause a similar reaction in humans, revers-
ible (corneal epithelial damage) and irreversible macular 
changes occur with administration of antirheumatic quino-
lones, chloroquine, and hydrochloroquine.72 Clinical signs of 
retinal degeneration associated with fluoroquinolone dam-
age in cats include partial, temporary, or total blindness, with 
damage generally recognized to be irreversible. Although the 
incidence is rare, toxicity does appear to be predictable and 
is associated with a higher incidence in special populations, 
including geriatric cats and feline patients with renal disease. 
The mechanism of toxicity appears to reflect a deficiency of an 
efflux transport protein in the feline retina.* Fluorinated qui-
nolones are structurally similar to compounds known to cause 
ocular toxicosis associated with accumulation in lysosomes 
of retinal pigment cells; additionally, fluoroquinolones have a 
predilection for pigmented cells of the eye. The fluoroquino-
lones also have been associated with phototoxicity. The combi-
nation of fluoroquinolone with ultraviolet radiation produces 
both a time- and concentration-dependent ocular toxicity, 
with a methyl group at position 8 of the quinolone ring reduc-
ing the risk.73 Reducing exposure to sunlight (dosing at night 
or keeping cats indoors) might be prudent for cats receiving 
fluoroquinolones, particularly if in a high-risk group.25,69 
Drugs associated with fluoroquinolone retinal degeneration 
are discussed in more depth in Chapter 7.

*Personal communication, K. Mealey, Washington State University.
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Table 4-3  Examples of Drugs Associated with Adverse Drug Reactions Involving the Eye
Drug or Drug 
Class Example Drugs Lesion

Cardiac drugs Hydralazine Ocular involvement of 
systemic lupus erythe-
matosus

Beta blockers Photophobia
Reduced tear production
Edema, conjunctivitis

Digoxin Yellow vision
Amblyopia

Aurothioglucose Gold deposits leading to 
vision deficits

Keratopathy
Cranial neuropathy
Retinopathy
Conjunctivitis

Methotrexate Retinopathy
Visual disturbances
Optic neuropathy

Chlorpromazine Blurred vision
Cataract
Pupillary dysfunction
Retinopathy
Corneal epithelial damage
Accommodation 

 dysfunction
NSAIDS Ibuprofen Blurred vision

Naproxen Photophobia
Piroxicam Retinopathy

Prednisone Cataracts
Glaucoma (open angle)
Proptosis
Exophthalmia

Interferon Ischemic retinopathy
Ethambutol Changes in visual acuity
Isoniazid Conjunctivitis

Scleral icterus
Subconjunctival hemor-

rhage
(Coagulopathy)

Sulfonamides Keratitis sicca
Tetracyclines Minocycline Visual disturbances

Tetracycline Scleral pigmentation
Doxycycline

Drug or Drug 
Class Example Drugs Lesion

Quinolones Hydroxychloro-
quine

Multiple: corneal deposits, 
retinal toxicity,

Chloroquine
Fluoroquinolones Enrofloxacin Acute retinal degeneration
(in order of risk; 

cats)
Orbifloxacin

Marbofloxacin
Ciprofloxacin

Bisphosphonates Pamidronate, all 
others

Episcleritis, nerve palsy, 
ptosis, neuritis

Sildenafil (phos-
phodiesterase 
6 inhibitor)

Changes in color 
and light 
perception

Blurred vision
ERG changes
Photophobia
Conjunctival 

hyperplasia
Topiramate Acute narrow-

angle glaucoma
Uveitis
Mydriasis

Phenylephrine* Topical 10% Systemic hypertension, 
may be lethal (use 2.5% 
instead)

Beta blockers* Timolol Aggravation of broncho-
spasm, congestive heart 
failure, bradyarrhyth-
mias, sinus arrest

Carbonic 
anhydrase 
inhibitors*

Sulfonamide-based allergic 
reactions

Prostaglandins 
analogs*

Travoprost CNS side effects (malaise, 
etc.)

Anticholinergics* Cyclopentolate 
2%

Tropicamide

Atropine-like (dry mouth, 
CNS effects)

Glucocorticoids* Dexamethasone 
0.1%

Prednisolone 
acetate 1%

Adrenal gland suppression

Chlorampheni-
col*

Aplastic anemia 
(theoretical)

ERG, Electroretinography; CNS central nervous system.
*Indicates a systemic effect from topical drug. This section of the table is from Gray C: Systemic toxicity with topical ophthalmic medications in children, Paediatr Perinat Drug Ther 
7(1): 23-27, 2006.
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Ototoxicity
Ototoxic drugs can damage both the auditory and the ves-
tibular apparatus (Table 4-4).74,75 Auditory toxicity is often 
unrecognized, particularly in the older patient, unless com-
plete deafness occurs. Vestibular ototoxicity might be detected 
as nystagmus or head tilt. Other clinical signs (e.g., tinnitus) 
are likely to occur in humans, but these side effects largely go 
unrecognized in animals. Ototoxic drugs generally are associ-
ated with loss of hair cells in the organ of Corti, although the 
biochemical mechanism is seldom known. Ototoxicity can be 
either reversible or irreversible and is more likely in the pres-
ence of a perforated ear drum if drugs are applied topically.

Aminoglycosides are well known for their ototoxic poten-
tial. Aminoglycoside-induced ototoxicity generally is irre-
versible. In contrast to renal tissues, aminoglycosides are 
not actively accumulated in perilymph, and drug concentra-
tions generally are less in perilymph than in serum. How-
ever, because the half-life of the drug is much longer in the 
perilymph than in serum, surpassing that in serum by days 
to weeks, exposure of cells to the drug is longer. Proposed 
biochemical mechanisms of ototoxicity caused by aminogly-
cosides include impaired glucose metabolism or inhibition 
of polyphosphoinositide turnover. Although allowing serum 

drug concentrations to become undetectable does not nec-
essarily prevent ototoxicity, low trough concentrations as 
should occur with once daily therapy are none-the-less the 
best means of preventing ototoxicity. Ototoxicity is enhanced 
by the presence of loop-acting diuretics such as furosemide. 
The potential for ototoxicity varies among the aminoglyco-
sides. Dihydrostreptomycin was designed as an alternative to 
streptomycin, which was vestibulotoxic,76 but dihydrostrpto-
mycin also proved to be significantly cochleotoxic and was 
subsequently withdrawn. Streptomycin and gentamicin are 
more likely to cause vestibular toxicity, whereas neomycin, 
kanamycin, tobramycin, and amikacin sulfate are more likely 
to cause auditory damage. Among these, amikacin is least 
cochleotoxic; neomycin is so cochleotoxic (and nephrotoxic) 
that it cannot be used systemically. Netilmicin, the newest of 
the aminoglycosides, may cause the least ototoxicity. Auditory 
damage induced by aminoglycosides is initially characterized 
by the damage to outer cochlear hair cells, with progressive 
damage targeting inner hair cells. Initial loss impacts high-
frequency hearing.76,77 Topical application of 0.1 mL of 3% 
gentamicin solution to the tympanic bulla was toxic to sensory 
receptors of the cochlea and the vestibular apparatus in cats.78 
Fluorinated quinolones also may cause ototoxicity when given 
topically.

Other drugs that cause irreversible ototoxicity include the 
antineoplastics vincristine and vinblastine. The antineoplastic 
cisplatin also causes irreversible ototoxicity morphologically 
similar to that caused by aminoglycosides after accumulation 
of multiple doses, with the effect being both dose and duration 
independent.77 Toxicity occurs in the hair cells of the organ of 
Corti and causes predominantly auditory damage. Cisplatin-
induced ototoxicity can be unilateral (and hence not always 
recognized) or bilateral. Occasionally, ototoxic effects are tran-
sient. Chloramphenicol also has been associated with ototox-
icity in the cat when applied topically with Gelfoam soaked in 
a concentration of 400 mg/mL.79 Vestibular toxicity caused by 
chloramphenicol has been documented in humans.

Vehicles and cleansing agents also may be associated with 
ototoxicity. Propylene glycol is a common vehicle of topical 
preparations. Its use is associated with granulation and ossi-
fication of the auditory bulla and morphologic changes in the 
organ of Corti. Some disinfectants (e.g., 0.5% chlorhexidine 
in 70% alcohol) or carrier agents (e.g., propylene glycol) can 
cause ototoxicity. These drugs cause both vestibular and audi-
tory side effects. Whereas chlorhexidine can cause almost 
complete destruction of the vestibular and auditory apparatus 
(in animal models), 70% alcohol does not appear to cause any 
ototoxicity. Quaternary ammonium disinfectants (e.g., 0.1% 
benzethonium or benzalkonium chloride) are among the most 
ototoxic compounds studied. Iodophors also cause ototoxicity, 
but damage will not be as profound as with quaternary ammo-
nium compounds. Although the mechanism is not known 
and the extent of ototoxicity is not clear, ceruminolytic agents 
should not be applied topically in the presence of a perforated 
ear drum if the label indicates.

Reversible ototoxic ADEs are unusual. Loop-acting diuret-
ics are among the few ototoxic drugs that cause damage that is 

Table 4-4  Examples of Drugs Associated with 
Adverse Drug Reactions Involving 
the Ear*

Class Drug

Aminoglycoside antimicrobials Streptomycin
Amikacin
Gentamicin
Netilmicin
Kanamycin
Tobramycin

Other antimicrobials Polymixin
Erythromycin
Colistin
Chloramphenicol
Minocycline
Vancomycin

Antiseptics Ethanol
Benzalkonium chloride
Chlorhexidine
Iodine
Iodophors

Diuretics Furosemide
Cancer chemotherapeutic 

agents
Cisplatin

Nonsteroidal antiinflamma-
tories

Salicylates, acetaminophen, 
naproxen, others

Others Propylene glycol
Detergents

*Most drugs administered topically in the ear may be associated with ototoxicity in the 
presence of a perforated ear drum.
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largely reversible; however, hearing defects may be permanent. 
Toxicity is limited to the auditory system and reflects morpho-
logic changes in the stria vascularis of the cochlea. The mecha-
nism of ototoxicity is not clear but may reflect acute electrolyte 
disturbances in the cochlear endolymph, similar to that pro-
ducing diuresis.77 Furosemide is the least ototoxic of the loop 
diuretics; presumably, its combination with aminoglycosides 
(or other ototoxic drugs) would increase the risk of ototox-
icity. Several antiseptics produce irreversible ototoxicity, pre-
sumably as a result of cell membrane damage similar to that 
induced in bacteria.

Aspirin, and potentially other NSAIDs, can cause transient 
hearing loss in humans. Clinical signs generally resolve in 48 
to 72 hours. Several possible sites of damage have been recog-
nized, including a vascular basis (i.e., loss of vasoactive prosta-
glandins) or impaired neurotransmission. Other drugs known 
to cause ototoxicity include local anesthetics (0.5% lidocaine 
can cause cochlear damage), tricyclic antidepressants, and, very 
rarely, beta-blockers. Although not ototoxic by itself, dimethyl 
sulfoxide should be used cautiously because of its ability to 
carry other drugs into the inner ear when used as a vehicle.

Integument
The skin is the organ that most commonly manifests ADEs in 
humans.80 Although the reactions are generally mild, they can 
become life threatening. The type of lesion varies and includes 
almost any type of lesion described for the skin. Lesions include 
wheal and flare reactions, erythema, blisters, lichenoid lesions, 
purpura, changes in pigmentation, necrosis, pustular lesions, 
and changes in hair growth. The most common reactions are 
erythematous macular or papular rashes that resolve in several 
days even if untreated. These manifestations may also, how-
ever, be a precursor to a severe manifestation and thus should 
be observed closely. As with many organs, because the skin 
contains drug-metabolizing enzymes, reactions can be due to 
either the parent compound or its metabolites (or both).

Drug-induced skin events may be a manifestation of an 
allergic response or an autoimmune disease mediated by the 
skin. Both type A and type B events occur in the skin. Of the 
type B events, all types of allergic events (i.e., types I through 
IV) can involve the skin. Type IV allergic events are best exem-
plified by contact dermatitis. “Late” events include allergic
vasculitis, purpura pigmentosa, and erythema multiforme.
A distinct form of allergic (phototoxic) events has been reported
in humans and animals, involving the interaction of a drug
(or its metabolite) with ultraviolet radiation; the lesion often
manifests in light-exposed skin (discussed later). Fixed drug
 eruptions are not well understood. In humans they are charac-
terized by erythema, often with a central blister, and may occur
because regulation of adhesion molecules in the epithelium is
disrupted. Drugs are capable of causing autoimmune reactions
in the skin, including lupus erythematosus, pemphigus, and

pemphigoid skin lesions. Life-threatening drug-induced events 
that occur in the skin of people include the Stevens–Johnson 
syndrome (SJS), toxic epidermal necrolysis (TEN), hypersen-
sitivity syndrome, serum sickness, vasculitis, and angioedema.

Lesions of SJS and TEN may be difficult to differentiate; SJS 
may be a milder form of TEN. Both resemble scalded skin and 
reflect a cell-mediated cytotoxic reaction against keratinocytes 
(Figure 4-8). The diseases are characterized by blistering and 
extensive detachment of the epidermis. The lesions are irregu-
lar in shape and are distinguished from erythema multiforme, 
another drug reaction of the skin, by the irregular shapes and 
absence of a well-defined border and edematous ring. Both 
TEN and SJS tend to affect the trunk, whereas erythema mul-
tiforme has an affinity for extremities. Mucous membranes are 
frequently involved, and patients are generally febrile, partic-
ularly with TEN. The presence of neutropenia is interpreted 
as a poor prognosis in human patients suffering from TEN. 
Treatment of TEN includes a management protocol similar to 
that for extensive burns; infection with Staphylococcus aureus 
(which by itself can cause a “scalded skin” lesion) is likely to 
complicate therapy. Drug events are the primary causes of SJS 
and TEN; erythema multiforme is caused by selected microor-
ganisms, as well as by drugs. Drugs associated with TEN and 
SJS in humans include sulfonamides, anticonvulsants, allopu-
rinol, oxicams, and (less frequently) other NSAIDs.

The term hypersensitivity syndrome has been used in the past 
to refer to any skin ADR. As such, however, it encompasses a wide 
variety of skin lesions, each treated differently. More recently, the 
term has been used in human medicine for a syndrome char-
acterized by mucocutaneous eruptions, fever, lymphadenopa-
thy, hepatitis, and eosinophilia. Arthritis or nephritis may also 
develop. As with SJS and TEN, sulfonamides and anticonvul-
sants are the most common causes of drug hypersensitivity.

Vasculitis occurs as a result of necrosis and inflammation 
in blood vessel walls, most commonly in the lower extremi-
ties, after antibody interaction with blood vessel walls. Drugs 
are the primary cause of vasculitis in humans. Penicillins, 
sulfonamides, thiazide diuretics, phenytoin, and propylthio-
uracil are the most common interaction-related drugs. Serum KEY POINT 4-2 The skin may be the organ most commonly 

associated with adverse reactions.

Figure 4-8 Toxic epidermal necrolysis in a Doberman Pinscher 
treated with chloramphenicol. Although the lesion is several 
weeks old, damage was evident within several days of intra-
muscular treatment.
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sickness–like lesions in the skin also can appear as vasculitis. 
Lesions result from immune complex deposition in small ves-
sels followed by complement activation and white blood cell 
infiltration. Lesions appear first as erythema and then progress 
to more severe eruption. Patients are usually febrile. Drugs 
that cause serum sickness manifested as dermatologic lesions 
in humans include selected cephalosporins, minocycline, pen-
icillins, and propranolol.

Dermatologic manifestations of type I hypersensitivities 
occur at mucocutaneous junctions (including the mucous 
membranes of the eyes, mouth, nose, lips, or tongue) or present 
as pruritus, flushing, erythema, and urticaria. Of these, angio-
edema is the most life threatening because of the risk of upper 
airway obstruction. Treatment includes epinephrine (for acute 
respiratory distress), antihistamines, and glucocorticoids.

Skin eruptions have been attributed to a number of drugs 
in small animals (Table 4-5). Type I skin lesions accompany 
many cancer chemotherapeutic agents and gold-containing 
antiarthritic agents. Prednisone and phenytoin can cause 
alopecia. Most skin reactions reflect type B adverse drug 
events, however, and as such are largely unpredictable. Alo-
pecia has been reported after oral administration of hetacil-
lin (cat), prednisone (dog), parenteral gold therapy (dog), and 
phenytoin (dog and cat). Eczematous dermatitis has resulted 
from oral administration of sulfa drugs (dogs and cats), gris-
eofulvin, diethylcarbamazine, and fluorocytosine. Topical 
neomycin–triamcinolone preparations and coal tar shampoos 
can produce generalized eczematous reactions. Generalized 
exfoliation has resulted from oral administration of quini-
dine, topical administration of lime sulfur dips, and the use of 
flea collars. Fixed drug eruptions have resulted from the oral 
administration of ampicillin and the intravenous administra-
tion of sodium thiacetarsamide. Pemphigus vulgaris–like reac-
tions have followed thiabendazole oral therapy, and similar 
lesions have been reported with gold therapy. Erythematous 
dermatitis has been reported after the parenteral administra-
tion of a phenothiazine derivative. Pruritus has been reported 
after oral diethylcarbamazine, gold, and bromide (anticon-
vulsant) therapy. Purpura and lesions typical of TEN have 
occurred after oral administration of chloramphenicol (see 
Figure 4-8). Intravenous vitamin K and oral tetracyclines have 
caused urticaria and angioedema in the dog. Drug eruptions 
have also been associated with the systemic administration of 
levamisole. Human recombinant products such as erythro-
poietin have caused skin or mucocutaneous lesions typical of 
allergic drug events in dogs.

Hormonal therapy is often associated with predictable 
skin lesions, including bilaterally symmetric alopecia and 
hyperpigmentation (discussed later in reference to the endo-
crine system). The effects of glucocorticoids on the skin have 
been well documented and are often manifested as part of the 
cushingoid presentation of animals receiving therapy. Cyclo-
sporine has been associated with changes in hair coat.81

Benzoic acid used as a preservative in topical preparations 
may cause cutaneous erythema, possibly caused by induction 
of inflammatory prostaglandins.82 Ciprofloxacin was associ-
ated in a human patient with the development of erythema 

multiforme, which histologically was consistent with dermati-
tis herpetiformis.29 Lesions developed on day 6 of therapy and 
responded to glucocorticoid therapy.

Photosensitization represents a novel mechanism of toxic-
ity to selected drugs whose treatment occurs during exposure 
to electromagnetic radiation. Photosensitization occurs if a 
drug (or biological substrate) is characterized by an abnor-
mally high reactivity to ultraviolet (UV) radiation (artifi-
cial or natural). Photosensitization requires the presence 
of photosensitizers, which induce changes in the drug after 
the appropriate radiation is absorbed (Box 4-5). Structural 
requirements of the photosensitizer to induce phototoxicity 
reflect its ability to absorb radiation wavelengths character-
ized by effective skin penetration (above 310 nm). As such, 
the photochemical decomposition to stable photoproducts, 
free radicals, and/or singlet oxygen is facilitated. The probable 

Table 4-5  Examples of Drugs Associated 
with Adverse Dermatologic 
Manifestations

Drug Manifestation

Ampicillin Fixed drug eruption
Anticancer drugs Alopecia
Bromide Pruritus
Coal tar shampoos Generalized eczema
Chloramphenicol Purpura, TEN
Diethylcarbamazine Eczematous dermatitis, pruritus
Erythropoietin, human 

recombinant
Skin or mucocutaneous lesions

Flea collars Generalized exfoliation
5-Fluorocytosine Eczematous dermatitis
Glucocorticoids Alopecia, hyperpigmentation
Gold-containing drugs Alopecia (dog), pruritus, pemphigus 

vulgaris–like reaction
Griseofulvin Eczematous dermatitis
Hetacillin Alopecia (cat)
Levamisole Drug eruptions
Lime sulfur dips Generalized exfoliation
Neomycin (topical) Generalized eczema
Phenothiazine derivatives Erythematous dermatitis
Phenytoin Alopecia
Prednisone Alopecia (dog)
Quinidine Generalized exfoliation
Recombinant products, 

nontarget species
General skin or mucocutaneous 

lesions
Sulfonamides Eczematous dermatitis
Tetracyclines (oral) Urticaria, angioedema
Thiabendazole Pemphigus vulgaris–like reaction
Thiacetarsamide Fixed drug eruption
Vitamin K (intravenous) Urticaria, angioedema
Cyclosporine Altered hair coat
Many Other cutaneous manifestations of 

allergies

TEN, Toxic epidermal necrolysis
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role of fluoroquinolone antimicrobials as photosensitizers was 
discussed previously. Photosensitizers can be found in the cel-
lular content of foods (e.g., flavins and porphyrins), plants or 
their juices, industrial chemicals (dyes, coal tar, derivatives of 
chlorinated hydrocarbons), and drugs. Exogenous photosen-
sitizers may enter the body through a variety of routes, includ-
ing ingestion, inhalation, injection, or direct contact with the 
skin or mucosa.83 Biological targets subject to photosensitiza-
tion include cell membranes, cytoplasmic organelles, and the 
nucleus. Photosensitization may be used therapeutically if it 
can be directed to targeted tissues or if UV radiation can be 

applied to selected sites (e.g., cancer therapy). Clinical signs 
vary with the photosensitizer and the amount of radiation 
absorbed. Signs range from mild cutaneous reactions (e.g., ery-
thema, pruritus, urticaria and rash) to severe reactions includ-
ing (in humans) genetic mutations and melanoma. Clinical 
signs generally occur immediately after exposure to the UV 
radiation. Variation may also reflect the skin type, as well as 
physiologic factors such as age and gender (human medicine). 
Photosensitivity is generally dose dependent but may not hap-
pen with the initial drug administration but rather with sub-
sequent administration. The reaction is then referred to as a 
photoallergy, reflecting binding of the photosensitizer to a skin 
protein. Occasionally, the response may be delayed and may 
occur even in the absence of the photosensitizing substrate.

Endocrine System
The impact of xylitol on insulin secretion was discussed with 
its hepatotoxicity. Mechanisms of drug interference with the 
thyroid and adrenal axes have been documented in human 
patients (Table 4-6). Each axis presents several targets for drug 
interference. Mechanisms that decrease hormone concentra-
tions include suppression of hormone release at each level (i.e., 
hypothalamus, pituitary, or target organ), often because hor-
mone synthesis is decreased, or altered by peripheral metabo-
lism of the hormone (e.g., thyroid hormones).84 The latter 
effect is often the result of induction of hepatic drug-metabo-
lizing enzymes. Potent inducers of hepatic drug-metabolizing 
enzymes include phenobarbital, phenytoin, and rifampin. 
Whether patients show clinical manifestations of hormone 
deficiency after induction of metabolizing enzymes remains to 
be documented. Less commonly, hormone concentrations are 
physiologically increased by drugs. Again, changes in hepatic 
metabolism are a common cause. Potent inhibitors of hepatic 
drug metabolism include cimetidine, chloramphenicol, and 
ketoconazole.

Drugs can also increase hormone concentrations by com-
peting with and displacing the hormone from carrying pro-
teins. The protein from which hormones are most likely to be 
displaced is albumin, a nonspecific carrier of many weakly 
acidic drugs (e.g., NSAIDs). Competition for albumin-bind-
ing sites may be less important for those hormones carried 
by specific carrier proteins, although competition for such 
binding sites has been documented. In some cases a drug 
may influence blood hormone concentrations simultaneously 
at several physiologic sites, complicating interpretation (e.g., 
the effects of phenytoin on thyroid hormone concentrations). 
Because animals differ physiologically, extrapolation between 
species regarding the effect of a drug must be done cautiously. 
Caution is also advised when extrapolating results of studies in 
normal animals to the animal suffering from a disease of the 
endocrine system. For example, propranolol decreases thyroid 
hormone concentrations in hyperthyroid humans but not in 
euthyroid dogs.85

In some instances the drug effect on a hormone is well 
known and is used either diagnostically (e.g., dexameth-
asone-induced decrease in cortisone or xylazine-induced 
growth hormone secretion)86 or therapeutically (propranolol 

Box 4-5

Acetazolamide
Alprazolam
*Amantadine
Amiloride
Amitriptyline
*Azathioprine
*Azithromycin
*Benzocaine
Captopril
Carprofen
Chlortetracycline
Chlorothiazide
Ciprofloxacin
Clofazimine
Clofibrate
Clomipramine
*Cyproheptadine
Dacarbazine
*Danazol
Dantrolene
Dapsone
Diclofenac
Diltiazem
Doxepin
Doxycycline
Enalapril
Etretinate
Felbamate
Flecainide
Fluoroquinolone  

antimicrobials
Fluorouracil
Fluoxetine
Furosemide
Glipizide
Glyburide
Griseofulvin
Haloperidol
Hydralazine
Hydrochlorothiazide
Imipramine
Interferon beta
Isoniazid

Isotretinoin
Ketoprofen
Levofloxacin
*Meclofenamic  

acid
Methotrexate
Minocycline
Nabumetone
Nalidixic acid
Naproxen
Nifedipine
Nortriptyline
Ofloxacin
*Omeprazole
Orbifloxacin
*Osalazine
Oxytetracycline
Paroxetine
Pentobarbital
*Phenobarbital
Phenothiazine
Phenylbutazone
Phenytoin
Piroxicam
*Procaine
Prochlorperazine
Promazine
Promethazine
*Pyridoxine
*Pyrimethamine
Quinidine
Silver sulfadiazine
Sulfamethoxazole
Sulfasalazine
Tetracycline
Tretinoin
Thiazine
Tolbutamide
Triamterene
Triflupromazine
Trimethoprim
Valproic acid
Vinblastine

Examples of Drugs Associated with Known or 
Potential* Cases of Photosensitization
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Table 4-6  Drug-Induced Physiologic Changes in the Adrenocortical and Thryoid Axes*
Drug Comment

Cortisol
Increased
Anticonvulsants
Corticotropin Diagnostic intent
Cortisone For at least 24 hours
Estrogen Increases binding globulin concentrations
Fluocinolone After topical administration
Hydrocortisone For at least 24 hours
Insulin Marked effect with insulin-induced hypo-

glycemia
Lithium
Metoclopramide After intravenous dosing
Opiates Within 1 hour of intravenous dosing with 

selected drugs
OPPPD (mitotane)� Therapeutic intent
Prostaglandin F2 Slight effect
Vasopressin Mild increase
Decreased
Barbiturates Preoperative use
Beclomethasone After inhalant administration
Clonidine In growth hormone–deficient children
Danazol Displacement from binding and increased 

free drug
Deoxycorticosterone After topical administration
Dexamethasone� Diagnostic intent
Ephedrine Accelerated clearance caused by increased 

hepatic blood flow and enzyme activity
Etomidate Direct suppression of adrenal function
Fluocinolone After topical administration
Thyroxine
Increased
Dessicated thyroid
Estrogens Increased binding capacity of globulin for 

up to 1 month
Fluorouracil Increased binding capacity
Glucocorticoids Inhibition of conversion
Halothane Increased release from liver
Insulin Increased release from liver
Levothyroxine Suppression of endogenous hormone; 

exogenous measured
Lithium Report of one patient suffering from pre-

sumed drug-induced thyrotoxicosis
Phenytoin
Propranolol Blockage of iodothyronine deiodination in 

hyperthyroid and euthyroid patients
Prostaglandins Direct effect
Tamoxifen

Thyroid
Thyrotropin

Drug Comment
Thyroid-releasing 

hormone (TRH)
Decreased
Aminosalicylic acid Prolonged administration may cause hypo-

thyroidism
Anabolic steroids Decreased binding to globulins
Androgens Decreased binding to globulins up to 

1 month per administration
Anticonvulsants
Asparaginase
Aspirin Displaces T4 from binding sites to 

 prealbumin
Barbiturates Competition for binding to prealbumin
Bromocriptine In hypothyroidism (response to TRH 

unchanged)
Carbamazepine Induction of hepatic enzymes; increased 

extrathyroidal metabolism
Chlorpromazine Increased metabolism by liver
Cholestyramine Decreased intestinal absorption
Glucocorticoids Up to 1 week after therapy
Diazepam Competition for transport proteins
Furosemide Displacement from binding sites and 

enhanced clearance
Growth hormone Inhibition of thyroid-stimulating hormone 

(TSH) response to TRH (?)
Heparin Modified binding to transport 

proteins (?)
Decreased synthesis (therapeutic)

Iodides�

Lithium Reduced thyroidal iodine updake, iodin-
ation of tyrosine, release of T4 , hepatic 
metabolism of T4 to T3

Methimazole � Therapeutic intent
Mitotane Competes with T4 for binding globulin
Penicillin Competes for binding globulin
Phenobarbital Induction of hepatic enzymes
Phenylbutazone Impaired synthesis, competition for bind-

ing to albumin
Phenytoin Displacement from binding proteins; 

induction of hepatic enzymes
Potassium iodide
Propylthiouracil Inhibits synthesis (iodination of tyrosine), 

therapeutic intent
Ranitidine Slight reduction
Salicylate Competition for transport proteins
Somatostatin Inhibition of TSH release (?)
Stanozolol
Sulfonamides�

Terbutaline Mild decrease
Triiodothyronine

*Table reflects serum or plasma values only and is based on information reported by Young (1990).11

†Reported in the veterinary literature.



101CHAPTER 4 Drug-Induced Diseases

or propylthiouracil-induced inhibition of thyroxine [T4]). 
More commonly, the effect is undesirable. Several examples 
of undesired, drug-induced physiologic changes in endocrine 
function have been documented in small animal patients. The 
example most documented in small animals are the effects 
of drugs, and particularly glucocorticoids, on the hypotha-
lamic–pituitary–adrenal axis. Interference with this axis can 
become clinically detrimental. Suppression of the adrenal 
axis by glucocorticoids is most marked after administration 
of depot (repositol) forms (e.g., those containing acetate 
esters).87 Interference has also, however, been documented 
after administration of a single dose of prednisolone or tri-
amcinolone; multiple doses of methylprednisolone;87 topical 
administration of triamcinolone;88 and ophthalmic adminis-
tration of prednisone.89 The impact of other steroids, includ-
ing dexamethasone and betamethasone, are discussed in 
Chapter 17.

Glucocorticoids are not the only drugs that interfere with 
the hypothalamic–pituitary-adrenal axis. The imidazole 
antifungal drug ketoconazole inhibits the cytochrome P450 
enzymes responsible for the synthesis of both sex and adrenal 
steroids.90 Suppression of testosterone and cortisol has been 
documented in dogs after oral administration of 10 mg/kg 
ketoconazole once daily.91 Hormone concentrations are low-
ered by day 1 and remain low at day 5. Progesterone concen-
trations increase as testosterone concentrations decrease. The 
magnitude of testosterone inhibition by ketoconazole appar-
ently resolves, with testosterone concentrations being less 
predictable 1 month after therapy was started. The inhibitory 
effect of ketoconazole on testosterone and adrenal steroids 
has been used therapeutically in the treatment of prostatic 

cancer and benign prostatic hypertrophy and hyperadreno-
corticism, respectively. The newer imidazole antifungal drugs 
do not appear to inhibit steroid synthesis as effectively as 
ketoconazole.

Drug interference with evaluation of the thyroid axis is also 
important because of the prevalence of thyroid dysfunction in 
small animals. Several drugs, targeting various sites, interfere 
with thyroid function testing (see Table 4-6).92 Thyroid-stim-
ulating hormone (TSH) response to thyroid-releasing hor-
mone (TRH) is altered by a number of drugs that modulate 
neurotransmitter (e.g., serotonin, dopamine) concentrations 
in the brain. Glucocorticoid suppression of TSH response to 
TRH has been well documented. Higher doses appear to sup-
press hypophyseal inhibition of TSH, whereas low doses inter-
fere with the hypothalamic response.92 Note, however, that 
interference of the thyroid axis by glucocorticoids does not 
preclude simultaneous testing of the thyroid and adrenal axes 
in healthy dogs.93,94 Antithyroid drugs such as propylthioura-
cil and methimazole are used therapeutically to block thyroid 
hormone synthesis; their mechanism occurs, at least in part, at 
the level of transcription.95

The effects of iodide- and iodine-containing products 
(including radiographic contrast agents) on thyroid hormone 
concentrations are well recognized and used therapeutically. 
Through hypothalamic regulation, iodines cause a rapid 
increase in TSH response to TRH as T4 and triiodothyronine 
(T3) concentrations decrease. Sulfonamides can have a pro-
found effect on thyroid function.96 Among the potential mech-
anisms, direct interference with the  conversion of inorganic 
iodide to diiodotyrosine and thyroxine was demonstrated 
as early as 1943.97 Decreased concentrations of peripheral 

Table 4-6  Drug-Induced Physiologic Changes in the Adrenocortical and Thryoid Axes*—Cont’d

Drug Comment Drug Comment

Triiodothyronine  (Thyronine)
Increased
Estrogens Increased binding capacity to transport 

proteins
Fluorouracil Increased binding capacity to transport 

proteins
Heparin Interference with binding to protein
Insulin 45 minutes after injection; release from 

liver
Phenytoin
Prostaglandins
Tamoxifen
Terbutaline
TRH Percentage of free T3 unchanged
L-Thyroxine
Triiodothyronine
Decreased
Androgens Decreased binding capacity (diminution 

of transport proteins)

Anticonvulsants
Asparaginase
Aspirin
Carbamazepine Increased extrathyroidal 

metabolism
Cimetidine Reduced response to TRH
Furosemide
Glucocorticoids Inhibition of conversion
Iodides Inhibition of conversion
Lithium See under Thyroxine
Phenytoin See under Thyroxine
Potassium iodide
Propranolol Membrane stabilization (see under 

 Thyroxine)
Propylthiouracil
Salicylate See under Thyroxine
Somatostatin See under Thyroxine
Stanozolol See under Thyroxine
Sulfonamides†

TRH, Thyroid-releasing hormone.
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hormones are associated with follicular cell hypertrophy and 
hyperplasia and with decreased colloid formation. Changes 
are profound in as early as 21 days yet resolve within 3 weeks 
after therapy is discontinued. These effects occur at high doses 
that might be used for difficult-to-treat, yet presumably sus-
ceptible, higher bacterial or protozoal infections (>60 mg/
kg per day but may also occur at lower doses). The effects of 
sulfonamide NSAIDs and the anticonvulsant zonisamide on 
thyroid gland function are discussed in Chapters 29 and 27, 
respectively.

The effects of non-sulfonamide anticonvulsant drugs, espe-
cially phenobarbital and phenytoin, on thyroid hormone dis-
position are less appreciated. Several sites of interference have 
been identified for anticonvulsant drugs (see Chapter 27).

Hematologic
As with any drug-induced disorder, the lack of universally 
standardized definitions of what constitutes an adverse 
reaction complicates recognition of hematologic disorders 
induced by drugs. The criteria for drug-induced hemato-
logic disorders have been described for humans and are 
based on cell count, assessment of time to onset after drug 
exposure and time to resolution of signs after the drug has 
been discontinued, and the course of the reaction.98 Drug-
induced hematologic dyscrasias may reflect a bone marrow 
response or an effect on peripheral tissues, including blood 
components (Table 4-7). Bone marrow suppression can 
result in pancytopenia or affect only a single cell line (i.e., 
anemia, leukopenia, or thrombocytopenia).99 Both direct 
bone marrow suppression and toxicity to mature circulating 
cells may occur.

Bone marrow and peripheral cells are susceptible to both 
drugs and their metabolites; reactions may have an immu-
nologic or nonimmunologic basis. Although drug allergies 
are a well-recognized cause of damage to stem cells of the 
bone marrow, many drugs are directly toxic. Discerning an 
immunologic basis can be difficult, however, if the antibod-
ies involved have not been identified. Drugs most commonly 
associated with nonimmune-mediated bone marrow suppres-
sion include most cancer chemotherapeutic agents because 
of their predictable effects on DNA and cell division. Other 
drugs associated with nonimmune-mediated bone marrow 
dyscrasias include phenylbutazone, estrogen derivatives, and 
chloramphenicol.

Phenobarbital has caused leukopenia and other hemato-
logic disorders when used to treat epilepsy; white cell counts 
normalize once the drug is discontinued. Whether or not this 
is an immune-mediated reaction is not clear, but its lack of 
dose dependency suggests a Type B reaction (See Chapter 27).

Drugs that affect blood components and the manifesta-
tions of anemia include all NSAIDs but particularly aspirin 
(reflecting inhibition of platelet activity), anticoagulants such 
as warfarin derivatives, and heparin (these generally reflect 
a relative overdose). Red blood cell malfunction may occur 
as a result of methemoglobinemia in cats (Figures 4-9 and 
4-10). Although acetaminophen clearly causes hepatotoxicity, 
the feline red blood cell is more sensitive to the presence of 

radical metabolites compared with the feline liver. Several rea-
sons have been suggested for an apparent increased sensitivity 
of feline red blood cells to methemoglobin formation: feline 
hemoglobin may be more sensitive to oxidation; feline eryth-
rocytes may contain lower concentrations of intracellular glu-
tathione; the proportion of subtypes of hemoglobin may differ; 
and, finally, feline hemoglobin may contain more sulfhydryl 
groups, which are reactive, than that of other species. Drugs 
associated with methemoglobinemia in cats include urinary 
antiseptics containing methylene blue or azodyes, acetamino-
phen and related compounds, benzocaine, DL-methionine, 
propylthiouracil, and methimazole.

Ivermectin was associated with a prolonged prothrombin 
time and hematomas in humans after a single oral dose, pre-
sumably because of a drug-induced vitamin K deficiency.100

Human recombinant erythropoietin and granulopoietin 
have been used to treat anemias associated with chronic renal 
disease and leukopenia induced by disease (e.g., parvovirus) 
or drugs (e.g., anticancer drugs) in dogs and cats. Unfortu-
nately, these proteins are foreign, and antibodies may develop 
after 10 to 14 days, destroying not only the exogenous drug but 
also endogenous factors.

Drug-induced hematologic disorders have been described 
in the human critical care patient.101 Among the challenges 

Table 4-7  Examples of Drugs Associated with 
Hematologic Disturbances

Drug Manifestation

Acetaminophen Methemoglobinemia (especially 
in cats)

Anticancer drugs Bone marrow suppression*
Azo dye (urinary antiseptics) Methemoglobinemia (cats)
Benzocaine (and related 

drugs)
Methemoglobinemia (cats)

Chloramphenicol Bone marrow suppression*
Cimetidine Thrombocytopenia
Coumarin derivatives Coagulation dysfunction
Erythropoietin (human 

recombinant)
Anemia

Estrogens Bone marrow suppression*
Griseofulvin Bone marrow suppression*
Heparin Thrombocytopenia, platelet 

dysfunction, coagulation 
dysfunction

Methimazole Methemoglobinemia
Methylene blue Methemoglobinemia (cats)
NSAIDs Platelet dysfunction
Phenobarbital Neutropenia
Phenylbutazone Bone marrow suppression*
Propylthiouracil Methemoglobinemia
Ranitidine Anemia

NSAIDS, Nonsteroidal antiinflammatory drugs.
*Bone marrow suppression might be manifested as anemia, leukopenia, thrombocyto-
penia, or any combination thereof.
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in the ICU setting is identifying the drug as the cause, and, 
in the patient receiving polypharmacy, which drug. It is not 
clear whether ICU patients are at any greater risk to develop 
these dyscrasias, but certainly they are at greater risk to react 
adversely should they occur. Bone marrow under produc-
tion is manifested as pancytopenia if the pluripotential cell 
is targeted or monocytopenia if a single hematopoietic cell 
is targeted. Neutropenia can be manifested within hours (7 
to 10), thrombocytopenia in days, and anemia generally in 
weeks unless exacerbated by hemolysis. Bone marrow aplasia 
has been associated with chloramphenicol, felbamate, sulfon-
amides, and NSAIDs. If the effect is direct, clinical signs may 
resolve once the drug is discontinued, unless the effect is irre-
versible (e.g., selected chloramphenical reactions in humans). 
If indirect, immunosuppressive doses of immunomodulators 
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Figure 4-9 Acetaminophen toxicity reflects a cytotoxic type A adverse reaction. Because cats are deficient in glucuronidation, 
phase II metabolism is easily overwhelmed, and drug is shunted more aggressively back into phase I metabolism. The same 
process occurs in dogs after an overdose. The products of phase I metabolism are reactive and cause destruction of tissues 
(liver and red blood cells). Glutathione, an important phase II oxygen-radical scavenger, prevents damage but is easily depleted 
in cats. Supplementation in the form of N-acetylcysteine can decrease damage. Cimetidine is useful because it decreases phase 
I metabolism and thus the formation of phase I metabolites.

Figure 4-10 Facial edema in a cat with acetaminophen toxico-
sis. The mucous membranes of this cat were cyanotic.
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may be indicated. Myelodysplasia as a prelude to acute 
myelogenous leukemia is associated with high doses or long 
durations of alkylating or topoisomerase-inhibiting anticancer 
drugs. Macrocytosis has been associated with drugs that nega-
tively affect metabolic compounds needed for DNA synthesis. 
Examples include cobalamine, whose absorption is inhibited 
by neomycin, proton pump blockers, and bifuanide hypo-
glycemic agents, or folate, whose metabolism is inhibited by 
methotrexate, phenytoin, and trimethoprim. Drugs that alter 
the nucleotide pool may cause megablastosis (e.g., hydroxy-
urea, methotrexate, azathioprine, purine nucleoside analogs). 
Enzyme deficiencies (thiopurine methytransferase) and drug-
induced erythropoietin deficiencies (e.g., cisplatin) also have 
been reported. Cytopenias resulting from direct effects on 
cells have been reported. Examples include penicillin-induced 
thrombocytopenia. Heparin-induced thrombocytopenia 
reflects binding to PF4 immunoglobulin and subsequent acti-
vation of platelets; the risk is lower with low-molecular-weight 
heparins. Thrombotic microangiopathies (thrombotic throm-
bocytopenia purpura) has been associated with the antiplate-
let agents clopidogrel or ticlopidine and anticancer drugs 
(mitomycin-C).101

Respiratory System
Although compounds toxic to the lungs occasionally arrive by 
hematogenous routes, most pulmonary toxicities result from 
direct exposure of the respiratory tract through the nasopha-
ryngeal or oropharyngeal airways and subsequently the tra-
cheobronchial tract and alveoli.15 Gaseous and particulate 
toxicants are most common. The airways may also serve as a 
means of systemic exposure if the toxicant is effectively and 
rapidly absorbed by the respiratory mucosa. Particulate matter 
that impacts the airways (generally 5 to 10 μm in size for the 
tracheobronchial tree and less than 5 μm in size for alveoli) 
can become trapped in the airways.

The mucociliary apparatus may remove entrapped particu-
late matter before a toxic response occurs. Some chemicals, 
however, cause direct injury to upper airways (e.g., chlorine, 
ammonia, water-soluble gases, and chromium). Compounds 
depositing in the alveoli can be removed only by blood flow 
(if the compound is absorbed), biotransformation by Clara 
cells or type II alveolar cells (which contain cytochrome P450 
enzymes), or macrophages.

Pulmonary edema, manifested as an acute respiratory dis-
tress syndrome, is caused by severe exposure of the alveoli 
(in humans) to acute toxicants such as phosgene, chlorine, 
xylene, and nitrogen oxides. Because the lung is the shock 
organ in cats, type I allergic reactions may manifest as pri-
marily acute respiratory difficulties. Biotransformation in the 
lung, as in other tissues, may be a source of a toxic compound 
as an innocuous chemical is converted into a toxic one (e.g., 
paraquat, a herbicide metabolized by type II alveolar cells). 
Macrophage clearance may reflect phagocytosis; macro-
phage death is accompanied by the release of inflammatory 
mediators that can damage surrounding cells and contribute 
to the toxic effects of a drug. Compounds that cause pulmo-
nary injury in humans as a consequence of the inflammatory 

response include asbestos, beryllium, coal dust, silica, and 
tungsten.15

AVOIDING ADVERSE DRUG EVENTS

Recommendations for avoiding specific toxicities have been 
given or are described in specific chapters for some of the 
described drugs. Appendix 5 offers antidotes for many drugs. 
The incidence of ADEs in general, and ADRs in particular, may 
be reduced by several proactive actions (Box 4-6), with client 
education playing an important role. Type B reactions are dif-
ficult to avoid because they are unpredictable. An awareness of 
potential toxicities will make them less likely. Frequent patient 
monitoring during therapy is the best means of reducing type 
B adverse reactions.

REPORTING ADVERSE DRUG EVENTS

Reporting ADEs is complicated by the difficulty in identify-
ing them. In human medicine, methods have been defined 
whereby the causal relationship between a suspected reac-
tion and a suspected drug can be assessed. None is univer-
sally accepted, but each includes some or all of the following 
criteria: the time between the administration of the drug and 
the onset of the reaction or the cessation of the drug and reso-
lution of clinical signs; the course of the reaction, which may 
vary if the drug is continued or interrupted; the role of the 
drug and underlying disease being treated as a cause of the 
reaction; response to readministration of the drug; results of 

Actions to Take to Reduce the Risk of Adverse 
Drug Events

1.  Obtain a definitive diagnosis before treatment, including pre-
vious treatment with drugs known to be associated with type
B adverse drug events.

2.  Use proper drugs according to recommended protocols.
3.  Use alternative (less toxic) drugs when available.
4.  Thoroughly evaluate the patient before and during treatment

(e.g., physical examination and clinical pathology), with an
emphasis on target organs of toxicity. This includes imple-
mentation of relevant testing that might identify a genetic
predisposition to adversity.

5.  Modify dosing regimens when appropriate.
6.  Evaluate the responses to therapy and discontinue therapy if

therapeutic effects are not evident.
7.  Frequently monitor the patient for remission of clinical signs

and discontinue therapy as early as possible.
8.  Minimize multiple drug therapy and use of drugs known to

cause drug interactions. This includes avoiding, when pos-
sible, drugs metabolized by the liver or other organs.

9.  Alternate administration times for patients receiving multiple
drug therapy, thus reducing the potential for drug interactions.

 10.  Educate the client regarding potential toxicity of a drug and
the clinical signs associated with its use.

 11.  Report adverse events. 

Box 4-6
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laboratory tests; and the history of previous administration of 
the drug.98

Reporting of ADEs to the Center for Veterinary Medicine 
(CVM) of the FDA has markedly increased from 4000 in 1997 
to nearly 25,000 a year in the past several years. The increase 
probably reflects, in part, the increased visibility of the CVM 
reporting program that accompanied improvements in the 
collection, analysis, and reporting of the adverse events.25,102 
Several avenues are available for reporting an ADE. The ani-
mal pharmaceutical company can be directly informed by 
calling the Medical Affairs officer; by law, these ADEs must 
be reported to the CVM. The sequelae of reporting an ani-
mal adverse event to a human drug is not clear, but manda-
tory reporting is probably unlikely. In such situations the 
second route should be pursued: the CVM. The CVM pro-
vides directions for reporting ADEs. The form (FORM FDA 
1932a, “Veterinary Adverse Experience, Lack of Effectiveness 
or Product Defect Report”) can be downloaded or printed 
from http://www.fda.gov/cvm/adereporting.htm or by writ-
ing to the following address: ADE Reporting System, Center 
for Veterinary Medicine, U.S. Food & Drug Administration, 
7500 Standish Place, Rockville, MD 20855-2773. Reports also 
can be reported by telephone (1-888-FDA-VETS). On receipt 
of an ADE by the CVM, a six-part scoring system is used to 
evaluate each reaction. The system takes into account previ-
ous experience with the drug, alternative causes, timing of the 
event in the context of dosing, overdosing, and response to 
drug removal or rechallenge if available.25 Recently, the CVM’s 
approach to assessing a potential ADE insofar as it’s likelihood 
to lead to label changes or market withdrawals has come under 
fire; methods of analysis may undergo reassessment, which 
will, it is to be hoped, further refine the assessment process 
and improve accuracy. Results of the ADE reporting program 
and analysis by the CVM can be reviewed for each drug at 
the previously cited website. A third alternative to ADE 
reporting may be the Animal Poison Control Center (APCC) 
affiliated with the Animal Society for Prevention of Cruelty 
to Animals (ASPCA) (www.aspcsaapcc.org). The latter orga-
nization should be contacted by telephone (888-426-4435) if 
immediate support is desired for identification and treatment 
of a potential ADE that may prove life threatening to the ani-
mal. Support is likely to entail a $50 consultation fee. Adverse 
events to animal biologics (vaccines, bacterins, and diagnos-
tic kits) are not handled by the FDA but instead by the U.S. 
Department of Agriculture (800-752-6255), whereas adverse 
events to pesticides (topically applied external parasiticides) 
should be reported to the U.S. Environmental Protection 
Agency (800-858-PEST). Links to these agencies are available 
at the FDA website.

ADVERSE EVENTS TO HERBS AND 
BOTANICALS

Herbal or botanical products, more so than “dietary supple-
ments” of animal origin, may be unsafe for several reasons. 
Adverse events are more likely when products are used 
in excess. Five broad classes of active chemicals exist in  

plants: volatile oils (e.g., catnip, garlic, citrus), fixed oils, res-
ins, alkaloids, and glycosides. Of these, fixed oils, often used as 
emollients, demulcents, and bases for other agents, are among 
the least toxic. Resins can be strong gastrointestinal irritants. 
Alkaloids are among the most pharmacologically active plant 
chemicals and include a wide range of potentially harmful 
products. The risk of adverse effects to herbs is increased by 
the presence of many active ingredients in the same plant (see 
the discussion of drug interactions in Chapter 2). Indeed, 
herbalists often used unpurified plant extracts because of the 
possibility that different chemicals might interact synergisti-
cally. The amount of active ingredients may vary dramatically 
with the portion of the plant (i.e., leaf, flower, stem, root, seed) 
administered, thus influencing safety. Whereas one portion of 
the plant might be safe, another portion might not be. Herbal-
ists often administer the whole plant in the belief that, in con-
trast to the purified extract, toxicity is reduced by a buffering 
effect of the whole herb. During growth of the plant, environ-
mental contaminants may become unintended residues dur-
ing the manufacturing process. Microorganisms, including 
bacteria, fungi, and molds, can either directly contaminate 
the product or produce contaminating toxins. Bacterial con-
tamination is more likely with root products as opposed to 
flower or leaf products. Heavy metals such as lead, cadmium, 
or mercury increasingly are contaminating plants exposed to 
environmental pollutants. Further, unless the herbal products 
are grown organically, insecticides and pesticides may con-
taminate them. Factors during production and storage, such 
as storage length and conditions, can alter herbal potency and 
quality. Finally, herbal products might be supplemented with 
active ingredients (often referred to by the herbal or botanical 
name or simply not labeled) such as ephedrine, caffeine, or 
fenfluramine (the latter ingredient being one of the two ingre-
dients in the notorious Fen-phen dietary supplements).

The lack of quality control in labeling of herbals, botani-
cals, or other novel ingredients (e.g., “nutraceuticals”) may 
contribute to the advent of adverse effects with these prod-
ucts.103 Many herbal products are not labeled with the con-
centration per dosing unit of the ingredient of interest. Those 
that do may contain more or less than the labeled dose, pre-
senting a risk of overdosing or underdosing. Manufacturers 
may improperly identify plants. Even if properly identified, 
the consumer may have difficulty in identifying a product as 
potentially dangerous because an herbal name often is used 
in place of the more easily recognized chemical name (e.g., 
guarana for caffeine or ma huang for ephedrine). Further, 
an herbal agent may be referred to by many different names. 
The FDA has become more proactive in directing manufac-
turers to list generic drug names instead of or in addition to 

KEY POINT 4-3 The risk of an adverse drug effect with dietary 
supplements is increased by unsupervised client use; the 
lack of mandated premarket approval or premarket assess-
ment of quality, safety, and efficacy; the inherent properties 
of herbal products; and the lack of an effective postmarket 
surveillance program.
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herbal names. Proposed sources of quality assurance data for 
animal dietary supplements include the manufacturer of the 
product; the Association of American Feed Control Officials; 
the National Animal Supplement Council; laboratories such 
as Consumer Lab (www.consumerlab.com); the United States 
Pharmacopeia (USP) dietary supplement verification program 
(http://www.usp.org/USPVerified/dietarySupplements); the 
American Herbal Pharmacopeia (http://www.herbal-ahp.org), 
which offers the Botanical Safety Handbook and Herbs of 
Commerce; and Consumer Laboratories, a for-profit orga-
nization that provides quality assessment for a fee. However, 
much of its work is also independent, supported by income 
generated through its website. For approximately $30 per year, 
this site provides results of quality testing for a variety of prod-
ucts. Although most of the products are marketed for humans, 
several veterinary products recently have been evaluated for 
quality.

A number of other herbs have been associated with adverse 
effects (Table 4-8). This list is far from inclusive, in part 
because an effective adverse event reporting system is lacking 

in either human or veterinary medicine. Although infre-
quently reported, adverse events have occurred in veterinary 
patients receiving novel ingredients. The ASPCA APCC pub-
lished a report of adverse reactions in 47 dogs that ingested 
a popular weight loss dietary supplement containing guarana 
(caffeine) and ma huang (ephedrine); 17% of the dogs died 
after the appearance of clinical signs associated with central 
and cardioactive compounds.

Although mechanisms for reporting adverse events in 
human or veterinary medicine toward herbal or botani-
cal products currently are limited, effective mechanisms are 
evolving. Among the FDA’s postmarket responsibilities toward 
(human) dietary supplements is the monitoring of product 
safety. Note, however, that the FDA may remove a potentially 
dangerous supplement only when and if the product presents 
an ‘‘imminent hazard to public health or safety.’’ The burden of 
proof is on the FDA, not (as with drugs) on the manufacturer. 
The FDA recently implemented the Adverse Events Report-
ing System (AERS) to be used as a monitoring tool for dietary 
supplements as well as other medicinal products. Adverse 
events also can be reported for human products through the 
FDA’s MedWatch program. Some recent FDA actions taken to 
address the safety of dietary supplements can be reviewed at 
www.consumerlab.com, at the FDA’s Medwatch program, or 
the FDA’s Center for Drug Evaluation and Research (CDER). 
Unfortunately, the current FDA sites for reporting adverse 
events to dietary supplements do not pertain to veterinary 
products. Reporting to the APCC may continue to be the most 
effective means of reporting adverse reactions of animals to 
medicinal agents, particularly those for which a designated 
watchdog does not exist (e.g., unapproved products), in part 
because of the APCC’s ability to analyze and quickly report 
important trends.

ADVERSE EVENTS TO COMPOUNDED 
PREPARATIONS

Quality compounding is critically important to the safe and 
effective administration of drugs to animals, particularly the 
very small and very large. The role of compounding in small 
animal medicine was recently reviewed.104 Compounding of 
animal drugs is specifically legalized by the Animal Medicinal 
Drug Use Clarification Act (AMDUCA; 21 C.F.R Section 530) 
(See Appendix 5). However, compounding must be imple-
mented in accordance with the relevant provisions of extral-
abel drug use. According to the FDA, legal sources of drugs to 
be compounded are limited to FDA-approved finished forms 
of either animal or human drugs; the FDA makes no distinc-
tion as to which (animal versus human) is the preferred source 
for companion animal compounding. Because no other source 
is legalized, all other sources are considered by the FDA to be 
illegal, including bulk substances (e.g., pure powder) or non–
FDA-approved finished drug products obtained outside of the 
United States. However, formulation of selected compounded 
prepartions is likely to be easier, yielding a better product, if 
prepared from pure active ingredient (i.e., bulk). The risk of 
supporting compounding from bulk includes the temptation 

Table 4-8  Examples of Therapeutic Herbs 
or Botanicals Associated with 
Adversities*

Ginkgo biloba Bleeding, altered platelet function
St. John’s wort Gastrointestinal disturbances, allergic 

reactions, fatigue, dizziness, confu-
sion, dry mouth, photosensitivity

Serotonin syndrome (when combined 
with other similarly acting drugs)

Ephedra (ma huang) Hypertension, insomnia, arrhythmia, 
nervousness, tremor, headache, 
seizure, cerebrovascular event, 
 myocardial infarction, kidney stones

Kava Sedation, oral and lingual dyskinesia, 
torticollis, oculogyric crisis, exacer-
bation of Parkinson’s disease, painful 
twisting movements of the trunk, 
rash

Aconitine Cardiotoxic
Garlic Altered platelet function
Ginger Altered platelet function, tachycardia 

and/or hypertension
Ginseng Altered platelet function
Feverfew Altered platelet function
Echinacea Hepatotoxicity
Valerian Hepatotoxicity
Goldenseal root Electrolyte disturbance
Licorice Electrolyte disturbance
S-adenosylmethionine Serotonin syndrome (when admin-

istered in combination with other 
similarly acting drugs)

*Many herbs or botanicals are associated with adversities. The use of various herbal names 
for each product may preclude detection of adversity. The lack of an effective adverse event 
reporting system hinders detection and reporting of adversities involving herbs.
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to manufacture, rather than compound. Compounding, par-
ticularly for products that mimic a commercially available 
drug, serves as a major disincentive for manufacturers of ani-
mal drugs to pursue the approval process. Further, whereas 
approved animal or human drugs have undergone rigorous, 
scientific testing to ensure drug safety and efficacy for the 
patient, compounded products have not. Although pharma-
cists are directed to compound from written protocols and 
maintain written records of compounding activities, pharma-
cists are not currently required to ensure accuracy in product 
preparation, including product stability. Although a reputable 
pharmacy may randomly check accuracy of selected drugs, 
this act currently is voluntary and will be limited to selected 
drugs and aliquots. Although guidelines exist for establishing 
expiration dates of compounded products, dates are not nec-
essarily based on scientific data. The United States Pharmaco-
peia has published a Pharmacist’s Pharmacopeia. Further, the 
Pharmaceutical Compounding Accreditation Board (PCAB) 
has recently implemented a robust accreditation program. 
Adherence to its guidelines will minimize the risk of adverse 
reactions associated with compounded products (see www.
pcab.org). 

The risks associated with failed delivery (too much or too 
little) of a compounded product are added to risks associated 
with the approved finished dosing form of a drug. Adverse 
events associated with compounded products should be 
reported to either the (veterinary) pharmaceutical manufac-
turer or the FDA; if reported to a veterinary manufacturer, 
the manufacturer is required by law to forward the report to 
the FDA, although whether this is true for a modified finished 
dosing form is not clear. Adverse events associated with com-
pounded products may occur at the pharmaceutical phase 
(during preparation) or, largely because of failed absorption, 
at the pharmacokinetic phase. The more sophisticated the 
preparation, the more likely it is that adverse events will occur 
because of diminished or excessive drug delivery.

Ingredient Errors
Compounding from bulk substances is easier than from 
approved finished dosing forms because excipients or other 
materials do not interfere with product preparations. Further, 
excipients in the finished dosing form will not interfere with 
dissolution of the drug in the vehicle. However, the use of an 
approved finished dosing form of a drug for compounding 
offers a major advantage to use of a bulk substance in that the 
approved drug has passed stringent tests of analysis regard-
ing drug purity and potency and the absence of contaminants. 
As such, products formed from bulk substances are associated 
with greater risks compared with products compounded from 
approved drugs. In contrast, for bulk substances the burden 
of purity and accuracy lies with the pharmacist, and there is 

no mechanism to ensure that this burden has been met. All 
products, active ingredient or excipients (fillers, preservatives, 
etc.), domestic or foreign, should either meet USP or equiva-
lent standards or be purchased after FDA inspection. Drugs 
that are still under U.S. patents are often obtained in this man-
ner. Bulk substances will be accompanied by a credible certifi-
cate of analysis. The need for validation of ingredient sources 
(including all active and inactive substances) is paramount as 
inexpensive bulk substances increasingly are being acquired 
from uninspected foreign (particularly Asian) sources.

The active drug in a compounded product might also be 
substituted for an alternative drug; the substituted drug may 
not have the same pharmacokinetic or pharmacodynamic 
characteristics (discussed in more detail in the next section). 
Veterinarians should indicate on prescriptions that unap-
proved substitutions are not acceptable for compounded 
products.

Mathematical Errors
Mathematical errors are probably the most common and 
potentially the most lethal reason for pharmaceutical com-
pounding errors. Compounding is vulnerable to mathematical 
mistakes because of its very nature (prescription driven, small 
volumes) and because much of the equipment and technol-
ogy that facilitate accuracy and precision of finished dosing 
forms are not (or should not be) used during compounding. In 
addition to the source of the ingredient being potentially prob-
lematic, pharmacists may substitute drugs without acquiring 
clinician permission. Mathematical errors may also reflect 
substitution of the active ingredient. For example, the active 
drug content may differ, as is demonstrated by metronidazole. 
The recipe for metronidazole benzoate should contain 1.6 mg 
for each 1 mg of metronidazole hydrochloride (or the dose 
must be similarly increased). Bromide offers another example: 
1 g of the sodium bromide contains more bromide (774 mg) 
than the potassium salt (692 mg).

Preparation and Storage Errors
Chemical reactions (oxidation, reduction, hydrolysis) are facil-
itated by changes in humidity, light, pH, presence of oxidiz-
ing trace metals, and increasing environmental temperature. 
Excipients may enhance instability as a result of changes in pH 
or the presence of disintegrating agents. Degradation prod-
ucts (drugs or excipients) can cause adverse events. Excipients 
that are critical to the finished dosing form increase the risk of 
instability in product compounded from an approved source. 
Whereas approved products undergo intensive scrutiny with 
regard to stability and potency, compounded products do not; 
recipes for compounded preparations rarely are associated 
with studies that ensure stability or delineate conditions for 
storage.

Simple syrups (which tend to be acidic), preservatives, 
combination drugs, or other ingredients can alter drug pH 
and thus ionization (diffusibility) or stability. The more drugs 
mixed together in a single preparation, the greater the risk 
of chemical drug interactions. For example, weak acids and 
weak bases are likely to chemically inactivate one another. 

KEY POINT 4-4 The risk of an adverse drug effect with com-
pounded products is increased by the existence of regula-
tory oversight and can be minimized by prescribing only 
through pharmacies accredited by PCAB.
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Interactions may occur among the drugs or excipients. As an 
example, only 54% of a fluorinated quinolone (orbifloxacin) 
was found to be present when prepared in Lixotinic as a vehi-
cle compared with simpler syrups.

Particle Size
Compounding from approved drugs (legal) is more difficult 
than from bulk drugs (illegal) because excipients are more 
likely to result in undissolved macroscopic or microscopic 
precipitates that indicate undissolved and thus nondiffusible 
ineffective drug. Sedimentation of undissolved particles may 
result in caking at the bottom of the drug receptacle; difficulty 
in shaking or rapid sedimentation (common) after shaking can 
result in erratic and unpredictable doses. Crushing of any oral 
tablet may result in unequal particle sizes in the preparation, 
which in turn will yield different surface areas and different 
rates of absorption. Fine crushing of the product such that it is 
no longer a suspension increases the concentration of soluble 
excipient; chemicals, including those added to the finished 
dosing form to facilitate degradation, can cause drug insta-
bility. Crushing an oral tablet for preparation in a syrup may 
also lead to unequal distribution of dissolved drug in the fin-
ished preparation, and mixing the drug such that it is equally 
distributed throughout the preparation may not be possible. 
Repackaging oral tablets or capsules into smaller dosing units 
may also affect drug efficacy. Diluents such as starch and dex-
trose might impede oral absorption. Preparation of an oral 
formulation from an injectable solution to enhance accuracy 
of dosing is more likely to be inappropriate if the drug salt is 
different between the preparations. If the injectable product 
is presented in powder form, the drug is likely to be unstable 
in liquids and may be destroyed when added to liquid (oral 
solutions). The addition of flavoring agents to oral products 
may increase drug instability because of changes in pH or the 
increased risk of microbial growth (e.g., as with syrups).

Because selected commercial oral preparations have been 
formulated to alter (slow or facilitate) drug delivery, reformu-
lation of such products is discouraged. Compounding altered 
release products from bulk substances requires sophisticated 
techniques not generally available through pharmacists. 
Enteric-coated or spansule products should not be crushed. 
Although spansule products might be reformulated without 
crushing, the amount of drug in each spansule is not neces-
sarily predictable, and random distribution of drug content is 
likely to yield erratic dosing. Cyclosporine is a complex mole-
cule characterized by poor oral bioavailability; oral absorption 
requires bile acids or special formulation as a microemulsion 
product. As such, it is an example of a drug for which com-
pounding should be approached cautiously and be supported 
by therapeutic drug monitoring. In the author’s drug-moni-
toring laboratory, cyclosporine blood concentrations were not 
detectable (two different samples, 2 weeks apart) in one cat 
receiving a product compounded from an approved micro-
emulsion human product. In keeping with recommendations 
that the unadulterated animal-approved version be used at the 
same dose, concentrations expected at the administered dose 
were detected within 1 week of the change in drug product.

Injectable Products
Administration of injectable products is inherently associ-
ated with a higher level of risk compared with administra-
tion of topical or oral products because of more rapid drug 
delivery, risks associated with administration of suspensions 
rather than solutions, potential impact of impurities (includ-
ing endotoxin), and need for sterility. Actions taken to ensure 
sterility and removal of impurities may cause drug degrada-
tion. Endotoxin (which is essentially ubiquitous in the envi-
ronment) is difficult to remove. Without testing, its absence 
is impossible to document, yet its presence can be lethal. The 
USP has generated guidelines, and state laws generally delin-
eate regulations specifically for the compounding of injectable 
products. Veterinarians should be reluctant to prescribe com-
pounded injections, and when doing so, they must be confi-
dent that the compounding pharmacist follows these criteria.

Topical Products
Although administration of topical products generally is asso-
ciated with fewer risks compared with administration of sys-
temic products (the exception is ophthalmic products, which 
also should be sterile), compounding the proper product can 
be challenging. The USP has promulgated guidelines for the 
compounding of topical ingredients, including guidelines 
designed to ensure drug dissolution and drug movement from 
the vehicle into the skin. For example, solid ingredients should 
be reduced to the smallest reasonable particle size, and the 
active ingredient should then be added to other substances 
necessary to dissolve the drug so that a uniform liquid or solid 
dispersion is achieved. Uniformity of dispersion should be 
demonstrated by spreading a thin film of the finished formula-
tion on a flat transparent surface. Visual examination of a com-
pounded product should be implemented to identify obvious 
problems with dissolution and so on. Care must be taken to 
ensure that ingredients are not caustic, irritating, or allergenic. 
Vehicle selection can be quite difficult: undissolved drug can-
not pass into the skin; drug that has too great an affinity for the 
vehicle will remain in the vehicle. Transdermal gels are exam-
ples of products in which particular care must be exercised.

Few published reports exist that delineate adverse events 
resulting from inappropriate compounding. Despite indica-
tions of frequent problems with compounded products, the 
FDA receives few reports regarding adverse events related to 
compounded products. This reflects, in part, the lack of man-
dated reporting of adverse events. However, it also reflects the 
difficulty in recognizing therapeutic failure resulting from 
failed delivery. The latter is likely to be detected only if the 
information is sought and the drug or response to the drug 
can be easily monitored. Numerous studies have focused on 
accuracy in labeling of compounded products, particularly 
in equine medicine. Products found to be mislabeled include 
omeprazole, ivermectin (both pirated drugs), ketoprofen (one 
product contained only 50% of the labeled content, whereas 
12 of 13 contained close to 100%), amikacin (the percentage 
of labeled content ranged from 59% to 140%; none was within 
10%), and boldenone (all within 15% of labeled content, but 
two of five contained up to 5% of impurities).
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DRUG EFFECTS ON CLINICAL 
LABORATORY TESTS

A drug-induced disease is often first suspected on the basis of 
an abnormality in a diagnostic test that cannot be easily attrib-
uted to a disease process. Many drugs cause changes in diag-
nostic tests but are not associated with disease. Confirming the 
cause-and-effect relationship between drug and abnormalities 
can be very difficult unless the drug can be discontinued and 
then readministered.

Drugs interfere with diagnostic tests either directly, at the 
level of the analytical procedure (in vitro), or by induction of a 
physiologic change in the patient (in vivo). Of the two levels of 
interference, it is likely that analytical interferences will occur 
regardless of the species from which the sample was collected. 
Thus interferences affecting analytical procedures are better 
documented in veterinary medicine because they generally 
can be extrapolated from human analytical testing. Mecha-
nisms of in vitro interference vary. Drugs that interfere with 
endocrine testing are described as adverse drug events of the 
endocrine system.

If analytical (in vitro) interference by a drug is suspected, 
the laboratory should be contacted and questioned. This is par-
ticularly important if the patient is receiving drugs structurally 
similar to the drug being tested. Cross-reactivity between the 
drug and the test can falsely increase test values. For example, 
therapeutic corticosteroids cross-react with endogenous cor-
ticosteroid hormones, although the percentage of cross-reac-
tivity varies with the assay and the drug. Some drugs cause 
cytotoxicity (e.g., aminoglycoside-induced nephrotoxicity); 
some stimulate changes without toxicity (e.g., glucocorticoid-
induced alkaline phosphatase); and others interfere with 
hormones. Drugs can interfere with diagnostic tests in many 
other ways. The American Association of Clinical Pathologists 
publishes a handbook that summarizes changes in clinical 
pathology that might be drug induced. Access to this text or 
its information may be possible by contacting the appropriate 
diagnostic laboratory.

Few studies focus on the impact of drugs on clinical labora-
tory tests. Examples include the impact of bromide (when used 
as an anticonvulsant) on chloride concentrations when flame 
ionization is used: the two cannot be distinguished when this 
method is used, and bromide, being present in much higher 
concentrations, will artifactually increase chloride. The impact 
of selected antimicrobials on urine glucose also has been doc-
umented in the dog. At 22 mg/kg, cephalexin caused false-
positive glucose in 50% of dogs at 6 hours and 33% of dogs at 
24 hours when using selected commercially available glucose 
strips (Chemstrips, Boeringer Ingelheim). A tablet test (Clinit-
est, Miles Inc.) indicated false-positive results in 100% of dogs 
(n=6) at 6 and 24 hours after administration of cephalexin at 
22 mg/kg; 50% of dogs receiving enrofloxacin at 5 mg/kg and 
100% receiving 10 mg/kg also yielded false-positive results.105 
Enrofloxacin also caused false negatives at concentrations as 
low as 20 μg/mL in urine spiked with dextrose at 0.5% and 
above.
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Chapter Outline

DRUGS AND INDICATIONS
IMPLEMENTATION

Number and Timing of Samples: One Versus Two, Peak 
Versus Trough

Other Considerations

INTERPRETATION
Information Needed for Therapeutic Drug Monitoring
Dose Modification with Kinetic Calculations
Dose Modification Without Kinetics (Proportional Adjustment)

SUMMARY

Therapeutic drug monitoring (TDM) is a tool for guiding the 
design of an effective and safe regimen for drug therapy in 
the individual patient. Monitoring can be used to confirm a 
plasma drug concentration (PDC) that is above or below the 
therapeutic range, thus minimizing the time that elapses before 
corrective measures can be implemented for the patient.1-3 
Knowledge of the principles of drug disposition (see Chapter 
1) and the factors that determine these principles in the indi-
vidual patient (see Chapter 2) facilitate an understanding of 
the use of and need for TDM.

Fixed dosing regimens are designed to generate PDCs 
within a therapeutic range—that is, achieve the desired effect 
without producing toxicity. Dosing regimens are based on 
the patient’s clinical response to the drug. Therapeutic suc-
cess is most likely to occur if doses are based on scientific 
studies performed in the target species intended to receive 
the drug for the intended reason. Marked interindividual 
variability has, however, been confirmed for many drugs4,5 
owing to physiologic (e.g., species, breed, age,6 gender), 
pathologic (e.g., renal, hepatic, cardiac diseases)7-10 or 
pharmacologic (i.e., drug interaction)5,7,11,12 effects. Pru-
dent clinicians modify dosing regimens when possible to 
compensate for the impact of some of these factors on drug 
disposition. However, the combined effects of these fac-
tors are often unpredictable. A trial-and-error approach to 
dose modification may be successful but is most appropriate 
when response to the drug can be easily measured. Examples 
include “to effect” drugs such as gas inhalants and ultrashort 
thiobarbiturate anesthetics, rapidly acting anticonvulsants 
such as diazepam, and lidocaine for the treatment of ventric-
ular arrhythmias. The trial-and-error approach also might be 
reasonable for illnesses that are not serious or do not require 
immediate resolution and for drugs characterized by large 
therapeutic windows, that are generally safe at high doses, 
However, trial-and-error modification can be inefficient and 
potentially dangerous when the drug response cannot be eas-
ily measured, the drug is characterized by a narrow margin of 
safety, or the patient’s life is threatened.

DRUGS AND INDICATIONS

TDM is not indicated for all drugs; rather, it is indicated 
when patient health is at risk (Box 5-1). Not all drugs can be 
monitored by TDM; certain criteria must be met (Box 5-2). 13 
Patient response to the drug must correlate with PDC. Drugs 
whose metabolites are active (e.g., diazepam) or for which one 
of two enantiomers compose a large proportion of the desired 
pharmacologic response generally cannot be monitored effec-
tively by measuring the parent drug.14 Rather, all active metab-
olites, the parent drug, or both or the pharmacologically active 
enantiomer should be measured. The drug must be measur-
able at concentrations within the targeted therapeutic range 
in a relatively small sample size, and analytic methods must 
be available to detect the drug rapidly, precisely and accurately 
in the target species.15 Methods must be specific for the drug 
of interest and able to differentiate it from other compounds. 
Prior to choosing a laboratory for monitoring purposes, the 
laboratory also should be queried regarding quality-control 
procedures to ensure that they are followed and assays used in 
animals have been validated for that species. Ideally, the labo-
ratory will participate in some type of external validation pro-
gram. Attention should be given to how the sample collected 
from the patient is handled. The cost of the analytic method 
must be reasonable. Drugs that meet these criteria and for 
which TDM has proved useful in veterinary medicine include, 
but are not limited to, selected anticonvulsants (phenobarbi-
tal, bromide, selected benzodiazepines zonisamide and leve-
tiracetum), antimicrobials (e.g., aminoglycosides-gentamicin, 
and amikacin); cardioactive drugs (digoxin, procainamide, 
lidocaine, and quinidine); theophylline, and cyclosporine 
(Table 5-1).

Monitoring may be most effective if either or both min-
imum (Cmin) and maximum (Cmax) ranges have been estab-
lished for the drug in the species and for the disease being 
treated.4 However, the importance of the therapeutic range 
should not be overestimated. Although not “normals,” thera-
peutic ranges of drugs also are population statistics, based on 
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the PDC at which most patients (e.g., 95%) with the targeted 
disease might be expected to respond. However, although the 
therapeutic range offers a reasonable target for most animals, 
exactly where in the range the individual patient will respond 
is not known. It is this patient-specific concentration that is 
identified through monitoring—that is, monitoring estab-
lishes the therapeutic range for the individual patient. As such, 
it is indicated to establish the baseline response in a patient 
that has adequately responded to therapy. Note that some ani-
mals will respond at concentrations below or above an estab-
lished therapeutic range. However, dosing regimens need not 
necessarily be increased or decreased, respectively, for those 
patients unless the patient is put at risk for subtherapeutic fail-
ure or toxicity, respectively.

Therapeutic ranges do offer a target for drug therapy and 
are ideally based on well-controlled clinical trials in the tar-
get species. However, most recommended therapeutic ranges 
in animals have been extrapolated from those determined in 
humans. Although these ranges have proven useful, none-
the-less, studies confirming the applicability of these ranges 
to animals are warranted. Determination of these ranges can 
be facilitated if adequate patient information accompanies 
a patient sample submitted for monitoring (see Box 5-1).  
Procainamide is an example of a drug for which recom-
mended therapeutic ranges might differ between dogs and 
humans because of pharmacokinetic differences. Dogs do 
not produce the acetylated active metabolite as efficiently 
as humans; therefore procainamide concentrations should 
be higher in dogs than in humans. Primidone (rarely used 
currently) is an example in cats: its efficacy in dogs depends 
on conversion to phenobarbital, which does not happen to 
a significant degree in cats. Bromide offers another example 
of pharmacodynamic differences: whereas concentrations 
above 1.5 mg/mL might be considered toxic in people, they 

are in the low- to mid-therapeutic range in epileptic dogs. 
The therapeutic range for a drug also varies with the thera-
peutic intent (e.g., cyclosporine and perianal fistulas versus 
immunosuppression).

As with clinical pathology reference ranges, the range for 
a specific laboratory also may vary with the methodology, 
and specifically whether or not metabolites are detected by 
the methods. As such, the laboratory should be specifically 
queried regarding its therapeutic range for a particular assay. 
Assays that are based on antibodies (e.g., enzyme-linked 
immunosorbent assay [ELISA], radioimmunoassay [RIA], 
polarized immunofluorescence [PIFA]) may detect both the 
parent compound and those metabolites most chemically 
similar to it. Monoclonal antibody–based immunoassays are 
less likely to detect metabolites than polyclonal antibody-
based assays but nonetheless, may not be able to discrimi-
nate among very subtle changes in drug chemistry induced 
by metabolism. Therapeutic ranges for antibody-based assays 

When to Implement Monitoring
 (1)  “Start-up”: (a) Maintenance dose. Monitoring at baseline in 

a responding animal to establish the therapeutic range for the 
patient. (b) Loading dose maintenance dose combination 
(including a “mini” loading dose): a sample should be col-
lected after a loading dose has distributed (the day after loading 
bromide or within 2 hr after loading with phenobarbital) and 
at one half-life into the maintenance dose. If the two samples 
do not match, the maintenance dose should be proportionately 
adjusted. A steady state sample should be collected once steady 
state has been reached.

 (2)  “Check up”: Rechecks: to proactively ensure that effective 
concentrations are maintained and safe concentrations are not 
exceeded. The frequency varies with the seriousness of thera-
peutic failure or the risk of toxicity. Intervals of 6 to 12 months 
are generally recommended for the well-controlled patient and 
3 to 6 months for the poorly controlled patient. For immuno-
modulators, 3- to 6-month intervals for life-threatening disease.

 (3)  “What’s up”: (a) Establish a cause for therapeutic failure or 
to confirm toxicity. For patients that have not responded well 
to a new drug or a new dose, despite doses at the mid-to-high 
end of the recommended dosing range; or in previously well-
controlled patients that fail therapy or develop signs of adver-
sity. (b) Respond to changes in patient factors: progression 
or improvement of cardiac, renal, or hepatic disease; changes 
in clearance and, to a lesser degree, volume of distribution 
may change elimination half-life and thus peak or trough 
concentrations.(c) Detect drug-drug or drug-diet interac-
tions. Changes in diet or addition of drug that may interact: 
baseline concentrations should be reestablished before and 
after a change if there is a risk that the change in diet or drug 
therapies may alter the disposition of the drug of interest. For 
example, bromide should be measured before and at steady 
state after the administration of a new diet; phenobarbital 
should be monitored before and after beginning chloram-
phenicol or an imidazole antifungal, cyclosporine should be 
monitored before and after ketaconazole (or any imidazole) or 
azithromycin therapy is implemented, etc. 

Box 5-2
Drugs for Which TDM Is Most Useful
 1.  Serious toxicity (e.g., phenobarbital, cardiac drugs)
 2.  A poorly defined or difficult to detect clinical end point  

(e.g., anticonvulsants, behavior modifying drugs, immuno-
modulators)

 3.  A steep dose–response curve for which a small increase in 
dose can result in a marked increase in desired or undesired 
response (e.g., theophylline, phenobarbital for cats)

 4.  A narrow therapeutic range (e.g., most cardiac drugs)
 5.  Nonlinear pharmacokinetics that may lead to rapid accumu-

lation of drugs to toxic concentrations (e.g., phenytoin or, in 
cats, phenobarbital)

 6.  Combination drug use that may lead to undesirable adverse 
effects caused by drug interactions (e.g., enrofloxacin-induced 
theophylline toxicity or chloramphenicol-induced  or cloraz-
epate-induced phenobarbital toxicity)

 7.  Drugs for which therapeutic failure may lead to patient harm 
(e.g., anticonvulsants, cardiac drugs, antimicrobials)

 8.  A target therapeutic range (Cmax and /or Cmin) has been vali-
dated in the target species with the target drug 

Box 5-1
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Table 5-1  Selected Therapeutic Drug Monitoring Data for Drugs Monitored in Small Animals*

Drug Therapeutic Range* Half-Life
Time to 
Steady State Peak Trough Comments

Amikacin 2-25 μg/mL 1-2 hr NR 0.75-1 hr 2 HL (3-6 hr) Collect in or transfer to plastic; concentrations are 
likely to be nondetectable at true trough. Collect 
trough at 4 to 6 hr after peak for kinetics.

Amitryptyline 250-750 nmol/L (human)
Aspirin 50-100 μg/mL 8 hr (D)

38 hr (C)
NR
8 days

2-4 hr BND

Benzodiazepines 100-200 ng/mL <8 hr NR BND
Bromide (sodium or 

potassium)
1-3.5 mg/mL 14-21 days 2-3 days BND Bromide will interfere with many assays that measure 

chloride, causing false increases.
Carbamezepine 16-51 μmol/L Human data; includes epoxide metabolite, which 

contributes to efficacy. Relevance to animals 
questionable.

Carvedilol Trough above 100 ng/mL 0.3 to 4.3 (D) NR 2 hr BND Concentrations may be nondetectable at trough in 
some patients. A peak and trough might be initially 
collected to determine half-life and collection times 
for subsequent sampling.

Clomipramine 800-1600 mmol/L Human data; relevance to animals questionable.
Cyclosporine (CsA) Immunosuppression: 2 hr peak: 

800-1400 ng/mL
Immunosuppression: 12 hr trough: 

400-600 ng/mL
Inflammatory allergic disease: 

12 hr Trough: 250 ng/mL
Perianal fistula: 12 hr trough:  

100-600 ng/mL

3-8 hr NR 2 hr BND (12 hr) For atopy (and all other diseases), monitoring might be 
implemented once patient has responded to deter-
mine the range for that patient. Monitoring of peak 
and trough is particularly important in the presence 
of drugs that decrease or increase CsA metabolism or 
absorption.

Digoxin 0.8-2 ng/mL 36 hr (see 
 comments)

7 days Toxicity : 2 
(glass only)

Efficacy: BND Glass only. Do not use red rubber stopper. Marked 
variability in kinetics induced by disease and drug 
therapy indicates the need for both peak and trough 
concentrations such that a half-life can be calculated 
for this toxic drug.

Fluoxetine 350-3000 nmol/L Human data; relevance to animals questionable.
Gabapentin 14 to 50 μmol/L Human data; relevance to animals questionable. This 

is not an established range in humans but a range in 
which response appears to be reasonable.

Gentamicin 0.5-1.5 μg/mL
5-8 μg/mL

0.9-1.3 hr NR 0.75-1 hr 
(plastic only)

2 half-lives 
(3-6 hr) 

Collect in or transfer to plastic; concentrations are 
likely to be nondetectable at true trough. Collect 
trough at 4 to 6 hr after peak for kinetics.
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Levetiracetam 5.5-20 ng/mL 2-3.6 hr (regu-
lar release 
product)

NR 2 hr BND Peak and trough recommended initially to determine 
patient half-life; if single samples thereafter, trough 
concentration should target therapeutic range. Peak 
concentration may need to be four-fold to eight-fold 
higher than trough.

Methotrexate Less than 1 μmol/L
Phenobarbital 14-45 μg/mL 32-75 hr 14-16 days 4-5 hr BND Peak and trough recommended only in difficult-to-

control patients so that short half-life might be 
detected. Trough recommended as single sample.

Phenytoin 40 to 80 μmol/L Inactive cross-reacting metabolite may accumulate 
with renal disease and cause false increase.

Primidone Based on phenobarbital 32-75 hr 14-16 days 4-5 hr BND See information on phenobarbital.
Procainamide 25-50 μg/mL 2.9 hr NR 2-4 hr BND
Sirolimus 5-15 ng/mL Human data; relevance to animals questionable. This 

is not an established range in humans but a range in 
which response appears to be reasonable.

Theophylline 10-20 μg/mL 5.7 hr
7.9 hr NR

2 hr
2 hr

BND
BND

Thyroxine (T4) 1-3.5 μg/dL (12.9-45 nmol/L) (D)
1-4 μg/dL (12.9-51.5 nmol/L) (C)

12-15 hr (D) NR 4-6 hr BND

Free Thyroxine (fT4) 1-3.5 ng/dL (12.9-45 pmol/L) (D)
1-4 ng/dL (12.9-51.5 pmol/L) (C)

5-6 hr (D) NR 4-6 hr BND

Thyronine (T3) 0.5-1.8 ng/mL (D)
0.4-1.6 ng/mL (C)

5-6 hr NR

Zonisamide 10-40 μg/mL 16-65 hr 3-10 days 2 hr (D) BND Peak and trough recommended initially to determine 
patient half-life; if single samples thereafter, trough 
concentration should target therapeutic range.

BND, just before next dose; NR, not relevant; HL, Half-life (elimination or disappearance); D, *dog*; C, cat
*See also Chapter 27, Anticonvulsants. Serum separator tubes, in general, should not be used for therapeutic drug monitoring samples. Some human therapeutic ranges have not been applied to animals.
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generally are higher than those that detect only the parent 
compound. Which assay is preferred depends on the activ-
ity of the metabolites: if the metabolite is active, immunoas-
says may more accurately predict response compared with 
assays based on parent compound only. Cyclosporine, ben-
zodiazepines, procainamide, behavior modifying drugs, and 
beta blockers are examples of drugs that might have active 
metabolites.

The cost of monitoring will vary among drugs, depending 
in part on the methods used. An advantage of high-perfor-
mance liquid chromatography (HPLC) assays is their speci-
ficity for the target compound, and discrimination between 
parent compound and metabolites. However, assays based on 
HPLC tend to be more expensive because the methods are 
tedious, generally requiring very lengthy assay time, greater 
instrument and personnel dedication, and more sophisticated 
technology compared to that required for automated assays. 
Automated assays tend to more predictable, with quality 
assurance easier to achieve.

IMPLEMENTATION

Number and Timing of Samples: One Versus 
Two, Peak Versus Trough
Samples for monitoring generally are collected at peak (Cmax, 
highest PDC during a dosing interval), trough (Cmin, lowest, 
generally just before the next dose), or midway during the dos-
ing interval. The type of sample and the number of samples 
collected depend on the goal of monitoring and the amount of 
drug that is eliminated during a dosing interval—that is, the 
elimination half-life of the drug.

For drugs with a long half-life compared to the dosing 
interval, because drug concentrations will not fluctuate signif-
icantly during the interval, variability in drug concentrations 
may reflect instrument variability, rather than drug disposi-
tion. For such drugs (e.g., bromide and, in most patients, phe-
nobarbital or zonisamide), the timing of sample collection 
probably is not important and a single sample collected at any 
time is sufficient. However, a trough sample just before the 
next dose is almost always the lowest concentration that will 
occur with each dose, and as such is generally recommended if 
a minimum concentration must be maintained (e.g., anticon-
vulsants). In general, response to therapy and TDM should not 
be performed unless maintenance dosing has been sufficiently 
long for PDC to reach “steady state” (3 to 5 drug half-lives). 
An exception includes situations in which a loading dose has 
been administered (see below). If a loading dose is not given, 
the drug will accumulate (see Chapter 1) as steady state is 
reached (Figure 5-1). The time to steady state varies among 
drugs and for some drugs is quite variable among animals  
(see Table 5-1).

For drugs with very-long half-lives, the clinician may want 
to proactively assess the likelihood that the dose will result in 
targeted drug concentrations at steady state. Concentrations 
achieved after one half-life of dosing can be doubled to predict 
steady state concentrations. If predicted deviates substantially 
from target, the dose can be modified at that time, with a con-
firmatory check at steady state.

In contrast to drugs with a long half-life compared to the 
dosing interval, if the drug elimination half-life is sufficiently 
smaller than the interval such that peak and trough concen-
trations fluctuate by 25% or more, both timing and number 
of samples should be based on the intent of monitoring. For 
example, if toxicity is a concern, a single concentration might 
be sufficient and a peak concentration (generally 2 hr post 
oral dosing) is preferred. In contrast, if efficacy throughout a 
dosing interval is the priority, a single sample might be suf-
ficient, but a trough sample might be preferred. The least help-
ful sample is one collected mid-interval. However, caution is 
indicated with either a single peak or a trough because in both 
situations the information provided with a single sample does 
not reflect the state of drug concentrations for the duration 
of the dosing interval. For drugs with short half-lives, while 
each dose is likely to reach or exceed peak concentrations that 
approximate the maximum recommended range, each trough 
concentration that occurs just before the next dose is likely 
to reach or drop below the minimum therapeutic range. If 
trough concentrations for such a drug are determined to be 
nontherapeutic and a decision is made to increase the dose, 
while trough concentration may exceed the target minimum 
as intended, peak concentrations may also become toxic. If 
peak concentrations are toxic and a decision is made to lower 
the dose, although peak concentrations may drop below the 
toxic range as intended, trough concentrations may then 
become subtherapeutic. An added advantage to collection of 
both peak and trough concentrations is that the elimination 
half-life of the drug can then be determined, providing a basis 
for determining the most appropriate dosing interval.

One reason that either a peak or trough might be selected 
is the recommended therapeutic range is based on either a 
peak or a trough sample. However, such recommendations 
generally assume the recommended dosing interval also is 
being followed. This is exemplified by cyclosporine, for which 
the recommendations for efficacy for immune suppression 
(extrapolated from humans) are based on the assumption of 
a 12-hour dosing interval and a sample collected at either a 
2-hour peak or a 12-hour trough.

For some drugs, the elimination half-life changes across
time in the patient. The decision to collect both a peak and 
trough for such drugs may depend on the elimination half-life, 
which in turn, can be documented as short only by collect-
ing both a peak and a trough sample. This is exemplified by 
phenobarbital, for which the elimination half-life may initially 
be longer than the dosing interval (i.e., more than 48 hours) 
but after induction (i.e., several months into therapy) may 
be much shorter (i.e., less than 12 hours) in the same patient 
(Case Study 5-1). Digoxin provides a good example of the risk 
associated with collecting only a single sample when assessing 

KEY POINT 5-1 A therapeutic range, is not a “normal,” but 
like a “normal” is a population statistic. Monitoring should 
be used to determine the patient’s therapeutic range, which 
may be below or above the population therapeutic range.
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efficacy. Digoxin is characterized by a half-life that ranges from 
less than 12 hours, thus allowing concentrations to become 
subtherapeutic during a 12-hr dosing interval, to more than 
36 hours (particularly in patients with renal disease), which 
is likely to lead to drug accumulation (Case Study 5-2). The 
half-life can change again if the patient responds to therapy 
for cardiac failure. If toxicity is suspected, a single sample col-
lected at the time that clinical signs of toxicity appear can con-
firm toxicity. Neither toxicity nor efficacy can be confirmed 
throughout the dosing interval, however, unless two samples 
(peak and trough) are collected (Case Study 5-3).

If a kinetic profile of a patient is the reason for TDM, at 
least two samples must be collected to establish a PDC-ver-
sus-time relationship (Case Study 5-5). For such drugs, the 
samples preferably are collected at the peak and trough times. 
Regardless of the route of drug administration, with two data 
points, elimination (disappearance) half-life can be calculated. 
However, a more comprehensive kinetic profile can be built 
from the same two data points for a patient receiving an intra-
venous dose: volume of distribution (Vd) and clearance can 
then be estimated in addition to drug elimination half-life.

Loading doses warrant a special note. Loading is imple-
mented with the goal of achieving steady state concentra-
tions immediately. The advantage is to avoid the delay that 
otherwise will occur as steady state is gradually reached. The 

disadvantage is that the body will not have time to accom-
modate to side effects. As such, loading should be limited to 
situations in which failed response might be life-threatening. 
Although the design of the loading dose may be successful in 
achieving target steady state concentrations (see calculations 
below), the patient is not yet at steady state and will not be 
until the same dosing regimen has been implemented for 3 to 
5 half-lives. Thus, as the patient transitions from the loading to 
the maintenance dose, the time to steady state begins again. If 
the maintenance dose fails to maintain what the loading dose 
achieved, then drug concentrations will gradually decline or 
increase until steady state is achieved (Figure 5-1, B). Because 
the majority of the change will occur in the first half-life of 
maintenance dosing, clinical signs of failure or toxicity may 
be more likely to occur during this initial half-life. Proactive 
monitoring after the loading dose has been absorbed and 
again at the first half-life will allow the clinician to assess the 
effectiveness of the maintenance dose. However, both sam-
ples must be collected for the assessment. Collecting a sample 
one half-life after the loading dose without a postload sample 
is minimally informative. For example, when using a loading 
dose for bromide, TDM should be performed three times. The 
first time to monitor is after oral absorption of the last of the 
loading doses to establish what the loading dose accomplished 
(i.e., day 6). The second time is at one drug half-life later  

Toxic

“Steady-state” does not occur, allowing
monitoring within the first couple of doses,
or when response has been established,
or has not despite adequate dosing.

Marked fluctuation
mandates both a
peak and trough be
collected for full
evaluation of some
drugs and to
determine
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life such that the
best dosing interval
can be determined
for the patient
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Figure 5-1 The timing of sample collection and the duration of therapy that should elapse before monitoring is implemented varies 
with the relationship between dosing interval and half-life of the drug. (A) Drug concentrations across time for a drug dosed at an 
interval that approximates its elimination half-life. For such drugs, concentrations fluctuate by 50% during a dosing interval, and 
drug concentrations at steady state will accumulate twofold compared to the first dose. Response to therapy and thus therapeu-
tic monitoring are likely to occur within the first three to five doses. Both peak and trough samples should be collected to charac-
terize the degree of fluctuation in drug concentrations during the dosing interval, thereby ensuring both that toxic concentrations 
do not occur as the drug peaks and that subtherapeutic concentrations do not occur just before the next dose. Peak and trough 
samples allow calculation of the elimination half-life (inset) and thus a more accurate determination of a proper dosing interval. 
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(e.g., at 21 days for bromide) to ensure that the maintenance 
dose is able to maintain concentrations achieved by loading. 
Collection of this second sample at the one drug half-life 
point is recommended because most of the change in drug 
concentrations that will occur if the maintenance dose is 
not correct will occur during the first half-life. If the second 
sample (collected at one drug half-life) does not approximate 
the first (collected immediately after the loading doses), the 
maintenance dose can be modified at this time rather than 
wait for steady state, with the risk of therapeutic failure or 
toxicity. The third time to monitor bromide when using a 
loading dose is at steady state (e.g., 3 months) to establish a 
new baseline.

The timing of sample collection also must take into account 
the pharmacodynamic response of some drugs. For example, 
many antimicrobials (e.g., aminoglycosides) are characterized 
by a half-life that is less than 2 hours (e.g., amikacin in dogs) 

but are given at much longer dosing intervals (e.g., 24 hours). 
The peak sample is important for determination of efficacy of 
this concentration-dependent drug. Because 12 half-lives will 
have elapsed before the next dose, less than 2% of the original 
dose will remain in the body at true trough concentrations, 
and concentrations are not likely to be detectable at true trough 
(i.e., 24 hrs after dosing). Although the absence of detectable 
drug may be sufficient information if safety is the reason for 
monitoring an aminoglycoside, kinetics (e.g., half-life) cannot 
be determined. Therefore collection of both a 2-hour peak and 
and a sample two to four elimination half-lives later will allow 
calculation of a half-life and extrapolation of concentrations at 
trough (Case Study 5-5). Cyclosporine is another example: if 
administered every 24 to 48 hours, because its half-life in nor-
mal dogs approximates 4 to 5 hours, little drug will be detected 
at 24 to 48 hours.

Specific timing of peak PDC collection is more difficult to 
determine accurately than that of trough concentrations. Peak 
PDC should be determined after drug absorption and distri-
bution are complete (see Chapter 1). Route of drug admin-
istration can influence the time at which peak PDCs occur, 
which varies among drugs. For orally administered drugs, 
absorption is slower (1 to 2 hours), and distribution is often 
complete by the time peak PDCs have been achieved. The 
absorption rate can, however, vary widely due to factors such 

PeakSS (Cmax)

Trough (Cmin)

Peak0 (3)

Loading dose 87% steady state at 3�5t1/2

(2) Failure to give an appropriate maintenance dose after a loading dose
may result in a gradual decline or increase in drug concentrations

compared to the post load sample as steady state is reached with the
maintenance dose. Monitoring post load and at one half-life may

pro-actively detect an inappropriate maintenance dose.

(1) Monitoring should not begin
until patient is at steady state;

however proactive monitoring might
occur at the first half-life as long

as a final check occurs at steady state.
Drug concentrations should be 50%

of steady state at one half-life.

(3) Accumulation ratio �
�����PeakSS �Peak first dose;
�����the magnitude depends on
�����the relationship between dosing
�����interval (T) and half-life (t1�2)

(4) Little fluctuation
�����during the 
�����dosing allows
�����collection of
�����either a peak or
�����a trough sample
�����in most cases.
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Figure 5-1, Cont’d (B) For drugs whose elimination half-life is much longer than the dosing interval, the drug will accumulate across 
time, with maximum accumulation occurring only at three to five drug elimination half-lives. Steady state will be achieved only 
at this time. The time to steady state starts over each time the dosing regimen is changed, including transitioning from a load-
ing dose to a maintenance dose (coarse dotted lines). The maintenance dose is designed to maintain what the loading dose 
achieved (fine dotted line). However, if over or under dosed, drug concentrations will gradually change (decline demonstrated 
with fine dotted lines), until a new steady state is reached. Therapeutic failure may occur. C1, C2 = concentration of samples 1 
and 2, respectively; kel = elimination rate constant; peak0 = peak following first dose; peakss = peak at steady state; T = interval; 
t1/2 = drug elimination half-life; t1, t2 = time samples 1 and 2 were collected, respectively.

KEY POINT 5-2 The maintenance dose that follows the load-
ing dose must maintain what has been achieved with the 
loading dose. Monitoring of drugs dosed as a load should 
occur shortly after the loading dose is given and then one 
half-life into the maintenance dose. If the two concentrations 
do not match, the maintenance dose should be modified.



119CHAPTER 5 Therapeutic Drug Monitoring

as product preparation, the effect of food, and patient variabil-
ity. Obviously, a drug prepared as an elixir will be absorbed 
more rapidly than the same drug prepared as a capsule or tab-
let. Because food can slow the absorption of many drugs, fast-
ing is generally indicated (if safe) before TDM. Generally, peak 
PDCs occur 1 to 2 hours after oral administration. Some drugs 
are simply absorbed more slowly than others (e.g., phenobar-
bital), and the time of peak PDC sample collection is longer 
(e.g., 2 to 5 hours for phenobarbital). For drugs administered 
intravenously, distribution, but not absorption is a concern. 
For delayed-release drugs, a sample at any time may be accept-
able. For some intramuscular and subcutaneous administra-
tions, absorption occurs rapidly (i.e., 30 to 60 minutes), but, 
again, drug distribution may take longer. Thus peak PDCs 

generally are measured 1 to 2 hours after parenteral drug 
administration (see Table 5-1).

Other Considerations
Sample requirements vary not only in the blood component 
(e.g., serum, plasma, whole blood, urine, etc) but also in the 
volume and sampling handling. Constituents in plasma differ 
substantially among species, and these constituents can inter-
fere with the methodology of some assays. Removal of these 
constituents varies with the methodology, with the sample size 
generally being larger for assays that require more clean-up 
(e.g., HPLC vs. antibody-based assays). Laboratories chosen 
for monitoring should be queried before sample submission 
to ensure that the proper submission procedures are followed. 

Signalment
3.5-year-old male Labrador Retriever

Chief Complaint
Seizures

Pertinent History
A diagnosis of epilepsy was made 6 months before presen-
tation. Patient was suffering from severe cluster seizures. 
There was an initial response to phenobarbital, but seizures 
occurred again 6 months into therapy.

Drug of Interest
Phenobarbital

Concern
Efficacy

Other Drugs
None

Dosing Regimen
4.1 mg/kg every 12 hours, administered orally

Duration of Current Regimen
Six months. Phenobarbital concentrations at 3 months (base-
line) were 35 μg/mL (peak) and 31 μg/mL (trough). Elimina-
tion half-life at that time was 40 hours.

Patient Response
Seizure control initially improved, and there was no evidence 
of grogginess. The patient suffered a series of cluster seizures 
this weekend. The referring veterinarian was interested in 
adding an alternative anticonvulsant (e.g., bromide).

Drug Concentration
18 μg/mL; time: 5 hours
15 μg/mL; time: 12 hours

Drug Elimination Half-Life
27 hours

Predicted Peak
NA

Predicted Trough
NA

Recommendation
Increase phenobarbital dose to 7.5 mg/kg every 12 hours (4.5 
mg/kg × 30 μg/mL per 18 μg/mL), targeting a peak concen-
tration of 30 μg/mL. Retest at new steady state (which will 
take only 3 to 5.5 days in this patient).

Comments
Phenobarbital concentrations decreased in this patient by 
nearly 50% without a decrease in dose. The elimination 
half-life decreased by 50%. The decrease most likely reflects 
induction of drug-metabolizing enzymes by phenobarbital, 
resulting in increased clearance and decreased drug concen-
trations. Induction occurs in most animals and should be 
anticipated by using a sufficiently high starting dose (2 mg/
kg) for phenobarbital and measuring drug concentrations at 
steady state (approximately 2 weeks after therapy is begun) 
and then again at 3 months.

Follow-Up
The dose was increased to 6.5 mg/kg. Drug concentra-
tions 1 month later were 33 mg/mL (peak) and 29 mg/mL 
(trough). The patient has been seizure-free for 6 months. 
The high phenobarbital dose and the short half-life indicate 
that induction, and thus metabolism, may be marked in this 
patient. It is possible that increased production of metabo-
lites places this patient at risk for phenobarbital-associated 
hepatic disease. Accordingly, the addition of a second anti-
convulsant that will allow a decrease in phenobarbital dose 
might be appropriate.

CASE STUDY 5-1  THERAPEUTIC FAILURE DUE TO PHENOBARBITAL INDUCTION OF DRUG 
METABOLIZING ENZYMES
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Signalment
6-year-old male Dachshund cross

Chief Complaint
Congestive heart failure; renal failure

Pertinent History
The patient has been receiving digoxin therapy for 6 months. 
Within the last 3 months, renal disease has become decom-
pensated. The day before presentation, the patient vomited 
and became ataxic and disoriented. Patient blood urea nitro-
gen is 82 mg/dL, and creatinine is 1.57 mg/dL.

Drug of Interest
Digoxin

Concern
Safety

Other Drugs
Enalapril, furosemide, thyroxine

Dosing Regimen
0.005 mg/kg every 12 hours, administered orally

Duration of Current Regimen
90 days

Drug Concentration
2.40 ng/mL; time: 2 hours
2.47 ng/mL; time: 12 hours

Drug Elimination Half-Life
>52 hours

Predicted Peak
NA

Predicted Trough
NA

Recommendation
Concentrations are at the upper end of the therapeutic 
range and are not necessarily consistent with toxicity, but a 
decrease in dose by about 20%, targeting 2.0 ng/mL, would 
be prudent. Clinical signs of uremia cannot be distinguished 
from clinical signs of digoxin toxicity. Prolonging the inter-
val to at least 24 hours also would be appropriate. Collecting 
a peak and 24-hour trough concentration would be indicated 
to determine the proper dosing interval.

Comments
The prolonged half-life for digoxin in this patient presum-
ably reflects decompensated renal disease. Note that both a 
peak and a trough sample were helpful in establishing the 
prolonged drug elimination half-life. Without both samples, 
the duration of the half-life and the magnitude of decreased 
clearance could not have been appreciated (see Case Study 
5-4). Should the patient respond to therapy for its renal dis-
ease and digoxin elimination improve, monitoring is again 
indicated to establish a new dosing regimen because drug 
half-life is likely to decrease.

Follow-Up
NA

CASE STUDY 5-2 DIGOXIN-INDUCED TOXICITY; LONG ELIMINATION HALF-LIFE

Signalment
8-year-old female Hound cross

Chief Complaint
Congestive heart failure resulting from mitral insufficiency

Pertinent History
The patient has been receiving digoxin therapy for 8 days. 
Patient has responded to therapy and is showing no evidence 
of toxicity.

Drug of Interest
Digoxin

Concern
Baseline check

Other Drugs
Enalapril, furosemide, a nonsteroidal antiinflammatory, and 
chlorpheniramine

Dosing Regimen
0.008 mg/kg every 12 hours, administered orally

Duration of Current Regimen
8 days

Drug Concentration
2.88 ng/mL; time: 1.25 hours
1.42 ng/mL; time: 9 hours

Drug Elimination Half-Life
8 hours

CASE STUDY 5-3 DIGOXIN THERAPY; RESPONSE AND SHORT HALF-LIFE

Continued
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Signalment
6-year-old male neutered Collie

Chief Complaint
Hyperactivity. Allergic rhinitis has been present for 2 months. 
There is radiographic evidence of lung lobe consolidation, 
and clinical signs are compatible with pneumonia that devel-
oped 1 week before presentation.

Pertinent History
Theophylline therapy begun 3 days before presentation. The 
patient began exhibiting signs of hyperactivity and restless-
ness 24 hours before presentation.

Drug of Interest
Theophylline

Concern
Toxicity

Other Drugs
Enrofloxacin 2.5 mg/kg every 12 hours orally (begun at the same 
time as theophylline); prednisolone 1 mg/kg every 48 hours

Dosing Regimen
21 mg/kg every 12 hours (slow-release product), adminis-
tered orally

Duration of Current Regimen
3 days

Patient Response
Restlessness, pacing, irritability

Drug Concentration
47 μg/mL; time:12 hours
31 μg/mL; time: 24 hours

Drug Elimination Half-Life
19 hours

Volume of distribution
NA

Predicted Peak
Approximately 65 μg/mL

Predicted Trough
NA

Recommendation
Decrease the dose by half, or decrease the dose by 25% and 
prolong the dosing interval by 12 to 24 hours. Retest at the 
new steady state (in 3 days) and at discontinuation of enro-
floxacin.

Follow-Up
After monitoring, the dosing interval was prolonged to 24 
hours, and the dose was decreased by 50% from 20 to 10 mg/
kg. A recheck revealed a peak and trough concentration of 
12.3 μg/mL and 10.3 μg/mL at 2 and 22 hours, respectively. 
Near subtherapeutic concentrations indicated that either the 
dose might be increased or the interval decreased to 12 hours.

Comments
The fluorinated quinolones can increase concentrations of 
theophylline when the two drugs are given simultaneously. 
The mechanism is presumed to be due to impaired drug 
metabolism by enrofloxacin with subsequent decreased the-
ophylline clearance. This drug interaction is well established 
for ciprofloxacin in humans and also has been documented 
for enrofloxacin. The drug elimination half-life of theophyl-
line in this patient while receiving enrofloxacin was 19 hours, 
which is twice that expected in dogs.

CASE STUDY  5-4 THEOPHYLLINE–ENROFLOXACIN DRUG INTERACTION

Volume of distribution
NA

Predicted Peak
NA

Predicted Trough
NA

Recommendation
Concentrations are above the upper end of the therapeutic 
range, but with no evidence of toxicity, the dose should not 
necessarily be changed. With a 12-hour half-life, the dosing 
interval should not be prolonged (and could be reduced to 
an 8-hour dosing interval with the same total daily dose). 
Leave dosing regimen as is, or decrease dose by 10%.

Comments
Compare the drug half-life in this patient with the reported 
normal (24 hours) and with that in Case Study 5-2. Had a 
single sample been collected halfway through the dosing 
interval, concentrations would have been in the lower end 
of the therapeutic range, and the dose may have been inap-
propriately increased. The half-life in this patient indicates 
that the dosing interval should not be longer than 12 hours. 
Should a 24-hour dosing interval be used, trough drug con-
centrations would approximate 0.35 ng/mL.

Follow-Up
NA

CASE STUDY 5-3 DIGOXIN THERAPY; RESPONSE AND SHORT HALF-LIFE—cont’d
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Some drugs may require refrigeration or freezing. Sample size 
may vary for each drug or even for the same drug depending 
on the method the laboratory uses. Drugs can interact with the 
containers in which they are collected or mailed. In general, 
serum separator tubes should not be used to collect or mail 
samples containing drug. Drugs can bind to the silicone gel, 
which decreases concentrations measured in blood. Amino-
glycosides can bind to glass; samples should be collected and 
submitted in plastic tubes. The effects of hemolysis and hyper-
lipidemia on drug assays vary. In general, it is wise to avoid 
either in sample collection. Although sample handling is often 
the same for each drug, the laboratory to which the sample will 
be submitted should be contacted before the sample is sent for 
TDM analysis. Details regarding timing of sample, collection, 

storage apparatus (i.e., tubes and anticoagulants), mailing 
instructions (including conditions), and cost should be known 
before collection.

INTERPRETATION

Information Needed for Therapeutic Drug 
Monitoring
For best results, a sample submitted for monitoring should 
be accompanied by all relevant information that the clini-
cal pharmacologist needs to evaluate the relationship among 
dose, concentration, and response in the context of physi-
ologic, pharmacologic, and pathologic factors that might alter 
this relationship (Box 5-3).

Signalment
2-year-old male intact Staffordshire Bull Terrier

Chief Complaint
Peritonitis and bacteremia secondary to prostatic abscess

Pertinent History
Surgical correction of prostatic abscess; drug samples 
 collected 24 hours postoperatively

Drug of Interest
Gentamicin

Concern
Efficacy and safety

Other Drugs
Antiemetics (metoclopramide); intensive fluid therapy 
 (balanced crystalloid)

Dosing Regimen
4 mg/kg every 24 hours, administered intravenously

Duration of Current Regimen
24 hours

Patient Response
Febrile, nonresponsive

Drug Concentration
5.34 μg/mL; time: 2 hours
0.73 μg/mL; time: 9 hours

Drug Elimination Half-Life
2.4 hours

Volume of distribution:
0.45 L/kg

Predicted Peak
10 μg/mL

Predicted Trough
Nondetectable

Recommendation
A peak concentration of 10 μg/mL is sufficient for antici-
pated efficacy toward a microbe susceptible to gentamicin at 
1 μg.mL or less. Double the dose to target 20 μg/mL (assum-
ing a minimal inhibitory concentration of 1 to 2 μg/mL), and 
maintain current 24-hour dosing interval.

Follow-Up
The patient’s condition remained critical for 2 more post-
operative days but then began to improve progressively. The 
patient was discharged 10 days postoperatively.

Comments
Actual peak gentamicin concentration was lower than 
expected (expected: 10 μg/mL), presumably because of 
intensive fluid therapy. The reported volume of distribu-
tion for gentamicin in dogs is 0.25 L/kg, but it was 0.45  
L/kg in this patient. Gentamicin is distributed to extracellular 
fluid, which was probably increased in this patient by fluid 
therapy. A nearly doubled distribution volume resulted in a 
near halving of peak concentrations. The drug elimination 
half-life in this patient is 2.4 hours, which is normal. Doubling 
of the dose will add only one drug half-life to the time that tar-
get trough concentrations (<1 μg/mL) will be reached, which 
currently occurs by 9 hours in this patient. Even if the drug 
elimination half-life were to double (to 5 hours), sufficient 
time will elapse during a 24-hour dosing interval to allow 
drug concentrations to reach the targeted 1 μg/mL. Note that 
the trough sample was not collected in this patient just before 
the next dose (i.e., at 24 hours). The drug would not have been 
detectable at that time; hence trough concentrations were col-
lected after two predicted drug half-lives had elapsed.

CASE STUDY 5-5 AMINOGLYCOSIDE AND INTENSIVE FLUID THERAPY
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Concentrations must be evaluated in the context of the clini-
cal patient, the mechanism of drug action and the therapeutic 
intent of monitoring or drug administration. The history of the 
patient also may be important information. For example, a sub-
therapeutic range in a controlled seizure patient may not require 
manipulation if the seizure history of the patient is not severe, 
but higher concentrations might be prudent if historically, the 
patient suffers cluster seizures. The absence of seizures in a dog 
with subtherapeutic concentrations also is not justification for 
discontinuing the drug. At the other end of the range, some 
animals may respond only if concentrations are higher than the 
recommended maximum concentration. Drug concentrations 
need not necessarily be reduced if there is no concern regard-
ing toxicity or unacceptable side effects, even if the maximum 
therapeutic range has been surpassed (e.g., bromide).

Dose Modification with Kinetic Calculations
Most dose modifications do not require kinetic calculations 
(discussed in more detail later). Target calculations include 
elimination half-life on which the proper dosing interval and 
time to steady state can be based, and, for a drug given intrave-
nously, Vd or clearance. The minimum number of data points 
needed to develop a pharmacokinetic profile in a patient is 
two. Generally, for TDM these two samples consist of the peak 
and trough (see Figure 5-1, A) collected during a single dos-
ing interval at steady state. Alternatively, for the sake of con-
venience, a trough sample can be collected just before a dose 
and the peak sample collected 2 to 5 hours (when appropri-
ate for the drug) after dosing. This protocol assumes that the 
drug is handled the same way by the body during each dosing 

regimen and that the dose is the same. Although this may be 
true, conditions such as diurnal variation can alter drug dispo-
sition between dosing intervals. Oftentimes, the dose is not the 
same for both morning and evening.

Regardless of when the samples are collected (assuming that 
they are collected after absorption and distribution are com-
plete), when the points are plotted on semilogarithmic paper, 
the slope between the two points reflects kel (or, if non-IV 
administration, kdisappearance) (see Figure 5-1, A), which is used 
to determine drug half-life in the patient (see Chapter 1). Half-
life can be either calculated or estimated from the PDC-versus-
time curve drawn on semilogarithmic paper. The two points 
are connected, and the resultant line is extrapolated to both the 
x and y axes. For estimation, the time that must elapse between 
any two concentrations on the line where one concentration is 
twice the second is the half-life (see Figure 5-1, A). The half-
life also can be calculated from kel (the slope, or rise [C1-C2] 
over the run [t~2-t1]). Because concentration is logarithmic, 
the equation becomes half-life = ln [C1-/C2] / [t2-t1]). Thus, 
although it is not necessary to actually plot the line to deter-
mine elimination half-life, the time that each dose was given 
and each sample was drawn must be known for its calculation 
(see Figures 5-1 and 5-2). Half-life determines the maximum 
time that can elapse between doses in the patient before PDCs 
fall below the recommended minimum effective concentration 
during the dosing interval (Tmax) (see Figures 5-1, A and 5-2).

The Vd of drugs administered intravenously can be calcu-
lated from the peak PDC and dose (see Figure 5-2 and Case 
Study 5-5). If the drug is 100% bioavailable after oral, subcutane-
ous, or intramuscular administration, Vd can also be estimated 

First and foremost, involve a clinical pharmacologist in the inter-
pretation of problematic cases.

The minimum information necessary for interpretation of 
therapeutic drug monitoring (TDM) by a clinical pharmacologist 
includes the following:

1.  The total daily dose of drug, presented as mg/kg for each dose.
Total units (capsules, tablets, or mL) are useless if not provided
in the context of mg/kg.

2.  Time interval of drug administration. This is particularly impor-
tant for drugs with short half-lives (e.g., aminoglycosides). If
half-life is to be determined, the timing of sample collection
in relation to dose must be given for both the peak and trough
sample.

3.  The time that the sample was collected in relationship to the
dose. For example, a concentration that puts levetiracetam in
the high therapeutic range means much more if that concentra-
tion was measured at 12 hours versus 2 hours.

4.  The reason for TDM should be given (e.g., has the patient failed
therapy, or is the patient exhibiting signs of toxicity?).

5.  The disease being treated with the drug (i.e., the therapeu-
tic range for cyclosporine varies with the syndrome being
treated).

6.  Patient status at the time of sample collection and/or
 submission.

7.  Pathologic factors that might affect drug disposition. This
includes the extent of disease (that is, how abnormal is the
serum creatinine in a patient with renal disease, or how low is
the albumin in the patient with liver disease?).

8.  Concurrently administered drugs may alter drug disposition
patterns and thus contribute to individual differences in drug
disposition. Frequency, dose, amount, and the actual times of
all drugs given to the patient must be known in order to rec-
ognize or predict potential drug interactions. For example,
cyclosporine administered with azithromycin may result in
concentrations that are disproportionate to the dose.

9.  For selected concurrently administered drugs that can be moni-
tored, current concentrations should be provided. For example,
recommendations for a seizing patient receiving bromide at a
dose that has achieved concentrations in the midtherapeutic
range may differ if the phenobarbital the patient is currently
receiving is in the subtherapeutic range.

 10.  Physiologic characteristics such as patient species, breed, and
age are often important to the interpretation of the plasma
drug concentration because known or predictable differences
may induce drug disposition and because there may be known
differences in pharmacodynamic responses. For example, cats,
Greyhounds, and working (Collie-related and other) breeds are
all at risk to develop toxicity with selected drugs.

Box 5-3
Maximizing the Interpretation of Therapeutic Drug Monitoring
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from these data, assuming the drug also would be 100% bioavail-
able in the patient. For orally administered drugs for which the 
bioavailability is not known, a population bioavailability and Vd 
measured in normal animals must be used if new dosing regi-
mens are to be calculated rather than proportionately adjusted. 
Like bioavailability, however, individual patient Vd may not 
be accurately estimated by population Vd. Changes in patient 
Vd compared with those in normal animals can be somewhat 
accommodated if information regarding patient factors that 
influence Vd, such as obesity, edema, ascites, dehydration, and 
serum protein concentrations, are known (see Chapters 1 and 2).

The Vd is used to calculate the amount of drug that must be 
administered to achieve Cmax, the target (generally maximum) 
effective drug concentration (loading dose [DL]), and the 
amount of drug necessary to replace drug eliminated during 
the dosing interval (maintenance dose, DM) (see Figure 5-2). 
Once DM and Tmax have been established, dosing regimens can 
be appropriately altered to ensure that PDCs fall within a rec-
ommended therapeutic range (see Figure 5-2). For drugs with 
short half-lives, both a peak and a trough drug sample should 
be collected post dose modification to ensure that a minimum 
effective concentration (Cmin) is achieved and concentrations 
above the maximum (Cmax) are avoided during the designed 
dosing interval.

Dose Modification Without Kinetics (Proportional 
Adjustment)
Not all modifications in dosing regimens require pharmacoki-
netic calculations. If a patient has drug concentrations outside 
the therapeutic range, the dose should be modified to change 
the drug concentrations into the therapeutic range by a pro-
portional adjustment. Generally, a dose can be proportion-
ately modified using one of the following equations:

New dose = Old dose × Targeted PDC /
                      Observed patient PDC or for drugs 

                                    that accumulate
New interval = Old interval × Observed PDC /
                           Targeted PDC

In general, targeting a 25% to 50% change is reasonable, if 
time allows a gradual adjustment. Because TDM identifies the 
therapeutic range specific for the patient, some patients will 
respond at the low end of the population range, some will not 
respond until the maximum is reached, and a smaller percent-
age of the population will respond at concentrations outside 
the recommended range.

If a patient has not responded, even for patients within 
the therapeutic range, drug concentrations can be gradu-
ally increased (in a stair-step fashion) until either the patient 
responds or the maximum end of the range is reached and 
the risk of adverse effects becomes too great. The direction 
can be reversed if drug concentrations are too high to estab-
lish a minimum effective dose. The decision as to whether to 
change the dose or the interval depends on the drug itself, its 
therapeutic index, and the need to maintain PDCs within the 
therapeutic range throughout a dosing interval. However, for 
drugs with a short half life, shortening the interval may be less 
expensive than increasing the dose.

Even TDM is used to ensure that the PDC stays within 
a targeted concentration (that is, the patient’s therapeutic 
range) during a dosing interval, a patient may react adversely 
(including the failure to respond therapeutically). Disease, 
age, and other factors may play a role in the minimum or 
maximum effective concentration appropriate for each 
patient (see Case Studies 5-2, 5-3, and 5-5). Therefore it is 
imperative that PDCs be interpreted in conjunction with 
the desired therapeutic end point (i.e., complete eradication 
of seizures versus a decrease in the severity and frequency) 

Elimination rate constant:

Drug elimination half-life:

Maximum time that can 
lapse between doses:

Amount of drug to be
administered during a 
dosing interval:

Dose per unit time:

Dose each interval:

Loading dose where Css �
concentration at steady state:

Accumulation ratio:
(relationship between C
first dose and C at steady
state):

New (proportional)
dose increase:

kcl � In (C1�C2)�(t2�t1)

t1�2 � 0.693�kel

Tmax � In (Cmax�Cmin)�kel

DM,max � (Vd�F) � (Cmax�Cmin)

DM,max�Tmax

DM,max � Interval

Tmax            

DL � (Vd�F) � Css,max

1�(1�[1�2]Z) or 1�1�eT�t
1�2

New dose �                      
Current dose � new target concetration

current concentration              

Cmax � maximum PDC (peak)

Cmin � minimum PDC (trough)

Css,max � maximum (target) PDC at
steady-state (ss; ed, mg�ml)

Vd � apparent volume of distribution (L�kg)

F � bioavailability (100% if IV)

Z � T�t1/2 (Interval�half-life)

Figure 5-2 The data necessary for calculating dosing regimens 
can be obtained from therapeutic drug monitoring and, if nec-
essary, from values reported in the literature, as modified (e.g., 
Vd) for the patient. C1, C2 = concentration of samples 1 and 2, 
respectively; Cmax = maximum PDC (peak); Cmin = minimum PDC 
(trough); Css, max = maximum (target) PDC at steady state (mg/
mL); F = bioavailability (100% if intravenous); In = interval; Kel 
= elimination rate constant; PDC = plasma drug concentration; 
t1, t2 = time samples 1 and 2 were collected, respectively; Vd = 
volume of distribution (L/kg); Z = T/t1/2 (interval [T]/half-life [t1/2]). 
For patient calculation of Vd and Cl, the drug must be given IV.
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as well as the clinical status of the patient. This is particu-
larly important for tests for which there is great overlap 
between normal and abnormal ranges (e.g., digoxin, thyroid 
hormones).

Phenobarbital
Generally, a single trough sample should be sufficient for 
TDM. However, if induction of drug-metabolizing enzymes 
has occurred, the elimination half-life may be sufficiently 
short to allow excessive fluctuation in PDC during the dos-
ing interval. This short half-life can be detected only if both 
peak and trough samples are measured. In a phenobarbital-
naïve dog, or when phenobarbital doses are changed, base-
line samples should be determined at steady state, 9 to 14 
days after beginning therapy. A recheck trough sample 1 to 
3 months later would be prudent to detect induction. Many 
of our patients respond to phenobarbital at concentrations 
below the minimum therapeutic range of 15 μg/mL, which 
suggests that a lower therapeutic range may be indicated in 
dogs.

Bromide
Because the elimination half-life of bromide is so long, manip-
ulating the dose before steady state is reached may be neces-
sary for some patients. Collection of a sample at one half-life 
after the start of therapy (i.e., 2-4 weeks) can be performed to 
proactively assess the dose; doubling the 3 weeks concentra-
tion should approximate the steady state concentration. Base-
line should be established at 2.5 to 3 months. If the patient is 
loaded, a sample should be collected the day after loading 
is complete, and then at one half-life. The former sample is 
indicated to determine what the loading dose achieved and 
the latter to ensure that the maintenance dose is maintaining 
what the loading dose has achieved; the two samples should 
be within 15% of each other. If not, the maintenance dose 
can be adjusted proportionately. Note that a 3-week sample 
in a patient that received a loading dose is minimally use-
ful without the postload monitoring sample for comparison: 
concentrations may increase or decrease, depending on the 
accuracy of the maintenance dose. In all patients, regardless 
of the method of dosing, a final sample should be collected at 
steady state to establish baseline. Finally, bromide should also 
be checked before and after any change in diet or medication 
that impacts chloride excretion has occurred.

Zonisamide
The half-life of zonisamide is generally longer than 24 hours; 
therefore, concentrations should not fluctuate sufficiently dur-
ing a 12-hour dosing interval to routinely justify a peak and 
trough sample. Because toxicity is not likely to be as great a 
concern as therapeutic failure, a trough sample is recom-
mended for routine monitoring. In problematic patients a peak 
and a trough may be justified to rule out a short half-life as a 
contributing cause of difficult control. Currently, zonisamide 
is among the drugs for which the maximum therapeutic range, 
which has been established in humans, can be exceeded with 
minimal adverse effects in dogs.

Levetiracetam
The half-life of levetiracetam (standard release) can be as short 
as 1 to 2 hours. However, the  half-life also can be longer than  
8 to 10 hours; longer half-lives should be anticipated if the slow 
release preparation is used. Because the duration of the half-life 
is not known, peak and trough samples are recommended at 
the beginning of therapy to determine the half-life in patients. 
Control is much more likely to be accomplished with an 8-hour 
dosing interval in a patient with a longer half-life. Once the 
half-life is established, a trough sample is recommended if only 
single samples are to be collected. A midsample concentration 
has little to offer, particularly given that drug concentrations 
may drop 50% or more from mid-interval concentrations. Thus  
it is prudent to identify the lowest concentration possible dur-
ing the interval. The recommended therapeutic range should 
be targeted by trough, rather than peak, concentration. Note 
that in a drug with a very short half-life (e.g., 2 hours), peak 
concentrations in a patient may be as much as 8 times as high 
as trough concentrations. Levetiracetam is sufficiently safe that 
a high peak concentration is likely to be tolerated. Because drug 
concentrations do not accumulate with drugs administered at 
an interval substantially longer than the half-life, steady state 
does not occur. Therefore levetiracetam (or another drug with 
a short half-life) might be monitored in the first 3 to 5 days of 
therapy. Waiting one seizure interval to ensure that seizures are 
adequately controlled is reasonable. The approach for moni-
toring levetiracetam can be followed with other anticonvul-
sants associated with a short half-life compared to the dosing 
interval (e.g., gabapentin), unless the drug is potentially toxic. 
In such situations, monitoring peak and trough concentrations 
routinely may be prudent.

Digoxin
Although a mid-interval sample traditionally has been recom-
mended for digoxin, unless the half-life is known to be long, a 
mid-interval sample provides incomplete information regard-
ing either toxicity or efficacy. For patients in which the half-
life is less than 24 hours, both a peak (2-3 hour) and trough 
(before next dose) sample should be collected for this drug, 
particularly if a 24-hour dosing interval is used. The elimina-
tion half-life is often short, particularly in animals responding 
to afterload reduction, and the narrow therapeutic window 
(which differs approximately twofold) mandates the need to 
know the behavior of this drug throughout the dosing inter-
val. For example, if the half-life is 12 hr, it is likely that con-
centrations will be either above or below the therapeutic range 
(1-2 ng/mL). A single peak sample can be collected if only tox-
icity is the concern; a single trough sample is indicated if the 
question to be answered by monitoring is whether concentra-
tions are above the minimum therapeutic range throughout 
the dosing interval.

Theophylline
Single trough samples may be sufficient for slow-release prod-
ucts such as theophylline in cats if efficacy is the concern; a 
peak sample would be indicated if toxicity is the concern. Both 
peak and trough samples should be collected in dogs receiving 
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Signalment
3.5-year-old male German Shepherd Dog

Chief Complaint
Acute onset of depression, anorexia, and lethargy. Concern: 
Bromism.

Pertinent History
A diagnosis of epilepsy was made 1 year before presenta-
tion. The patient was suffering from severe cluster seizures. 
The response to phenobarbital was initially acceptable, but 
seizures worsened and potassium bromide was added 6 
months into therapy (see monitoring below). The dose was 
re-adjusted 3 months later (3 months before presentation). 
Although the patient has stopped seizuring, the patient was 
treated for a cough 1 week before presentation. Lower respi-
ratory infection was diagnosed and antimicrobial therapy 
begun. Phenobarbital but not bromide was measured at that 
time (32 μg/mL). Three days later, the patient presented for 
the chief complaint. Physical examination reveals the patient 
to be moribund, but vital signs are otherwise normal. Clini-
cal laboratory tests are normal. The referring veterinarian is 
concerned that the bromide dose is responsible for clinical 
signs.

Drug of Interest
Bromide (25 mg/kg bid for 3 months)

Concern
Toxicity

Other Drugs
Phenobarbital 4 mg/kg every 12 hours, administered orally 
(at current dose for 2 weeks; last phenobarbital collected was 
at steady state with the current dosing regimen); chloram-
phenicol 25 mg/kg every 8 hours for 3 days

Dosing Regimen
A 450 mg/kg loading dose measured 6 months before pre-
sentation was 0.9 mg/mL. The maintenance dose was 10 mg/
kg every 12 hours. Although concentrations were not mea-
sured, this maintenance dose would predictably result in 
steady state concentrations of 0.75 mg/mL. Two months after 
the loading dose, a dose increase to 25 mg/kg every 12 hours 
was implemented. Concentrations were not subsequently 
measured at steady state.

Duration of Current Regimen
Bromide, 6 months; phenobarbital 1 year; chloramphenicol, 
50 mg/kg tid, 4 days

Patient Response
Seizure control was improved. Patient was not groggy until 
recent episode.

Drug Concentration
2.10 μg/mL; time: 12 hours

Drug Elimination Half-Life
NA

Volume of distribution:
NA

Predicted Peak
NA

Predicted Trough
NA

Recommendation
Although bromide concentrations are in midtherapeutic 
range, they are not sufficiently increased to cause the profound 
nature of the clinical signs. The concentrations are compara-
ble to the dose. Phenobarbital concentrations were measured: 
peak concentration was 50 μg/mL; trough concentration was 
46 μg/mL. Phenobarbital elimination half-life was 58 hours. 
This increase occurred in a week time period.

Comments
This patient was presented for presumed bromide toxicity. 
The bromide concentrations were not, however, consistent 
with the profound depression the patient was exhibiting. 
Phenobarbital concentrations were checked to identify a 
possible contribution to lethargy in a sample of blood col-
lected just before the onset of chloramphenicol therapy. 
Phenobarbital concentrations had increased in this patient 
by 40% to 50%, despite no dose change; it is likely that con-
centrations would continue to increase as a new steady state 
was reached. The increase was presumed to be due to chlor-
amphenicol therapy. Chloramphenicol is a potent inhibitor 
of drug-metabolizing enzymes, resulting in decreased phe-
nobarbital clearance. Drug elimination half-life had not been 
previously determined for phenobarbital in this patient, so a 
change in half-life could not be documented.

Follow-Up
Chloramphenicol therapy was discontinued. Phenobarbital 
therapy was discontinued for one drug elimination half-life 
and then restarted at the same dose. Within 48 hours, the 
patient was normal.

CASE STUDY 5-6 PHENOBARBITAL–CHLORAMPHENICOL DRUG INTERACTION
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slow-release preparations. For regular preparations, both sam-
ples should be collected.

Cyclosporine
Monitoring cyclosporine is complex and is addressed in depth 
in Chapter 31. The elimination half-life of cyclosporine in 
normal dogs or cats is 4 to 8 hours, and, as such, both a peak 
and trough might be indicated. Recommendations may also 
depend on therapeutic intent (i.e., immunosuppression, treat-
ment of chronic allergic diseases such as atopy, perianal fistu-
las or asthma, etc). Recommendations as drawn from humans 
are based on either a peak or trough concentration, although 
a peak concentration correlates more closely to area under the 
curve during a dosing interval when targeting graft-versus-
host rejection. Certainly, peak target concentrations are easier 
to achieve than trough target concentrations in patients with 
a short half-life. Monitoring also is complicated by the pres-
ence of drugs which might prolong the elimination half-life 
due to inhibition of drug metabolizing enzymes or enhance 
absorption through competition with P-glycoprotein; keta-
conazole and azithromycin are examples of drugs that appear 
to do both. For such patients, both peak (2 hours) and trough 
(before next dose) samples are indicated to calculate half-life. 
This is particularly important to determine the time to steady 
state, a state which will occur only in those situations where 
the half-life of cyclosporine is markedly prolonged. For such 
situations the time to steady state may be very long, and final 
monitoring should not take place until steady state is reached. 
The time to steady state can be determined only by collection 
of a peak and a trough sample.

Antimicrobials
Because both the aminoglycosides and fluorinated quino-
lones are concentration-dependent drugs, peak concentra-
tions are of critical interest. However, determination of true 
peak concentration requires that two samples be collected: a 
peak and a second sample approximately two half-lives later. 
The peak sample should be collected after drug distribution 
has occurred, or approximately 45 to 60 minutes after dosing. 
A true trough sample (i.e., just before the next dose) should 
not be collected because it is likely that concentrations will be 
undetectable for both fluorinated quinolones and aminogly-
closides (given once daily with half-lives less than 3 hours). 
An exception might exist for determining aminoglycosides’ 
toxicity: documentation of trough concentrations below the 
minimum requires a sample just before the next dose.

SUMMARY

TDM can aid clinicians in the titration of drug doses to the 
individual patient, thus helping prevent adverse reactions that 
are a direct consequence of patient variability in drug dispo-
sition. In addition, TDM ensures that optimal drug concen-
trations are established promptly and that therapeutic drug 
concentrations are maintained, which spares patients a pro-
tracted period of ineffective drug therapy.
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S E C T I O N  2   • Drugs Targeting Infections or Infestations

JUDICIOUS ANTIMICROBIAL USE

“Even experienced practitioners may not realize that giving a 
patient antibiotics affects not just that patient, but also their 
environment, and all the other people that come into contact 
with that environment.” Dancer’s1 statement, intended as a 
warning to practitioners of human medicine, emphasizes the 
importance of judicious antimicrobial therapy. It is understood 
that the goal of antimicrobial therapy is successful treatment of 
infection. However, the less judicious the approach taken to 
achieve that goal, the more likely a path to future failure is paved. 
The goal of antimicrobial therapy must be further modified to 

include avoidance of resistance, a goal that is not necessarily 
accomplished with successful resolution of infection. Although 
it might be tempting to consider that human and veterinary 
medicine are differentially affected by antimicrobial resistance, 
in reality both are inexorably linked, and what affects one will 
affect the other. As early as 1998, the National Foundation for 
Infectious Diseases estimated the cost of antibiotic-resistant 
bacteria to be as high as $4.5 billion annually and that they are 
responsible for more than 19,000 (human) deaths per year.2 
The impact is evident globally, nationally, in the community 
setting, in the hospital environment, and within the hospital, 
particularly with regard to at-risk patients (e.g., critical care).3 
Any antimicrobial used to treat a patient ultimately must be 
excreted into the environment; the impact of this is just now 
being addressed scientifically.

Empirical antimicrobial selection may become an approach 
of the past. As medical communities struggle to assess impact, 

6 Principles of Antimicrobial 
Therapy*
Dawn Merton Boothe

Chapter Outline

JUDICIOUS ANTIMICROBIAL USE
DEFINITIONS AND GOALS
IDENTIFYING THE NEED FOR ANTIMICROBIAL 

THERAPY
IDENTIFYING THE TARGET ORGANISM

Empirical Antimicrobial Therapy
Culture and Susceptibility Testing
Interpreting Culture and Susceptibility Test Results
Population Pharmacodynamic Statistics

DRUG FACTORS THAT AFFECT ANTIMICROBIAL 
EFFICACY
Bactericidal Versus Bacteriostatic Antimicrobials
Integration of Pharmacokinetics and Pharmacodyamics: 

Pharmacodynamic Indices
Postantibiotic Exposure
Time- Versus Concentration-Dependent Drugs

MICROBIAL FACTORS THAT AFFECT 
ANTIMICROBIAL EFFICACY
Inoculum Size
Virulence Factors
Biofilm
Antimicrobial Resistance
Inherent Versus Acquired Resistance
Factors Contributing to the Emergence of Resistance

Mutant Prevention Concentration
Biochemical Mechanisms of Resistance
Avoiding Antimicrobial Resistance

HOST FACTORS THAT AFFECT ANTIMICROBIAL 
EFFICACY
Host Factors That Facilitate Drug Efficacy

DRUG FACTORS THAT AFFECT ANITMICROBIAL 
EFFICACY
Mechanisms of Drug Action
Drug Disposition
Nonantimicrobial Effects of Antimicrobials
Antimicrobial Effects of Nonantimicrobial Drugs
Adverse Drug Events and Antimicrobials

ENHANCING ANTIMICROBIAL EFFICACY
Selecting the Route
Designing the Dosing Regimen and Duration of Therapy
Combination Antimicrobial Therapy

ANTIMICROBIAL PROPHYLAXIS
SURGICAL PROPHYLAXIS

Type of Surgery
Potential Pathogens Encountered
Host Competence
Pharmacologic and Antibacterial Properties

*The author would like to acknowledge the input regarding culture
and susceptibility testing and interpretation and infection control
provided by Terri Hathcock, MS, Diagnostic Veterinary Microbiolo-
gist, Auburn University.



129CHAPTER 6 Principles of Antimicrobial Therapy

causes, and means of avoidance, inappropriate antimicrobial 
use clearly is a consistent contributing factor to antimicro-
bial resistance. Inappropriate use includes both excessive and 
unnecessary use, as well as inappropriate dosing regimens. In 
the United States alone, approximately 350 million pounds of 
antibiotics are consumed annually in human medicine.2 The 
numbers in veterinary medicine are less clear, but 20 million 
pounds were consumed by food animals during the same 
period.2,4 Approximately 40% of human consumption of anti-
microbials is considered unnecessary.2 That we do not have a 
similar statistic regarding therapeutic antimicrobial use in vet-
erinary patients reflects, perhaps, a somewhat cavalier attitude 
regarding antimicrobial stewardship both on the part of the 
manufacturers and the users. The veterinary profession has 
been intensely scrutinized by the medical community regard-
ing its use of antimicrobial products in animals. This some-
times scientific and frequently emotional focus began with use 
in food animals but is shifting to companion animals.5 Guard-
abassie6 has described the role of the family pet as a reservoir 
of potentially resistant zoonotic organisms. Resistant strains 
of Staphyloccocus intermedius, Campylobacter, Salmonella, and 
Escherichia coli were cited as possible zoonotic concerns. At 
least 1% of annual salmonellosis cases in humans are assumed 
to be associated with companion animals.6 Approximately 6% 
of Campylobacter jejuni infections in humans (children) are 
transmitted from pets.6,7 Methicillin-resistant Staphyloccoccus 
aureus (MRSA) has been isolated in family members and pets 
in the same household8-10; methicillin-resistant Staphylococcus 
intermedius* (MRSIG) has been reported in human patients11; 
and, perhaps disconcertingly, MRSA of animal origin (not 
previously identified in humans) has been identified in ani-
mals, albeit food animals (pigs).12 In dogs E. coli strains are 
phylogenetically similar to pathogenic strains causing infec-
tion in humans; more than 15% of canine fecal deposits in the 
environment contain E. coli strains related to virulent human 
strains.6 The concern regarding E. coli relates, in part, to its 
ability to develop resistance in the presence of antibiotic con-
centrations considered therapeutic.13,14 Extraintestinal patho-
genic E. coli (ExPEC, the “other” bad E. coli) appears to easily 
colonize the gastrointestinal tract, potentially displacing com-
mensals and eventually emerging as infectious organisms in 
other body tissues, particularly in the urinary tract.15 Further, 
E. coli is able to share mechanisms of resistance with other 
enteric pathogenic coliforms such as Salmonella.13 Evidence 
exists for the transfer of resistance between E. coli and Salmo-
nella and subsequent transfer of these organisms between ani-
mals (pet and farm animals) and humans16

*Staphylococcis intermedius is likely to be renamed Staphylococcus 
pseudintermedius. Until official, the term Staphylococcus intermedius 
group (SIG) will be used to refer to this organism.

The pernicious advent of resistance over decades of anti-
microbial use reveals that, despite their safety to the patient, 
antimicrobials are not innocuous drugs.17 As in human medi-
cine, antibiotic stewardship (i.e., judicious antimicrobial use) 
should become the focus for reducing resistance in veterinary 
medicine.18 Prudent veterinarians and veterinary practices 
will implement decision-making processes (antimicrobial 
use paradigms) that minimize the temptation to use antimi-
crobials as alternative therapies. Designing a dosing regimen 
on the basis of cost and convenience, rather than on pharma-
codynamics and pharmacokinetics, must become a paradigm 
of the past. Antimicrobial stewardship begins by recognizing 
the problems and issues and successfully implementing pro-
cedures that reasonably minimize the impact of antimicrobial 
use in the patient while not forfeiting the likelihood of thera-
peutic success. It is with this appproach this chapter empha-
sizes the rational basis for decision making in the selection of 
the proper antimicrobials.

DEFINITIONS AND GOALS

The terms antibiotic, antibacterial, and antimicrobial are often 
used interchangeably, despite their different meanings. Anti-
biotics are natural chemicals (e.g., penicillin) produced by 
organisms intended to suppress other organisms (generally, 
but not exclusively, bacteria), whereas antimicrobial refers to 
any compound, whether natural, synthetic, or a combination 
thereof, that suppresses microbial growth. Antibacterials tar-
get bacteria, antifungals target fungi, and so forth. The term 
microbes usually refers to bacterial organisms but also includes 
fungal and other (nonviral) organisms. Bacteria can be further 
categorized on the basis of their Gram-staining characteristics 
and their morphology (Box 6-1). This classification is helpful 
when matching bug to drug. In addition to staining charac-
teristics, bacteria can be defined as  aerobic—that is, those 
that generate energy (ATP) by aerobic respiration of oxygen. 
Some aerobes have minimal capacity to generate energy in the 
absence of oxygen and can be referred to as obligate aerobes. 
Although Pseudomonas aeruginosa might be classified as an 
obligate aerobe, it has the capacity to function, as with many 
other aerobes, as a facultative anaerobe. Facultative anaer-
obes prefer an oxygen-rich environment but are quite capable 
of switching to fermentation in the absence of oxygen. An 
example environment in which P. aeruginosa is able to survive 
in reduced oxygen environments (in humans) is cystic fibrosis. 
Other examples of facultative anaerobes include the families 
Enterobacteriaceae (e.g., E. coli, Klebsiella pneumoniae, Pro-
teus mirabilis), Vibrionaceae (e.g., Vibrio, Aeromonas), and 
Pasteurellaceae (Pasteurella, Haemophilus). In contrast, obli-
gate anaerobes cannot tolerate the presence of oxygen more 
than a few seconds. Examples include members of the fam-
ily Bacteroides. Clostridia sp. is an example of an anaerobic 
organism whose oxygen toleration ranges from moderately 
tolerant (e.g., Clostridia tetani) to highly  tolerant (e.g. Clos-
tridia perfringens). Microaerophilic bacteria lie somewhere 
between aerobic and obligate anaerobes, in that they require 
low concentrations of oxygen to survive. Examples include 

KEY POINT 6-1 Antimicrobial use by veterinarians affects 
the global medical community; the veterinary hospital, the 
patient; and, as is increasingly being recognized, the pet 
owner.
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Spirochetes
Spirochaetales

Borrelia (Microaerophilic)
Spirochaeta
Treponema

Leptospiraceae
Leptospira

Aerobic/Microaerophilic, Motile, Helical/Vibrioid 
Gram-Negative Bacteria
Campylobacter
Helicobacter

Gram-Negative Aerobic Rods and Cocci
Pseudomonadaceae

Pseudomonas
Xanthomonas

Legionellaceae
Legionella

Neisseriaceae
Acinetobacter
Moraxella
Neisseria

Other Genera
Acidiphilium
Acidomonas
Alcaligenes
Bordetella
Brucella
Flavobacterium
Francisella

Facultatively Anaerobic Gram-Negative Rods
Enterobacteriaceae

Citrobacter
Edwardsiella
Enterobacter
Escherichia
Klebsiella
Kluyvera
Morganella
Proteus
Providencia
Salmonella
Serratia
Shigella
Yersinia

Vibrionaceae
Aeromonas
Vibrio

Pasturellaceae
Actinobacillus
Haemophilus
Mannheimia
Pasteurella

Gram-Negative Anaerobic, Straight, Curved,  
and Helical Rods
Bacteroidaceae (Obligate anaerobes)

Bacteroides
Porphyromonas
Prevotella
Fusobacteriaceae

Anaerobic Gram-Negative Cocci
Veillonellaceae

Acidaminococcus
Megasphaera
Syntrophococcus
Veillonella

Rickettsias and Chlamydias
Rickettsiales

Coxiella
Rickettsia
Rickettsiella
Rochalimaea
Wolbachia

Bartonellaceae
Bartonella
Grahamella

Anaplasmataceae
Ehrlichia
Neorickettsia
Anaplasma
Eperythrozoon
Haemobartonella

Chlamydiales
Chlamydiaceae
Chlamydia

Mycoplasmas
Mycoplasmataceae

Mycoplasma
Ureaplasma

Spiroplasmataceae
Spiroplasma

Gram-Positive Cocci
Aerobic, Catalase-Positive Genera

Micrococcus
Staphylococcus (also recognized as facultative anaerobe)

Aerotolerant, Catalase-Negative Genera
Enterococcus
Streptococcus (Pyogenic Hemolytic Streptococci, Oral
Streptococci, Enterococci, Lactic Acid Streptococci, Anaerobic
Streptococci)

Anaerobic, Catalase-Negative Genera
Peptococcus
Peptostreptococcus

Box 6-1
Bergey’s Classification of Medically Relevant Bacteria
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Helicobacter and Borrelia spp.19 When collecting a culture 
sample for such organisms, extreme care must be taken to pre-
vent its exposure to oxygen. Aerotolerant organisms are not 
affected by either the presence or the absence of oxygen.

The term organism refers to either the genus or the genus 
and species of a microrganism. Examples include E. coli, Staph-
ylococcus pseudintermiedius group (SIG), Enterococcus faecalis, 
and Bacteroides fragilis. For each of these organisms, multiple 
strains exist. An isolate refers to one colony-forming unit 
(CFU) of the resident population of that organism. This might 
be from any site, such as a lake, a feedlot, a surgical table, or 
the sample collection site of a patient. The cultured isolate is 
only one among what are likely to be thousands or hundreds 
of thousands of CFUs that make up the resident population, or 
inoculum, of the organism in the patient. Whether the inocu-
lum in the patient represents a true infection rather than nor-
mal flora is based, in part, on the size of the inoculum—that 
is, how many CFUs of that organism are present in the animal. 

The goal of antimicrobial therapy is to achieve sufficient 
concentrations of an appropriate drug at the site of infection 
such that the infecting organism is killed, while simultaneously 
avoiding side effects of the drug in the patient. In today’s age of 
emerging resistance, the goal must be modified to include the 
avoidance of antimicrobial resistance. Therapeutic decisions 
concerning antimicrobial therapy for the infected patient are 
among the most challenging  (Figure 6-1). Unlike most other 
drug therapies, antimicrobial therapy must take into account 

microbe, drug, and patient factors (i.e., the chemotherapeutic 
triangle), many of which confound successful therapy to the 
point of causing failure (Figure 6-2). Antimicrobial therapy is 
most likely to be successful when the target (and thus spec-
trum of antimicrobial activity) is known such that pharma-
codynamics (PD) of the infecting organism can be integrated 
with the pharmacokinetics (PK) of the drug in the patient.

IDENTIFYING THE NEED FOR 
ANTIMICROBIAL THERAPY

The first decision to be made regarding antimicrobial therapy 
is determining the need to treat (see Figure 6-1). The deci-
sion includes confirming, to the extent possible, the existence 
of infection; identification of the cause of the infection bac-
teria (or fungal, etc), the need for treatment of the infection; 
and, if treatment is deemed necessary, whether antimicrobials 
should be part of the therapy. This first decision is probably 
given the least consideration yet may be the most important 
if resistance is to be avoided. It also may be the most difficult 
to make. The presence of infections frequently cannot be con-
firmed for a variety of reasons, such as the lack of (infection-) 
specific clinical signs, location in an inaccessible site, and costs 
associated with accurate diagnosis. Infection is supported, 
but not necessarily confirmed, by clinical signs or laboratory 
tests indicating fever, inflammation, and organ dysfunction 
or structural changes detected by imaging techniques such 
as radiology, ultrasound, and magnetic resonance imaging. 
Culture may support, but does not necessarily confirm, infec-
tion. Newer detection methods based on molecular diagnostic 
techniques (e.g., polymerase chain reaction) may ultimately 
prove to be important tools in the rapid bedside diagnosis of 
infectious diseases, including multidrug-resistant bacteria.20 
However, simply documenting the presence of these microbes 
may not be a sufficient indication of cause and effect. These 
methods may not discriminate infection (reproducing, patho-
genic organisms) and colonization (the presence, growth, and 
multiplication of the organism without observable clinical 

(From Krieg NR, Staley JT, Hedlund B et al: Bergey’s manual of systematic bacteriology, ed 2, Volume 4: The Bacteroidetes, Spirochaetes, Tenericutes (Mollicutes), Acidobacteria, 
Fibrobacteres, Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lentisphaerae, Verrucomicrobia, Chlamydiae, and Planctomycetes, New York, 2010, Springer.)

Endospore-Forming Gram-Positive Rods and Cocci
Bacillus
Clostridium

Regular, Nonsporing Gram-Positive Rods
Erysipelothrix
Kurthia
Lactobacillus
Listeria
Renibacterium

Irregular, Nonsporing Gram-Positive Rods
Actinomyces
Bifidobacterium 

Corynebacterium 
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Box 6-1
Bergey’s Classification of Medically Relevant Bacteria—cont’d

KEY POINT 6-2 Antibiotics are natural antimicrobials secreted 
by one microorganism to inhibit another. A microbe that 
secretes antibiotics also carries the genes for resistance to 
that antibiotic.

KEY POINT 6-3 An infection is defined by the size of the 
inoculum, which varies with the tissue and method of 
 culture collection.
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symptoms or immune reaction), or pathogens from normal 
microflora. An exception can be made if cytology reveals 
organisms phagocytized by white blood cells, but the absence 
of phagocytosis does not eliminate infection.

Identifying the presence of infection is important in avoid-
ing indiscriminate antimicrobial use. Increased risk of toxicity, 
cost, and inconvenience are obvious reasons that antimicrobial 
drugs should not be used indiscriminately. Less obvious rea-
sons are an increased risk of superinfection and the potential 
emergence of resistant microbes. These latter reasons reflect, 
in part, the impact of antimicrobial therapy on normal flora.

Internal structures and organs (e.g., bone, heart, kidneys, 
the lower respiratory tract) are normally sterile. Sterility may 
be maintained, in part, by secretions, which constantly clean 
or clear the site. In addition to bulk flow, secretions may 
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Figure 6-1 Therapeutic decision making for judicious antimicrobial therapy requires multiple steps. Antimicrobials should not be 
used indiscriminately; whenever possible, the most narrow-spectrum drug that targets the infecting organism should be used. 
Achieving adequate drug concentrations at the site of infection is critical to successful therapy. Dosing regimens should be modi-
fied for the patient; modifications should include changes in the dose and/or interval as is relevant. The asterisk at the *Design 
Dosing Regimen step refer to those indications previously encountered that should also lead to either a shortened interval or an 
increased dose, depending on whether the drug is concentration versus time dependent.

KEY POINT 6-4 The first and most critical decision to be 
made regarding antimicrobial therapy is determining the 
need to treat. This includes confirming, as much as pos-
sible, the existence of infection; deciding if it must be 
treated; and, if so, whether antimicrobials should be part of 
the therapy.
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contribute to sterility by the presence of endogenous antimi-
crobial compounds (e.g., tears, saliva, respiratory tract secre-
tions, gastrointestinal acidity). However, in contrast, external 
(skin and conjunctiva of the eye) and internal (linings of the 
respiratory, digestive, and urogenital systems) surfaces are 
characterized by normal microflora. Normal flora may be fur-
ther defined according to their contribution to host health or 
well-being. Most normal flora are commensals that appear to 
neither harm nor help the host. Some commensals, however, 
are also opportunistic in that they may become pathogenic, 
particularly if host health is impaired. A pathogen is a microbe 

that is associated with and capable of causing host damage.21 
Pathogens often reflect the normal flora of infected sites, with 
E. coli, P. aeruginosa, K. pneumoniae, and S. aureus being com-
mon examples of opportunistic normal flora that can become 
pathogenic (Table 6-1). Mutualistic organisms help maintain 
microbial balance through host–microbe interactions. They 
provide beneficial effects such as producing acids that lower 
pH and blocking colonization by more dangerous microbes. 
Antibiotics secreted by mutualistic organisms help maintain 
the composition of aerobic and anaerobic commensal bacte-
ria, resulting in a population that is most appropriate for host 
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health and preventing colonization by pathogenic organisms. 
Opportunistic organisms may not originate from normal 
microflora but rather may be acquired from the environment 
(e.g., Aspergillosis, fungal organisms). Nosocomial organisms 
cause infections as a result of medical treatment, usually in a 
hospital or clinic setting. As such, a nosocomial infection is 
defined as one that arises 48 hours after hospital admission. 
Disruption of the environment, such as might occur with 
the use of antimicrobials that alter the anaerobic population, 
will also disrupt the balance of normal microflora, increasing 
the risk of infection (see the section on antimicrobial resis-
tance). Not only will death of normal flora leave a void that 
can be filled in with more hardy and potentially pathogenic 
microbes, but the constant exposure of the microbes to antibi-
otics leads to ongoing development of mechanisms such that 
the microbes resist environmental drugs. Therefore the organ-
isms are primed for resistance. Narrowing the spectrum of the 
chosen antimicrobial will help limit, although probably not 
prevent, the development of resistance.

IDENTIFYING THE TARGET ORGANISM

Empirical Antimicrobial Therapy
After it has been determined that infection does exist and 
warrants medical management with antimicrobial drugs, 
identification of the target is the second critical decision to be 
made. Antimicrobial selection is probably most often made 
empirically—that is, on the basis of assumptions regarding 

the infecting organism and its susceptibility to drugs. These 
assumptions are based on historic data that identify organisms 
most commonly associated with infections of various body 
systems (see Table 6-1).22 However, older data may not have 
discriminated between commensals and pathogens — indeed 
even today such discrimination often is not possible — which 
complicates the accuracy of prediction. More problematic, as 
resistance has emerged, the risk of incorrectly identifying the 
susceptibility pattern of an infecting microbe has increased. 
Thus the clinician should carefully balance the risk of thera-
peutic failure, including recurrence of infection with a resis-
tant microbe, with the cost associated with more accurate 
diagnostic procedures.

The utility of Gram staining in the selection of an antimi-
crobial should not be overlooked as a means to narrow the 
spectrum of the chosen antimicrobial. Gram stain characteris-
tics differ on account of differences in the layers penetrated by 
the Gram (purple) stain. The cell wall is many layers thicker in 
gram-positive organisms than in gram-negative ones thus ren-
dering them more susceptible to some drugs that target the cell 
wall; further, the gram-positive isolates do not have an exter-
nal lipopolysaccharide (LPS) covering that is present in gram-
negative organisms (Figure 6-3). Whereas the LPS layer is the 
source of endotoxin responsible for the morbidity and mortal-
ity associated with many gram-negative infections, just as this 
external covering precludes stain movement into the cell wall, 
it also serves as a barrier to drug movement into the organism 
(see Figure 6-3).23 Movement, particularly of water-soluble 
drugs, is generally restricted to outer membrane proteins that 
span the breadth of the covering (porins); however, changes in 
porin size and efflux pumps are mechanisms by which gram-
negative organisms overcome drug movement through porins.
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Figure 6-2 In contrast to other drug therapies, antimicrobial therapy involves not only the host and drug but also the microbe. 
Interactions among the three profoundly complicate successful antimicrobial therapy.

KEY POINT 6-5 Discriminating among commensal versus 
pathogenic organisms is difficult and often cannot be 
determined simply by culture.
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Table 6-1  Normal Flora and Clinically Significant Infections by Organ System (Dogs and Cats)
Organ or Site Organism Comment
Blood

Staphylococcus intermedius (D: 25%-35%)*, †, ‡
Streptococcus spp. (D: 18%-21%)†
Enterobacter cloacae (D: 3%-8%, C: 7%)†
Escherichia coli (D: 35%-45%*; D: 18%-71% & C: 14%)†
Klebsiella pneumoniae (D: 25%-35%*: C: 14%)†
Proteus (D: 14%)†
Pseudomonas aeruginosa (D: 10%-20%)
Salmonella (D: 11%-13%; C: 29%)†
Obligate anaerobes (D: 10%-20%)

Endocarditis† Staphylococcus intermedius (D: 6%-33%)
Streptococcus spp. (D: 12%-26%)
Escherichia coli (D: 6%-30%)
Erysipelothrix rhusiopathiae (D: 19%)
Corynebacterium spp. (D: 19%)

Respiratory
Upper Staphylococcus intermedius (D: 30%-35%)§, ║, ¶ Have been isolated from nasal swabs, tonsillar and 

pharyngeal swabs, or tracheal and lung swabs
Streptococcus spp. (15%-27%)§, ║, ¶
Corynebacterium spp, §, ║, ¶
Escherichia coli§ (15%-29%)§, ║
Klebsiella pneumoniae (D: 10%-15%)║, ¶
Moraxella§, ¶
Neisseria§, ║
Pasteurella multocida (D: 15%-34%; C: >50%)§, ║
Proteus (C: <10%)§, ║
Pseudomonas§ (6%-34%)§, ║
Bacteroides║
Clostridium spp. §
Fusobacterium║

Rhinitis, sinusitis Escherichia coli
Pasteurella multocida
Proteus
Pseudomonas spp.

Tracheobronchitis* Bordetella

Lower

Staphylococcus intermedius (D: 10%-15%) Normal bronchi and lungs sterile distal to first 
bronchial division

Escherichia coli (D: 30%-40%; C: 15%-20%)
Bordetella (D: 10%-15%)
Enterococcus
Klebsiella pneumoniae (D: 15%-20%; C: <10%)
Pasteurella multocida (C: >50%)
Pseudomonas
Proteus mirabilis (D: <10%)

Pleuritis Actinomyces, Bacteroides, Corynebacterium, Fusobacterium, 
Nocardia, Pasteurella, Staphylococcus, Streptococcus

Gastrointestinal
Oral cavity Beta-hemolytic Streptococcus Isolates from healthy dogs§

Staphylococcus epidermidis§
Acinetobacter§
Escherichia coli§
Moraxella§
Neisseria§
Pasteurella§
Proteus§
Pseudomonas§
Obligate anaerobes (80%-90%)

Continued
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Table 6-1  Normal Flora and Clinically Significant Infections by Organ System (Dogs and Cats)—cont’d
Organ or Site Organism Comment
Small intestine Escherichia coli, Klebsiella,¶ Enteropathogenic bacteria in the stomach or small 

intestine associated with enterotoxin¶ or muco-
sal invasion

Enterobacteriaceae§ Campylobacter fetus¶
Moraxella
Neisseria
Proteus spp.
Pseudomonas spp.
Salmonella typhimurium§, ¶
Shigella§
Vibrio cholerae¶
Vibrio parahaemolyticus§
Yersinia enterocolitica¶
Clostridium perfringens (type A) ¶
Bacillus§, ¶

Large intestine Enterobacteriaceae* *Normal microflora; anaerobic make up 90% of 
microflora

Enterobacteriaceae§ Anaerobes
Peritonitis

Hepatobiliary

Enterobacteriaceae
Escherichia coli
Enterobacter
Klebsiella

Genital

Staphylococcus intermedius (D: 15%-25%)§ Normal microflora of distal urethra and prepuce§
Acinetobacter§
Escherichia coli (30%-35%)§
Klebsiella§
Moraxella,§ Haemophilus§
Pasteurella multocida (10%-25%)§
Proteus sp.§
Pseudomonas aeruginosa (<10%)
Obligate anaerobes (C: 10%-25%)
Mycoplasma spp.§
Ureaplasma spp.§
Staphylococcus intermedius (D: 15%-25%)§ Normal microflora of canine vagina§
Staphylococcus epidermidis§
Streptococcus canis, S. faecalis, S. viridans, 

S.  zooepidemicus§
Corynebacterium§
Acinetobacter§
Citrobacter§
Enterobacter§
Enterococcus§
Escherichia coli (30%-35%)§
Haemophilus§
Klebsiella§
Micrococcus§
Moraxella,§ Neisseria§
Pasteurella multocida (15%-25%)
Proteus§
Pseudomonas aeruginosa (<10%)§
Obligate anaerobes (C: 10%-25%)
Mycoplasma§
Ureaplasma§
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Table 6-1  Normal Flora and Clinically Significant Infections by Organ System (Dogs and Cats)—cont’d
Organ or Site Organism Comment

Urinary Tract

Staphylococcus intermedius (D: <10%)
Enterococcus faecalis (D: <10%)
Escherichia coli (40%-50%)
Klebsiella pneumoniae (10%-15%)
Pasteurella multocida (C: 10%-15%)
Proteus mirabilis (10%-15%)
Pseudomonas aeruginosa (C: <10%)

Central Nervous System
Brucella
Pasteurella

Ocular
Conjunctiva Staphylococcus intermedius,§, ¶ S. albus¶ Cultured from the conjunctival sac of clinically 

normal dogs or cats§¶
Beta-hemolytic Streptococcus (C: 15%-25%)§, ¶
Corynebacterium§, ¶
Escherichia coli¶
Moraxella§
Neisseria§
Pasteurella multocida (C: 10%-20%)
Pseudomonas§
Proteus
Bacillus§, ¶
Chlamydia psittaci (C: 50%-75%)
Mycoplasma¶

Eye Leptospira
Brucella canis
Clostridium tetani
Mycobacterium bovis

Otitis externa Staphylococcus intermedius (D: 25%-30%)
Escherichia coli (D: 10%-20%)
Proteus mirabilis (D: 20%-25%)
Pseudomonas aeruginosa (D: 15%-25%)

Skin Staphylococcus intermedius (D: 60%-70%)
Escherichia coli (20%-30%)
Pasteurella multocida (C: >50%)
Proteus mirabilis (<10%)
Pseudomonas aeruginosa (D: <10%)

Wounds, abscesses Staphylococcus intermedius (D: 25%-50%)
Escherichia coli (D: 20%-30%; C: 10%-20%)
Pasteurella multocida (C: 30%-40%)
Proteus mirabilis (D: 10%-20%; C: <10%)
Pseudomonas aeruginosa (D: 10%-20%)
Obligate anaerobes (25%-35%)

Musculoskeletal
Osteomyelitis Staphylococcus intermedius (D: 40%-50%)

Staphylococcus aureus
Escherichia coli (D: 10%-20%)
Enterococcus faecalis (D: 10%-20%)
Proteus mirabilis (10%-20%)

*Numbers in parentheses refer to probable percentages of infections in this tissue that are caused by the organism, as cited by Aucoin (1993). Unless noted otherwise, the percentages 
refer to both dogs and cats (D = dog; C = cat). Note that the probable percentage is likely to vary geographically and may be biased toward patients referred to a specialty service.
†Numbers in parentheses refer to probable percentages of infection in this tissue that are caused by the organism, as cited by Greene (1990).
‡Number in parenthesis reflects the range of percent cited by both Aucoin (1993) and Greene (1990).
§¶ For each tissue, the symbol is defined in the Comment column.
**Organisms that are cultured from clinically healthy animals may be difficult to distinguish from those that cause infection.
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In addition to Gram staining, determining the source of 
infection may help identify the microbe because some organ-
isms are more likely than others to infect certain body sys-
tems. For example, genitourinary tracts are often infected with 
gram-negative aerobes, whereas abdominal infections gener-
ally are caused by gram-negative aerobes initially, followed by 
anaerobes after several days (see Table 6-1).24,25 Skin is most 
commonly infected with Staphylococcus pseudintermedius (to 
be referred to as S. intermedius group, or SIG), abscesses with 
anaerobes and Pasteurella spp., and the urinary tract with E. 
coli. Indeed, E. coli is one of the more common pathogens, 
infecting many tissues. One study of 674 E. coli isolates col-
lected from dogs found the vast majority (n=424) associated 
with urinary tract infections (UTIs) (n=424); however, 61 were 
also collected from skin, respiratory tract (52), ear (43), female 
(42) and male (25) reproductive tracts, and other organ sys-
tems (23). However, although E. coli may indeed be the most
common isolate associated with UTIs, it does not necessarily
represent the majority of UTIs. In a study by the author, only
50% of UTIs were caused by E. coli, with the remaining 50%
caused by Staphylococcus spp., Enterococcus spp., Proteus, and
others. For critical patients, organisms generally represent the
normal flora of the alimentary canal or a nosocomial organ-
ism.26 Granulocytopenic or otherwise immunoincompetent
patients also are more likely to be infected by aerobic gram-
negative organisms.

Even if the organism is correctly identified, the greater 
risk of failure associated with empirical treatment lies in the 

inability to correctly predict susceptibility patterns. This is not 
a new concern: As early as 1996, a study of critical-care patients 
revealed that empirical selection of antimicrobials was incor-
rect, on the basis of cultures collected before antimicrobials 
were started, in nearly 45% of patients.27 Further, isolates of 
four organisms collected between 1998 and 2000 (P. aeurigi-
nosa, P. mirabilis, E. coli, Staphylococcus spp.) widely considered 
to be susceptible to enrofloxacin (which had been approved 
for approximately 10 years) were characterized by a higher 
than expected incidence of resistance (28% for E. coli).28 More 
recently, a high level of resistance was ascribed to drugs used 
empirically to treat otitis interna29 and pyothorax.30 Finally, 
our laboratory has demonstrated that more than 40% to 60% of 
E. coli associated with UTIs in dogs are characterized by resis-
tance to first- and second-choice drugs (amoxicillin/clavulanic
acid, cephalexin, potentiated sulfonamides, and enrofloxa-
cin).31 These differences may be regional but the absence of a
robust surveillance program for dogs and cats limits empirical
antimicrobial selection. These studies suggest culture and sus-
ceptibility (C&S) testing will become increasingly important.

Culture and Susceptibility Testing
C&S data can be a powerful guide for judicious antimicrobial 
use. However, C&S testing is only one of several tools that 
should support antimicrobial therapy. Among the advantages 
of culture is facilitation of input from a veterinary diagnostic 
microbiologist. As such, it has multiple roles in antimicrobial 
therapy: identifying the potential pathogen, providing a list 
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Figure 6-3 The gram-positive cell wall is thicker than the gram-negative cell wall, but the gram-negative cell wall is protected by 
an outer membrane including a layer of lipopolysaccharides. Endotoxin, derived from the lipopolysaccharides, contributes to 
the mortality and morbidity of gram-negative infections. The membrane also presents a challenge to drug movement. Although 
lipid-soluble drugs can diffuse through the membrane, movement of water-soluble drugs must occur through channels in outer 
membrane proteins called porins, which form aqueous channels that filter unwanted molecules. These porins are also associ-
ated with efflux pump proteins (the latter are also present in gram-positive organisms). Reduction in porin size or increased efflux 
pump activity are important mechanisms by which gram-negative organisms develop multidrug resistance.
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of potentially effective drugs, offering guidance regarding the 
most effective drug, and serving as a basis for design of a dos-
ing regimen of that drug through integration of pharmacoki-
netics (PK) and pharmacodynamics (PD).32

To date, not all infections require C&S testing to be effec-
tively treated. Indeed, basing treatment on C&S does not 
guarantee therapeutic success. However, C&S can be particu-
larly prudent for at-risk patients. It is particularly important 
for patients that have been treated with antimicrobials in the 
past several months. Testing is important to critical patients; 
although empirical therapy will begin before its receipt, cul-
ture of blood, urine, respiratory secretions (collected by 
bronchoscopy) and other pertinent body fluids (i.e., pleural, 
peritoneal, or cerebrospinal fluid [CSF]) should be carefully 
sampled before antimicrobial therapy is begun. Testing is also 
critical if infection by nosocomial organisms is of concern 
because their complex resistance patterns often require more 
expensive and potentially toxic drugs.33

Among the disadvantages of C&S testing is the time that 
often elapses between sample collection and receipt of results. 
Ideally, antimicrobial therapy will be withheld until the infor-
mation is received and the accuracy of empirical choices is 
confirmed. The more a patient is at risk for developing resis-
tance, the more important it may be to withhold therapy until 
results are received. However, treatment generally cannot be 
withheld. Still, if the data indicate that an incorrect choice 
may have been made regarding empirical antimicrobial selec-
tion, the data may no longer accurately reflect either the cur-
rent infecting population or the susceptibility pattern. The 
clinician has several options, given that scenario (see Figure 
6-1). If the patient has responded to therapy, the most prudent 
approach may be to stay the course, or perhaps add a second 
(nonantagonistic) drug to which the isolate is susceptible. If 
the patient has not responded sufficiently to therapy, therapy 
might be changed in light of the new data. However, the more 
prudent approach might be to reculture and wait until the new 
data arrive before changing course.

As with any tool, C&S data can be detrimental if misused. 
Contributing to improper use are the many pitfalls of testing, 
which begin with sampling, continue through the testing pro-
cedures and interpretation of results, and end with the design 
of the dosing regimen.

Culture data are only as good as the sampling methods of 
collection; the importance of proper culture techniques can-
not be overemphasized (Box 6-2). For skin wounds the surface 
always contains commensals; normal flora, regardless of the 
site of collection, will cause background noise that must be 
filtered out. Swabs are often not ideal for sampling for a vari-
ety of reasons,34 the most compelling of which is that only 3 
out of 100 CFUs will actually make it to the culture stage. For 
anaerobes in particular, air between the fibers inhibits growth. 

Despite the greater level of difficulty in sample acquisition, tis-
sue is the preferred sample. This might be an aspirate of fluids 
or macerated tissues (the laboratory may prefer to perform 
the macerating). Cleansing before sample collection is indi-
cated, particularly for contaminated sites. For the same reason, 
cystocentesis is the most acceptable sample for interpretation 
of bacteriuria; catheterized sample often contain microbes 
colonizing the catheter and associated biofilm. The properly 
collected obligate anaerobic sample is particularly difficult 
to achieve and the absence of anaerobes may simply reflect 
improper techniques. An anerobic infection should be sus-
pected if clinical signs are supportive (e.g., foul smell, adjacent 
to mucosal membranes or gas). Note that facultative anaerobes 
may be cultured and tested as susceptible under aerobic condi-
tions but fail to respond to therapy as expected if the infection 
in the patient occurs under anaerobic conditions.

Even a properly collected culture may not confirm infection 
or identify the infecting pathogenic microbe. Cytology cou-
pled with Gram staining should be considered when possible, 
with phagocytosis of the organism indicative of pathogenic-
ity. Pathogenicity reflects virulence, which is often miscon-
strued as resistance. The chances of proper identification of 
the cultured isolate pathogen are greatest if vibrant growth 
is obtained in an otherwise sterile environment. However, 
for tissues characterized by a normal flora, culture may not 
be able to discriminate colonization and infection by normal 
opportunistic organisms that have become pathogenic. Most 
normal flora comprises commensals that are opportunistic, 
i.e., able to cause disease without the support of virulence fac-
tors. A population shift from colonization to infection by such 
organisms is more likely to occur in at-risk patients, such as 
the critical-care patient, or at sites for which local immunity is 
compromised. Infection generally reflects normal flora, such 
as E. coli, P. aeruginosa, K. pneumoniae, and S. pseudinterme-
dius., although opportunistic organisms also may be acquired 
from the environment.

The culture may give some indication as to the quality of 
the sample based on evidence of contamination. If C&S data 
indicate contamination, the site should be resampled (tissue 
collection rather than swab) after proper cleansing. For exam-
ple, selected organisms, such as Bacillus sp. and Corynebacte-
rium spp. are common contaminants, and their presence in 
wounds may be indicative of contamination and thus, poten-
tially, a poorly representative sample. The location of culture 
may also be important in identifying the organism as a con-
taminant. For example, whereas beta-hemolytic Streptococcus 
sp. (e.g, S. canis) collected from a wound may be important, 
it is a likely contaminant if cultured from the ear. Streptococ-
cus sp. pathogenicity (i.e., the likelihood of infection) can 
be associated with its ability to hemolyze hemoglobin, with 
alpha designation (hemoglobin is simply reduced) being the 
least and beta (red blood cells disrupted) potentially the most 
hemolytic and pathogenic designation. Gamma hemolysis 
is actually the absence of hemolysis and is demonstrated by 
Enterococcus spp. (previously a subset of Streptococcus spp.). 
However, alpha-hemolytic also can be pathogenic under the 
right circumstances, such as in the patient that has undergone 

KEY POINT 6-6 The more at risk a patient is for resistance 
to be present or emerge, the more important culture and 
 susceptibility testing becomes in the support of drug 
 selection and design of the dosing regimen.
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Box 6-2
Techniques in Culture Sampling
Commonalities Regardless of Site*
Site preparation: Don sterile gloves. Clean wound. Do not cul-

ture purulent or necrotic debris. Thoroughly cleanse wound 
by removing excessive debris, flushing with saline, and blotting 
with sterile gauze. Change to sterile gloves before collection.

Tissue aspiration: Clean intact skin with antiseptic (e.g., 70% alco-
hol and 10% povidone–iodine). Allow to air dry (do not fan). 
Expel air from an appropriate-size syringe to which is attached 
a 22-Ga needle. Insert needle into intact skin at the deepest por-
tion of the lesion. Aspirate approximately 0.5 mL fluid. Needle 
can be moved back and forth at different angles in skin. Remove 
needle with hemostat. Discard needle and recap syringe with 
blood-gas cap, or, particularly if anaerobes are suspected, trans-
fer fluid to transport vial.

Swab techniques: Swab techniques are acceptable only for eye, ear, 
and uterus cultures. Note that only 3 of 100 colony-forming 
units collected in a swab are likely to be successfully cultured. 
Use a swab in appropriate carrier medium. The swab should be 
moistened with sterile, preservative-free solution if wound is not 
moist. Sample should be collected without touching the edge of 
the wound or skin. Rotate swab over 1-cm area of open wound 
for 4 seconds. Place swab aseptically in transport sleeve, mak-
ing sure tip comes into contact with liquid transport medium 
(break ampule if present). One swab should be collected for each 
sample type (i.e., aerobic, anaerobic, and a third if cytology is of 
interest).

Skin or Wound Biopsy
Swab is strongly discouraged; aspirate is acceptable, but macerated 

tissue is preferred: Clean intact skin with antiseptic and allow to 
air dry (do not fan). Collect biopsy aseptically. Place in transport 
tube containing liquid medium. Clinical microbiology labora-
tory will macerate.

Bone
Place in transport system. Moisten with sterile physiologic saline 

as necessary.

Drain Tube Site
Treat as a contaminated wound. Care must be taken not to culture 

the biofilm associated with the foreign body. The drain tube 
should be removed, the site surgically cleaned and flushed, and 
the area cultured. Ideally, tissue will be collected at the presumed 
site of infection.

Respiratory Tract
Bronchoscopy specimens include bronchoalveolar lavage, bron-

chial washing, bronchial brushing, and transbronchial biopsy 
specimens. The bronchoscope should be passed transorally in 
nonintubated patients or through the endotracheal tube in intu-
bated patients. Bronchial wash or bronchoalveolar lavage speci-
mens should be obtained before brushing or biopsy to minimize 
blood in the recovered fluid.
	• 	For	 lavage,	 sterile	 nonbacteriostatic	 0.85%	 NaCl	 should	 be

injected from a syringe through a biopsy channel of the bron-
choscope. Recovered fluid should be placed in the transport vial.

	• 	Bronchial	 brush	 specimens	 should	 be	 collected	 through	 a
telescoping double catheter plugged with polyethylene glycol
at the distal end (to prevent contamination of the bronchial
brush) through the biopsy channel of the bronchoscope. The
sample should be transported in a sterile container with a small
amount of sterile nonbacteriostatic 0.85% NaCl.

	• 	Lung	aspirations	should	be	placed	in	transport	vial	for	labora-
tory submission.

	• 	Pharyngeal	samples	are	not	acceptable.
	• 	Nasal	samples	are	of	limited	value.	Culture	requests	should	be

limited to pathogen-specific samples, e.g., Bordetella bronchi-
septica.

Urine
Samples should be collected by cystocentesis only. Catheterized sam-

ples generally are not preferred; if there is no alternative, collect 
from a fresh catheter, or (less ideal) discard the initial 5 to 10 mL of 
urine before collecting sample. Catheter tips or urine from a collec-
tion bag are not acceptable. Sample can be submitted in a red-top 
serum collection tube. Samples should be kept cold by submitting 
on ice and ensuring that samples are received by the laboratory 
within 24 hours of submission. Consider a urine paddle collection 
system supplied by some commerical diagnostic laboratories.

Blood Culture
Liquid medium is indicated. Volume is critical to maximize recov-

ery. Bacteremia may consist of less than one colony-forming 
unit per mL of whole blood. Prepare the collection site using 
aseptic methods, and for blood cultures, note that at least three 
collections at three time points are indicated. Collection during 
a fever spike is recommended. For blood, the volume should be 
1 part blood to 10 parts broth.

Cerebrospinal Fluid or Joint Fluids
Use blood culture bottle, and add entire sample asceptically to 

broth.

Other Body Fluids
See discussion of tissue aspiration.

Ocular
In general, instill 1 or 2 drops of topical anesthetic. Organisms are 

more readily detected in scrapings than from a swab.
	• 	For	 conjunctival	 scrapings,	 scrape	 the	 lower	 tarsal	 conjunc-

tiva with a sterilized spatula and place material directly into
medium. Alternatively, use a calcium alginate swab or a cotton-
tipped applicator to swab the inferior tarsal conjunctiva (inside
surface of eyelid) and the fornix of the eye.

	• 	Consider	 collecting	 a	 conjunctival	 sample	 first,	which	might
help you assess the possibility of contamination. Using short,
firm strokes in one direction, scrape multiple areas of ulcer-
ation and suppuration with a sterilized spatula. The eyelid
should remain open, and care should be taken to avoid eye-
lashes. Multiple scrapings are recommended because the depth
and extent of viable organisms may vary. Inoculate each scrap-
ing directly to appropriate medium.
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invasive procedures such as intubation (e.g., S. pneumonia in 
humans). Enterococcus also has expressed beta hemolysis.The 
laboratory may choose not to implement susceptibility testing 
for those isolates considered nonpathogenic, with the inter-
pretation of pathogenicity by the microbiologist depending on 
the host circumstances, including sampling site. Such decision 
making can only be improved with effective communication 
between clinician and microbiologist.

The number of organisms may be helpful in identifying the 
cause and effect of microbial presence and infection. Isolation 
of multiple organisms from a site that is easily contaminated 
by normal flora may represent floral colonization rather than 
a polymicrobial infection.24 In contrast, pure growth gener-
ally indicates infection and the potential need for therapy. For 
example, Pasteurella as one of several organisms collected from 
a nasal swab may not be relevant, but if cultured as a pure iso-
late, it is probably indicative of infection. A related indicator of 
infection is the intensity of growth. For countable tissues, the 
number of CFUs per mL of tissue should be considered when 
assessing whether the inoculum represents an infection (see 
previous discussion of inoculum size). Vibrant growth of a sin-
gle organism generally is indicative of infection by a pathogen, 
even in an environment that is easily contaminated. If mul-
tiple organisms are cultured and the culture was improperly 
collected, cleansing of the site (if possible) and reculture may 
facilitate correct identification of the pathogen. If the culture 
was a properly collected sample, those isolates characterized 
by lighter growth might be deemphasized in favor of organ-
isms with significant growth. Controlling the heavier growth 
may facilitate the patient’s capacity to eradicate the less dense 
population. For example, E. coli, SIG, or alpha-hemolytic 
Streptococcus are rapid growers, and if present together, the 
organisms with the greater growth might be targeted. However,  
P. aeruginosa is an example of a slow grower that is easily 
overwhelmed by other organisms. The impact on different 
growth rates exemplifies the importance of post-collection 
sample handing (e.g., the need to refrigerate). The presence of 
slow-growing organisms in a properly collected sample gener-
ally indicates the need for treatment. Specialized procedures 
may be necessary to identify growth in tissues normally ster-
ile (e.g., blood culture, cerebrospinal fluid, or well-collected 

bronchial alveolar lavage). Thus as few as two colonies of 
Pseudomonas sp. cultured from a properly collected bron-
chial alveolar lavage might be considered significant, whereas 
the need for antimicrobial therapy might be reconsidered if 
growth is less than 105 CFUs from a site that is easily con-
taminated (e.g., wounds, clean-catch or catheterized urine). 
Patient health also should be considered: whereas, up to 103 
CFU/mL of urine collected by cystocentesis may not be sig-
nificant in normal dogs, it may be indicative of infection in a 
patient that is not concentrating urine (e.g., because of renal 
disease, diuretic or fluid therapy).

Although the susceptibility patterns of an isolate may offer 
clues as to pathogenicity of the cultured isolate, care must also 
be taken with this approach. Contaminants are often char-
acterized by patterns of susceptibility rather than resistance. 
However, such an isolate may yet be a pathogen, particularly 
in a patient with no previous history of antimicrobial expo-
sure. Complex patterns of resistance may suggest the isolate 
is an infecting pathogen rather than a colonizing commen-
sal. This is exemplified by nosocomial organisms associated 
with medical treatments (arising within 48 hours of hospi-
tal admission). However, Stenotrophomona and Serratia are 
common contaminants of antiseptics or disinfectants that are 
characterized by complex patterns of resistance. Multidrug 
resistance (discussed later) must also be considered in the 
context of the inherent susceptibility of the organism, being 
relevant only if expressed toward drugs to which the organ-
ism should be susceptible. For example, P. aeruginosa may be 
tested toward drugs to which it is inherently resistant, yield-
ing results that appear to suggest the isolates as multidrug 
resistant. However, multidrug resistance should not be con-
sidered unless expressed toward ticarcillin, carbapenems, or 
aminoglycosides.

The clinical microbiologist can be a powerful ally in deter-
mining the significance of isolates yielded from a sample cul-
ture. The microbiologist that is trained in veterinary medicine 
will be of most benefit in providing guidance regarding the 
relevance of the isolated microbe. However, the contributions 
of the clinical microbiologist will be markedly curtailed if an 
insufficient history of the patient from which the sample was 
collected is provided.

	•	 	Intraocular	 fluid	 should	 be	 collected	 using	 needle	 aspira-
tion. Aspirate should be used to directly inoculate appropri-
ate medium, with immediate transport to the laboratory in an 
anaerobic transport system.

Gastrointestinal Tract
Fecal specimens are submitted primarily for the detection of 

Campylobacter, Shigella, and Salmonella spp.; Clostridium 
difficile; and, in certain cases, to detect Yersinia, Vibrio, 

and Aeromonas spp. and enterohemorrhagic Escherichia 
coli. Care should be taken to ensure that the sample is not 
contaminated with urine. Fecal white blood cells should be 
ordered on liquid stools to indicate degree of inflammation. 
Stool specimens should be mixed with transport medium to 
maintain viability of pathogens that may be present. Sample 
should be collected digitally wearing a sterile glove or using 
a sterile fecal loop. 

Box 6-2
Techniques in Culture Sampling—cont’d

*The laboratory to which the sample will be submitted should be consulted before collection to ensure that its recommendations are followed. These general guidelines are offered in 
the absence of specific guidance.
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Interpreting Culture and Susceptibility 
Test Results
The in vitro data generated by C&S testing eventually must 
be applied to in vivo patient conditions. Testing methods 
themselves may influence results such that the data are mis-
interpreted. The complex nature of C&S procedures man-
dates standardization and a well-documented quality control 
program. The Committee on Laboratory Standards Institute 
(CLSI; previously the National Committee for Clinical Labo-
ratory Standards [NCCLS])35-39 validates method protocols, 
guidelines, and interpretive standards for C&S and molecu-
lar testing; one of its subcommittees promulgate veterinary- 
specific standards.37,38 These standards and guidelines, which 
are applicable throughout the nation, and are often used 
internationally, reflect careful and exhaustive review of PD 
(microbial response to drug) and PK (host handling of drug) 
data. Because microbial populations are dynamic, standards 
and guidelines addressing their culture and susceptibility are 
likewise dynamic. Intermittent re-examination results in new 
guidelines and adjusted criteria, as is appropriate for changing 
microbial trends. CLSI publishes its findings so that clinical 
microbiological laboratories can access and implement the 
standards. An important caveat to C&S testing is that manu-
facturers supplying materials to the laboratory may not imple-
ment recommended changes in their materials in a timely 
fashion. Further, some veterinary diagnostic micribiological 
laboratories do not necessarily adhere to these standards but 
rather generate their own guidelines. Yet only CLSI standards 
undergo national peer review assessment and discussion 
among unbiased experts representing government, industry, 
academia, and clinical practice.

CLSI has generated guidelines for a variety of C&S testing 
methods. The PD information varies with the susceptibility 
procedures, with disk diffusion (Figure 6-4) and broth dilu-
tion (Figure 6-5) offering excellent examples of contrasts in 
advantages.40 It is the latter that provides the minimum inhibi-
tory concentrations (MICs) necessary for comparison among 
drugs and design of dosing regimens. The data generated from 
culture and susceptibility testing represents the PD portion of 
PK–PD integration in that it indicates what is needed to target 
the microbe.

Disk Diffusion Versus Broth Dilution Techniques
Both methods of susceptibility testing require rapid growth of 
organisms and therefore may not be available for all organ-
isms. Broth dilution data are particularly dependent on rapid 
growth, and for some organisms disk diffusion may be the only 
available means of obtaining data. The disk diffusion method 
(e.g., Kirby–Bauer) involves disks that contain a known 
amount of the drug of interest. The agar is streaked with a 
standardized inoculum of the isolated organism, and the disks 
are placed in standardized positions on the inoculated gel. 
Drug diffuses from the disk into the agar at a known rate (see 

Figure 6-4),40 such that, at a standard time, the concentration 
in the agar correlates with the minimum inhibitory concentra-
tion (MIC) of the drug as would be determined by the broth 
dilution procedures (the most common method serving as a 
gold-standard to other methods). At the prescribed time (i.e., 
as specified by CLSI35-37), a zone of no microbial growth (in 
mm) is measured around the disk. Because the concentra-
tion of the drug decreases with the distance (zone) diameter
from the disk, the larger the zone, the lower the concentration
of drug necessary to inhibit the growth of the organism and
the more likely effective drug concentrations will be achieved
at the site of the infection. A susceptible (“S”) designation is
given if the zone is sufficiently large. Growth up to the desig-
nated zone indicates that the concentration of drug necessary
to inhibit the organism is too high to achieve in the patient,
leading to a resistant (“R”) designation. Intermediate (“I”)
designation is provided for some drugs. Zone sizes necessary
for an organism to be considered susceptible as opposed to
resistant to a specific drug are variable and are very sensitive
to disruptions in protocols, which underscores the importance
of following standards. An advantage to the disk diffusion
method is that multiple drugs might be simultaneously tested
on one plate. This is in contrast to the more tedious and costly,
yet more informative, broth dilution methods. Because disk

Culture organisms
grown in broth to
standard turbidity

Agar plate swabbed with
known numbers of

organisms

Drug impregnated discs
placed on plate

Diameter of no-growth
zone correlated with

minimum inhibitory concentrations

Resistant

Intermediate
Susceptible

Figure 6-4 The disk diffusion method of culture and suscepti-
bility testing. Drug diffusion from the disk results in concentra-
tions that are higher close to the disk and gradually decrease 
as the diameter of the zone surrounding the disk increases. 
Resistant organisms can grow close to the disk despite high 
drug concentrations in the agar, whereas susceptible organ-
isms will be inhibited at a standard distance from the disk. 
Concentrations in the agar correlate with the minimum inhibi-
tory concentration (MIC) of the drug.

KEY POINT 6-7 The veterinary clinical microbiologist is a 
powerful ally in the interpretation of culture and susceptibil-
ity testing data.
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diffusion results are reported as S, I, or R, it is described as 
semiquantitative.

In contrast to the disk diffusion method, the broth dilution 
method provides quantitative data regarding the amount of 
drug necessary to inhibit microbial growth (see Figure 6-5).41 
For each drug of interest, tubes of liquid media are spiked with 
concentrations of the drug of interest, with the highest con-
centration generally being that just below the CLSI threshold 
of susceptibility (resistant MIC breakpoint). Subsequent test 
tubes containing serially diluted (by half) concentrations of 
the drug. As such, MICs are generally reported out as loga-
rithmic fractions or multiples of 1 μg/mL (i.e., from lowest to 
highest 0.0312, 0.0615, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 
128, 256, 512; see Figure 6-5). Each drug to be tested must 
involve multiple test tubes or wells. The low and high range 
of concentrations tested for each drug will vary depending 
on concentrations achieved in tissues (including blood) when 
administered at recommended dosing regimens to the target 
species. For example, the ranges tested for ticarcillin would be 
expected to be much higher than the concentrations tested for 
enrofloxacin because the maximum concentration achieved 
in serum after administration of a recommended dose will be 
much higher for ticarcillin than for enrofloxacin (see Chapter 
9). Occasionally, the MIC for some drugs deviates from the 
aforementioned tested concentrations; generally, these are 
drugs marketed as combinations (e.g., trimethoprim/sulfon-
amide combination). PD data generated for package inserts 

or scientific reports also may incorporate dilutions other than 
those delineated by CLSI. It is important to remember that 
CLSI guidelines are intended only to support clinical micro-
biological laboratories that provide direct support for patient 
care.

The tubes that contain broth (standardized type and 
amount) of the appropriate dilutions of the drug of interest 
must be inoculated with a standard number of the isolated 
bacterial organism during the logarithmic phase of growth. 
Microbial growth continues under standardized conditions 
for the standardized period (as set by CLSI35-37). At the end 
of the incubation period, each tube is observed for evidence 
of growth. Evidence of growth is determined visually or using 
computer systems that allow miniaturized automation (see 
Figure 6-5 and Figure 6-6) The tube with the lowest concen-
tration of drug that exhibits no detectable growth contains the 
MIC (in μg/mL), or the minimum amount of antimicrobial 
necessary to (in vitro) inhibit the growth of the organism cul-
tured from the patient.23,41 Because of the complexities of the 
procedures, laboratories that provide clinical C&S testing may 
find MIC results on the same isolate that vary, even if CLSI 
guidelines and interpretive standards are followed. Generally, 
variations within 1 broth dilution are not considered signifi-
cant. Laboratories ensure that quality standards of testing are 
met by performing drug MIC determination for control iso-
lates (i.e., obtained from American Testing Cell Culture: e.g, E. 
coli ATCC 25922, Staphylococcus intermedius ATCC 45222).41 

Organism grown to
standard turbidity

in broth

Organisms cultured

No visible growth � MIC
(8 �g/mL)

No growth when plated � MBC
(16 �g/mL)

0.5 1 2 4 8 16 32

Tubes with increasing drug
concentration in broth innoculated

with standard number of organisms

Figure 6-5 The broth dilution method of susceptibility testing provides a drug concentration to be targeted in the patient. Tubes 
containing serially increasing concentrations of drug are inoculated with a standard amount of the bacterial organism. At the 
proper time, tubes are observed for evidence of growth. The first tube (i.e., the one with the lowest concentration) that shows no 
evidence of growth contains the minimum inhibitory concentration (MIC) of the drug. The MIC can be used to evaluate relative 
drug efficacy and development of resistance and to calculate dosing regimens. This method is also one means by which the 
minimum bactericidal concentration (MBC) of a drug is determined. If the tubes exhibiting no growth are then used to inoculate 
solid agar, those tubes that yield no bacterial growth contained sufficient drug to kill, rather than simply inhibit, bacteria. The test 
tube that contains the lowest concentration of drug that yields no growth contains the MBC. If the MBC approximates the MIC, 
then the drug can be considered bactericidal.
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Research publications that address bacterial PD likewise 
should demonstrate adherence to CLSI guidelines, including 
quality-control procedures.

Broth dilution reports provide both the MIC (a concen-
tration, reported in μg/mL) and (assuming CLSI procedures 

are followed), the CLSI interpretation of S, I, or R for that 
MIC. The basis of the interpretation (S, I, or R) for broth dilu-
tion procedures is addressed later in this chapter. The MIC 
for selected drugs may be accompanied by a “≤” or “≥”. Using 
Figure 6-7 as an example, Pseudomonas have an MIC for 

Drug (Interpretation)
(S and R breakpoint)

Ampicillin (�16 [R])
(�4, �32)

Enrofloxacin (�0.25 [S])
(�0.5, �4)

Amoxi-Clav (1 [S])
(�4, �32)

Tetracycline (1 [S])
(�4, �16)

Concentrations tested

�g/mL

1

1

1

1

1

2

2

2

2

2

3

4 4

4

4

4

5

6

8

8

8

0.25

0.5

0.5

0.5

16

Enrofloxacin (0.06 �g/mL)

0.016 �g/mL

256 �g/mL

�4 �g/mL

�16 �g/mL

A B

C

D

Figure 6-6 A, A commercially available antibiogram card and an E-test (C-D) with interpretation. The commercially available anti-
biogram card is a miniaturized broth dilution procedure that generates minimum inhibitory concentration (MIC) using a microwell 
design. Generally, one card is made for gram-negative isolates and another for gram-positive isolates. The size of the card 
limits testing of the number of drugs and the range of concentrations, with concentrations approximating the susceptible and 
resistant breakpoints (indicated under each drug). Some cards test only the susceptible and resistant breakpoints. Growth is 
indicated by a color change (all wells had growth in row 1, indicating resistance to ampicillin, but no wells had growth in row 
3, indicating susceptibility to enrofloxacin). The ranges tested (above the wells) and interpretations (to the right of each drug) 
are provided for four of the drugs tested on the card. None of the isolates tested intermediate. A limitation of the cards is abil-
ity to indicate how susceptible an isolate is. This limitation is largely overcome with the E-test system (C; strip is enrofloxacin). 
Each strip releases the drug into the medium at logarithmic rates. Growth in susceptible isolates follows a tear-shaped pat-
tern, with the point of the tear indicating the MIC. Advantages of the E-test include a very broad range of test concentrations 
(over16,00-fold) indicated by outer bracket (see Table 6-3), exceeding both the susceptible and resistant breakpoints (indi-
cated by inner bracket) by several magnitudes, thus allowing assessment of how susceptible or resistant the isolate might be 
to the drug of interest. The MIC of this isolate is 0.06 μg/mL; for comparison, the lowest concentration that would be tested
on the antibiogram. The E-test suggests that this isolate is moderately susceptible to doxycycline. The differences in the MIC 
between the microwell dilution and the E-test may reflect subtle differences in methodology but also the lipophilic nature of 
doxycline (better penetrability), thus highlighting a caveat of susceptibility testing: model drugs do not always represent the 
drug of interest well. Another advantage of the E-test is the smaller increments of change, and thus greater precision provided 
compared with tube dilution procedures. A more precise dosing regimen can thus be designed. For example, with standard tube 
dilution, concentrations increased from 8 to 16, whereas with E-testing, concentrations increased from 8 to 12 to 16 μg/mL.
Finally, the individual nature of the test strips allows a “pick and choose” approach to individualizing drug therapy. This also, 
however, is a disadvantage in that costs are higher when multiple drugs are tested.
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amikacin of ≤4 μg/mL. The ≤ indicates the absence of growth 
in the lowest concentration of amikacin tested by this labo-
ratory (8 μg/mL); this lowest concentration may be different 
among laboratories that use different systems. However, often 
the lowest dilution tested is at or just below the lower thresh-
old of susceptibility (the susceptible MIC breakpoint; see later 
definition) set by CLSI. Testing at concentrations at or very 
close to the susceptible breakpoint of a drug is a major disad-
vantage of current susceptibility testing methods: either iso-
late may be very susceptible to amikacin such that their actual 
MIC may be several tube dilutions below the lowest concen-
tration tested (see below). As such, the closest approximation 
to the actual MIC for either isolate will be the concentration 
below the lowest dilution tested by the laboratory (i.e., ≤4 μg/
mL or <8 μg/ml both indicate the same result). The isolate will 
be accompanied by an “S” designation, indicating susceptibil-
ity because the MIC is at or below the susceptible breakpoint 
determined by CLSI (Table 6-2). At the other end of the testing 
range, an MIC accompanied by ≥ indicates that growth was 
present in the highest concentration tested by the laboratory. 

Generally, for most automated procedures, the highest con-
centration tested is 1 tube dilution below the upper thresh-
old of susceptibility (the resistant MIC breakpoint) set by 
CLSI for each drug (Table 6-2). For example, for cephalothin 
(the model drug for cephalexin in this example), the upper 
threshold of susceptibility (the resistant MIC breakpoint) set 
by CLSI is 8 μg/mL. Thus for Pseudomonas, growth was pres-
ent in the well containing 4 μg/mL, indicating that the actual 
MIC is equal to or higher than 8 μg/mL (≥16 μg/mL or >8 μg/
mL both indicate the same result). However, again the test-
ing range limitations of the current procedures emerges in 
that level of resistance of the isolate cannot be assessed. The 
isolate may be characterized by low-level resistance, although 
this is unlikely for P. aeruginosa and first-generation cephalo-
sporins (indeed, testing of P. aerugniosa toward cephalothin 
is not appropriate). However, unless the range tested extends 
beyond the resistant breakpoint, all that is known is that the 
isolate is resistant, and the MIC will be accompanied by an R 
designation.

Among the pitfalls of C&S testing are the stepwise dilu-
tions and the range of concentrations tested for each drug. The 
twofold dilutions at which MIC are tested affect the design of 
dosing regimens at the higher MIC. Precision in the design 
of dose would be facilitated if MICs could be determined 
between the tube dilutions. For example, the dose to target 64 
μg/mL would be substantially cheaper and potentially safer 
than that necessary to target 128 μg/mL. The limited range of 
concentrations tested for each drug negatively affects the abil-
ity to identify the drug to which the isolate is most susceptible 
(see Figure 6-6).41 Ideally, concentrations tested by broth dilu-
tion procedures should span the range of drug concentrations 
that characterize the range of MICs established in a sample 
population of isolates of the organisms, with the highest con-
centration being at least one dilution above the highest drug 
concentration acheived in target biological fluids.41 However, 
automated systems test in a very narrow range. As previously 
noted, because the lowest concentrations are at or just below 
the lower limit of susceptibility, isolates that are very suscep-
tible to the drug of interest cannot be indentified (see Table 
6-2). Therefore standard antibiograms are more indicative of 
resistance rather than susceptibility.

A third testing system approved by the Food and Drug 
Administration (FDA) offers advantages to the standard com-
mercial broth dilution card. The “E test” (Epsilon test) com-
bines the simplicity of disk diffusion with the informative 
nature of broth dilution, but goes beyond standard broth dilu-
tion procedures. (see Figure 6-6). In general, MICs generated 
by the E-test correlate well with MICs generated from broth 
dilution procedures.42 A disadvantage of the E-test is that the 
length of the test strip limits the number of drugs that can be 
tested on a large plate (three strips for a large plate, one for 
a small plate), which contributes to the cost of the testing. 

Figure 6-7 An example of a C&S report for broth dilution. The 
breakpoints have been added in parantheses this report; 
for ampicillin and penicillin, a second breakpoint in [brack-
ets] is for the gram-negative organisms (see text and Table 
6.2). The relative in vitro efficacy of antibiotics to which an 
organism is susceptible can be evaluated by comparing 
the minimum inhibitory concentration (MIC) of the organ-
ism. For Staphylococcus, the resistant MIC breakpoint to 
MIC ratio is 64/4, whereas that for gentamicin is 16/4 or  
two tube dilutions from the breakpoint. Although the isolate 
is considered susceptible to both drugs, amikacin presum-
ably would be more effective (although neither generally 
should be used alone to treat Staphylococcus). Differences 
greater than one tube dilution should be considered signifi-
cant. For the beta-lactams, effective treatment of Staphylo-
coccus with cephalothin (the model drug for cephalexin) may 
be more easily achieved (ratio of 8/2) compared to amoxicillin 
clavulanic acid (ratio of 0.25/0.25). However, as time-depen-
dent drugs, elimination half-life of both drugs would need to 
be considered. All values (concentrations) are in μg per mL. 
S =  susceptible; R = resistant; I = intermediate.

KEY POINT 6-8 Culture and susceptibility testing ideally is 
performed following the guidelines of the Clinical Labora-
tory Standards Institute (CLSI).
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Table 6-2  Interpretive Standards for Disk Diffusion Equivalent Minimum Inhibitory Concentration 
Breakpoints for Selected Antimicrobials

Drug

Breakpoint
μg/mL
Susceptible1

Breakpoint MIC
(μg/mL)
Resistant1

Amikacin ≤16 ≥64
Amoxicillin with  

clavulanic acid*
≤ 0.25/0.12/≤8/2* ≥ 1/0.5

Ampicillin4* ≤0.252,9

≤0.253
≥0.5
≥ 1

Azithromycin ≤4 ≥8
Carbenicillin ≤16 ≥64
Cefazolin7 ≤8 ≥32
Cefotaxime ≤8 ≥64
Cefoxitin ≤8 ≥32
Cefpodoxime ≤2 ≥8
Ceftazidime ≤8 ≥32
Ceftiofur10* ≤2 ≥8
Ceftizoxime ≤8 ≥32
Ceftriaxone ≤ 8 ≥64
Cefuroxime ≤4 ≥32
Cephalexin* ≤ 2 ≥8
Cephalothin7 ≤2 ≥8
Chloramphenicol ≤ 8

≤ 89
≥32
≥16

Ciprofloxacin16 
(see also  
enrofloxacin)

≤1 ≥4

Clarithromycin ≤1
≤8

≥8
≥32

Clindamycin8* ≤0.5 ≥4
Difloxacin* ≤0.5 ≥4
Doxycyline ≤4 ≥16
Enrofloxacin* ≤0.5 ≥4
Erythromycin ≤0.5

≤0.259
≥8
≥1

Florfenicol10* ≤2 ≥8

Drug

Breakpoint
μg/mL
Susceptible1

Breakpoint MIC
(μg/mL)
Resistant1

Gentamicin* ≤4 ≥16
Imipenem/ 

cilastin
≤4 ≥16

Kanamycin ≤16 ≥64
Levofloxacin ≤2 ≥89

Linezolid ≤42

≤415 ≥ 8
Lincomycin ≤0.5 ≥4
Marbofloxacin ≤1 ≥4
Meropenem ≤4 ≥16
Metronidazole ≤8 ≥32
Nitrofurantoin ≤32 ≥128
Orbifloxacin* ≤1 ≥8
Oxacillin6 ≤2 ≥4
Penicillin G ≤83

≤0.122
≥16
≥0.25

Piperacillin ≤162

≤645
≥128
≥128

Rifampin ≤1 ≥4
Sulfadiazine ≤2 ≥4
Tetracycline14 ≤4

≤29
≥16
≥8

Ticarcillin ≤645

≤164
≥128
≥128

Ticarcillin with  
clavulanic acid

≤64/25

≤16/23
≥128/2
≥128/2

Trimethoprim/ 
Sulfamethoxazole11

≤2/3813

≤0.5/9.59
≥4/76
≥4/76

Vancomycin ≤415

≤19

≤4

≥32

≥32

MIC, Minimum inhibitory concentration.
*Old breakpoints replaced by Clinical Laboratory Standards Institute (CLSI) for amoxicillin–clavulanic acid for all organisms were, for Staphylococcus ≤4/2 = S, and ≥ 8/4 = R and 
for non-staphylococci, ≤8/2,=S and ≥ 32/16 = R. The provision of a separate breakpoint of ≤8 μg/mL for UTI is new.
1Clinical Laboratory Standards replaced by CLSI for cephalexin were ≤ 8 = S, and ≥ 32 = R. The new breakpoints were becoming official at the time of publication.
Institute Interpretive standards that are based on animal pathogens are designated by an asterisk.
2When testing Staphyloccocus organisms
3When testing gram-negative enteric organisms
4Ampicillin is used to test amoxicillin
5When testing Pseudomonas organisms
6Oxacillin is used to treat methicillin, cloxacillin
7Cephalothin is used to test all first-generation cephalosporins. Does not represent cefazolin, which should be tested separately if a gram-negative organism.
8Clindamycin is used to test lincomycin, which is less susceptible to Staphylococcus.
9When testing Streptococcus (S. pneumoniae for levofloxacin)
10When testing pathogens associated with food animal respiratory disease
11Trimethoprim–sulfamethoxazole is used to test trimethoprim–sulfadiazine and ormetoprim–sulfadimethoxine
12For urinary tract infections
13For soft tissue infections
14Used to test chlortetracycline, oxytetracycline, minocycline, doxycycline
15When testing Enterococcus organisms
16A human criteria deemed relevant to dogs and cats. Note reduced oral bioavailability (mean of 40%) in dogs and negligible (0%-20%) in cats.
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However, because the drugs can be chosen for each patient, 
the method lends itself well to expanded susceptibility testing 
in the presence of a multidrug-resistant isolate. Although E 
tests are tedious and expensive, the wider range of concentra-
tions tested (up to 1600-fold differences; Table 6-3) includes 
MICs well below the lower and higher thresholds of suscepti-
bility, thus allowing identification of very susceptible isolates. 
Further, isolates with low-level resistance might be identified, 
potentially justifying the use of the drug, albeit at a higher 
dose or in combination with another drug.

Because of the inherent risks of inaccuracy associated with 
any C&S testing procedure, results yielded from procedures 
that are not based on CLSI standards should be interpreted 
with caution. Aspects subject to variability include pH; cation 
content and osmolality of the media; inoculum size; media vol-
ume; temperature and duration of incubation; humidity; and, 
for broth dilution, the method of observing growth.41 Accord-
ingly, in practice, culture methods should be considered less 
than ideal unless CLSI protocols are followed. Further, pre-
liminary data, quick “snap” tests, or other methods intended to 
generate rapid results must be interpreted cautiously; the role of 
the organisms in causing infection and the susceptibility of the 
organisms (unless identified as a multidrug-resistant microbe) 
may require full C&S testing. Whereas the FDA is responsible 
for approval of diagnostic tests for human medicine, such a 
pathway is not required for veterinary diagnostic tests.

Population Pharmacodynamic Statistics
Agar Gel Versus Broth Dilution Pharmacodynamics
A nonquantitative but helpful summary of PD data is an 
antibiogram that indicates the proportion of isolates that are 
susceptible (or resistant) to the drug of interest (Figure 6-8). 
Although it does not provide information regarding the level 
of susceptibility, it can provide direction regarding empirical 
drug selection by indicating the likelihood that an organism 
is susceptible to the drug of choice. The antibiogram might 
be generated for each practice on the basis of cumulative data 
summarized on an annual basis.

Population statistics generated from MICs can provide 
even more useful information. They are particularly helpful 
if MIC data is not available for an isolate infecting a patient. 
Population MIC statistics can be generated from a sample 
population of the same organism; ideally, at least 100 isolates 
will be collected from different patients. Pertinent PD (MIC) 
statistics that describe the population distribution include the 
range (lowest and highest MICs recorded for any isolate rep-
resenting the organism), mode (the most frequently reported 
MIC), median (the middle MIC, the 50th percentile or MIC50), 
and the MIC90 (or the 90th percentile MIC; the MIC at which 
90% of the organisms are inhibited (see Figures 6-9 to 6-11) . 
The two-fold dilution nature of MIC determination mandates 
that the geometric mean (converted to account for the non-
continous nature of MIC) be reported rather than arithmetic 
mean. If an MIC is not available for an organism infecting a 
patient, the MIC90 (or even more ideally, the MIC100) of a drug 
for an organism is the preferred surrogate indicator of “what 
is needed” by the author. For example, if S. pseudintermedius 
is a known or suspected cause of pyoderma in a patient and 
the drug to be chosen empirically is cephalexin, the MIC90 
of S. intermedius for cephelexin43 can be used as an indica-
tor of “what is needed”—that is, the PD target for therapy in 
the patient. PD information can be found on many package 
inserts scientific literature43,44 or textbooks (veterinary for 
animal drugs, human if not), and other resources (see Table 
6-4 and Chapter 7). However, the dynamic nature of microbes
in response to the presence of antimicrobials may render
some population data obsolete even within several years of
collection. In addition to the species, a number of host fac-
tors are likely to affect the sample population statistics and its
applicability to the patient. Among the more important fac-
tors is previous exposure to antimicrobials, which is likely
to be associated with higher MICs compared with MICs of
isolates collected from antimicrobial-naïve animals (i.e., not
pathogens). Ideally, separate statistics might be promulgated
for isolates collected from animals not previously exposed to
antimicrobials.

Table 6-3  Examples of Minimum Inhibitory Concentration Ranges Covered by the E-test
Drug Class Antimicrobial Drug CLSI Breakpoints (S, R) MIC range (μg/mL) of E-test
Penicillins Ampicillin ≤8, ≥32 0.5-256

Amoxicillin–clavulanic acid ≤8/4, ≥32/16 0.25-512
Cephalosporins Cefpodoxime ≤2, ≥8 0.12-128
Fluoroquinolones Enrofloxacin ≤0.5, ≥4 0.06-128
Tetracyclines Doxycycline ≤4, ≥16 0.25-512
Aminoglycosides Gentamicin ≤4, ≥8 0.12-256
Potentiated sulfa Trimethoprim–sulfamethoxazole ≤2, ≥8 0.06-128

CLSI, Clinical Laboratory Standards Institute; MIC, minimum inhibitory concentration; R, resistant; S, susceptible.

KEY POINT 6-9 The E-test, but not current broth dilution pro-
cedures, allows identification of very susceptible isolates 
and isolates with low-level resistance.

KEY POINT 6-10 Recent population pharmacodynamic data 
such as the MIC90 can serve as a reasonable surrogate for 
patient data.
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Comparing PD data of a drug reveals differential suscepti-
bility among organisms toward each drug. For example, using 
the antimicrobial package insert, comparison of MIC90 among 
different organisms reveals that P. aeruginosa tends to be sus-
ceptible (if at all) only at high concentrations compared with 
the more susceptible Pasteurella multocida (see Figure 6-11). 
The MIC90 of P. aeruginosa more often than not approaches 
or surpasses the upper threshold of susceptibility for most 
drugs. Thus achieving effective antimicrobial concentrations 
is more likely to be difficult in the patient infected with P. aeru-
ginosa compared with one infected with Pasteurella. A review 
of the antimicrobial package insert reveals other differential 
susceptibilities.

The distribution of the MICs of organisms for drugs can 
help identify emerging resistance. For example, the distribu-
tion of E. coli for several drugs (see Figure 6-10) is bimodal, 
representing two different populations. The majority of iso-
lates in the first population are characterized by an MIC well 
below the susceptible threshold of susceptibility (i.e., sus-
ceptible MIC breakpoint). This data demonstrates that even 
isolates considered susceptible are characterized by MIC that 
are close to the susceptible breakpoint. Further, a substantial 
portion of the population is higher than the upper thresh-
old of susceptibility—that is, the MIC90 exceeds the resistant 
MIC breakpoint. It is very possible that the second popu-
lation, characterized by higher MICs, probably represents 

isolates previously exposed to antimicrobials; as such, cul-
ture would be prudent for those animals previously exposed 
to antimicrobials. Finally, detecting increasing MICs deter-
mined from sequential cultures of the same organisms in a 
patient with recurrent infections might indicate emerging 
resistance, likewise, comparison of the MIC90 of a sample 
population of an organism across time can reveal emerging 
resistance.

The Minimum Inhibitory Concentration: 
Determining Susceptibility Versus Resistance
Susceptibility data based on broth dilution procedures that 
are reported for a patient will include the MIC, as well as a 
susceptible, intermediate, or resistant (SIR) interpretation. 

The clinical microbiology laboratory provides the interpre-
tation on the basis of CLSI interpretive criteria. The criteria 
for broth dilution procedures are presented as thresholds or 
breakpoint MICs (MICBP) whose values will also be in terms 
of the concentrations tested for each drug (i.e., multiples or 
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Figure 6-8 A cumulative antibiogram generated for the target species can be helpful in identifying drugs to which acquired 
resistance has emerged. The data will be specific to the facility (i.e., hospital). The number in each cell refers to the 
number of tested isolates designated as susceptible to the drug. When present, the number in parentheses in each cell 
refers to the number of isolates tested for that drug; otherwise, the number of isolates tested is indicated in the second 
left-hand column. Note that the data indicate that one species in a genera may not be well represented by another 
species in the same genera, particularly for Enterococcus and Staphylococcus genera.

KEY POINT 6-11 Simplistically, the MIC is the pharmacody-
namic target of antimicrobial therapy, indicating the mini-
mum concentration to be achieved at the site of infection. 
However, it is only a starting point.
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fractions of 1 μg/mL) (see Table 6-2). Two breakpoints are 
provided for each drug. An isolate inhibited at a concen-
tration at or below the lower threshold or susceptible MIC 
breakpoint will be designated “S,” whereas an isolate that is 
able to grow after in vitro exposure to a drug concentration 
that equals the upper threshold or the resistant MIC break-
point will be designated “R.” The susceptible breakpoint is 
at least one broth dilution below the resistant breakpoint for 
all drugs; for some drugs the susceptible breakpoint is 2 or 
more broth dilutions below the resistant breakpoint, allow-
ing for an intermediate, or “I,” designation (see Figure 6-6). 
For example, for enrofloxacin, the susceptible and resistant 
MICBP are ≤0.5 and ≥4 μg/mL, respectively. Thus an isolate 
whose growth (under in vitro conditions specified by CLSI) is 
inhibited with as little as 0.5 μg/mL or less will be designated 
as “S.” On the other hand, if growth is present in the well that 
contains 2 μg/mL, then 4 μg/mL (the next broth dilution) or 
more will be necessary to inhibit the growth of the isolate, 
and the isolate will be designated as “R,” or resistant to enro-
floxacin. An additional broth dilution occurs between 0.5 and  
2 μg/mL. Isolates that are inhibited by enrofloxacin at 1 μg/mL 
will be designated as intermediate, or “I.” An isolate with an 
“I” designation has developed some level of resistance, and 

such isolates should be treated with that drug only cautiously, 
at higher doses, or in combination with a complementary 
antimicrobial drug. The more prudent approach would be to 
consider “I” isolates as “R” for that drug. Use might also be 
considered in circumstances in which the drug accumulates 
in active (i.e., unbound) form at the site of infection such that 
concentrations exceed that achieved in plasma. Examples 
might include urine (produced by the normally function-
ing kidney) or accumulation in phagocytic white blood cells 
(selected drugs). Note, however, that such concentrations may 
yet be insufficient.

CLSI determines the thresholds of susceptibilities—that 
is, the lower (susceptible) and upper (resistant) breakpoint 
MICBP for each drug after exhaustive evaluation of both PK 
data in the target species and PD data for the drug of interest 
toward the microbes of interest. For animal drugs approved 

Isolates of same organism cultured from many
(ideally �100 animals)

MIC determined
for each

MIC for all organisms plotted

MIC range

50% 90%

MIC (�g/mL)0.125 0.25 0.5 1 2 4 16 32 64

MIC50 MIC90

Figure 6-9 Population pharmacodynamic data. Each sample collected from a different animal (same species) yields an isolate of 
the organism of interest. Ideally, at least 100 representative isolates will be tested. The minimum inhibitory concentration (MIC) 
of each isolate is determined, and all are plotted in a distribution curve. The range represents the lowest and highest MIC deter-
mined for the isolate; the mode would be the most frequent MIC reported and the median represents the middle MIC or the 50th 
percentile (which, for normally distributed data, also represents the MIC) The MIC90 is the 90th percentile MIC. A representative 
package insert demonstrating the presentation of population pharmacodynamic data can be found in Figure 6-11.

KEY POINT 6-12 Interpretive criteria for susceptibility test-
ing by CLSI is dynamic, changing across time as microbes 
acquire resistance. However, once generated, the data is 
applicable for all laboratories in the United States.



150 Drugs Targeting Infections or Infestations SECTION 2

100

Amoxicillin-clavulanic acid
N

um
be

r 
of

 s
am

pl
es 80

60

40

20

0
0.75 1.5 2 3 4 6 8 12

MIC level

16 24 32 48 64 128 192 256

Low
High
MIC50
MIC90
Mode

100

120 Gentamicin

N
um

be
r 

of
 is

ol
at

es

80

60

40

20

0
0.02 0.06 0.09 0.13 0.19 0.25 0.38 0.5

MIC level

0.75 1 1.5 2 3 4 6 8 12 16 32 48 64 96 128 192 256

Low
High
MIC50
MIC90
Mode

80

90 Cefpodoxime

N
um

be
r 

of
 is

ol
at

es

70

60

50

40

30

20

10

0
0.13 0.19 0.25 0.38 0.5 0.75 1 1.5

MIC level

2 3 4 6 8 16 32 48 64 256

Low
High
MIC50
MIC90
Mode

100 Enrofloxacin

N
um

be
r 

of
 is

ol
at

es

80

60

40

20

0
0.01 0.02 0.02 0.03 0.05 0.06 0.09 0.13

MIC

0.19 0.25 0.38 0.5 0.75 1 1.5 6 12 32

Low
High
MIC50
MIC90
Mode



151CHAPTER 6 Principles of Antimicrobial Therapy

Dose

For oral use in dogs and
cats only 

Parameter

Time of maximum 
concentration, Tmax(h)

Maximum concentration, 
Cmax, (�g/mL)

AUC0-inf (�g•h/mL)

Terminal plasma 
elimination half-life, t1/2(h)

Dog
Mean
� SD*

(2.5mg/lb)
n�6

Dog
Mean
� SD*

(5.5mg/lb)
n�6

Cat
Mean
� SD*

(5.5mg/lb)
n�7

1.5�0.3

2.0�0.2

31.2�1.6

10.7�1.6

1.8�0.3

4.2�0.5

64�8

10.9�0.6

1.2�0.6

4.8�0.7

70�6

12.7�1.1
Table: MIC Values* (�g/mL) of FQA against pathogens 
isolated from skin, soft tissue and urinary tract infections in dogs 
enrolled in clinical studies conducted during 1994-1996. 

Organism

Staphylococcus intermedius
Escherichia coli
Proteus mirabilis
Beta-hemolytic Streptococcus,
(not Group A or Group B)
Streptococcus,
Group D enterococcus
Pasteurella multocida
Staphylococcus aureus
Enterococcus faecalis
Klebsiella pneumoniae
Pseudomonas spp.
Pseudomonas aeruginosa

Number
of Isolates

135
61
35

25

16
13
12
11
11
9
7

MIC50

0.25
0.03
0.06

1

1
0.015
0.25

2
0.06

**
**

MIC90

0.25
0.06
0.125

2

4
0.06
0.25

2
0.06

**
**

MIC Range

0.125−2
0.015−2

0.03−0.25

0.5−16

0.008−4
�0.008−0.5

0.25−0.5
0−4

0.01−0.06
0.06−1
0.25−1

Table: MIC values* (�g/mL) of FQB for bacterial 
pathogens isolated from skin and soft tissue infections and 
urinary tract infections in dogs enrolled in clinical studies 
conducted during 1991−1993.

Enterobacter spp.

Escherichia coli

Klebsiella spp.

Pasteurella spp.

Proteus spp.

Pseudomonas spp.

Staphylococcus spp.

Streptococcus spp.

Bacteria Name
Number

of Isolates

9

28

8

8

15

5

193

56

MIC50

0.11

�0.05

0.11

�0.05

0.92

0.11

0.23

1.83

MIC90

3.66

0.11

0.11

�0.05

1.83

0.92

0.46

3.66

MIC Range

�0.05−3.66

�0.05−7.3

0.11−0.23

�0.05

0.11−1.83

�0.05−0.92

�0.05−1.83

0.11−7.3

Table: Plasma pharmacokinetics following 
administration of FQB tablets (5 mg/kg 
body weight) to dogs (n�20).

Pharmacokinetic Measure Mean Value

Peak plasma concentration
(CMAX)

Time to reach Cmax (TMAX)

Elimination half-life (T1/2)

Area under the plasma
curve (AUC0−∞)

Total body clearance/Fa (CL/F)

Steady state volume of
distribution/Fb

Volume of distribution (area)/Fc

1.8 �g/mL

2.8 hours

9.3 hours

14.5 �g•hr/mL

375 mL/kg/hr

3.8 L/kg

4.7 L/kg 

Fluoroquinolone A

Fluoroquinolone B

Figure 6-11 Package insert information two fluoroquinolones, FQA (top) and FQB (bottom). Comparison of MIC90 among isolates 
for FQA suggests that Pasteurella sp. should be more easily treated compared with Escherichia coli for both drugs. Integration 
of pharmacokinetic data (Cmax for these concentration-dependent drugs) and pharmacodynamic data (MIC90) can be used to 
identify which drug is best used to treat each microbe and which dose might be used to treat the microbe. For example, for FQA 
at the low dose of 2.5 mg/kg, when treating E. coli (and no patient-specific MIC is available), the Cmax is 2 μg/mL and the MIC90 
is 0.06 μg/mL, resulting in a Cmax/MIC90 ratio of 25. For Proteus, the ratio is 2/0.125, or 16. For concentration-dependent drugs, 
the target ratio is ≥10, suggesting the low dose may be effective for both, but the large dose might be considered for Proteus 
if the patient is considered at risk. The number of isolates of P. aeruginosa is not sufficient to represent the population. If the 
process is repeated for FQB with a Cmax of 1.8 μg/mL at the low dose, the MIC90 for E. coli is 0.11 μg/mL, resulting in a ratio of 
16. For Proteus, the MIC90 is 1.8 μg/mL, resulting in a ratio of only 1. Although the dose might be sufficient for E. coli, the target 
ratio could not be reached even at the higher dose for Proteus. Note that the number of organisms on which the data are based 
for each organism often does not reach the ideal target of 100. The smaller the sample size, the more caution is indicated when 
extrapolating this data to the general population. (From Pfizer, Package Insert and Fort Dodge, Package Insert)

Figure 6-10 Population distributions of canine and feline Escherichia coli pathogens’ minimum inhibitory concentration (MIC) based 
on E-testing for two time-dependent drugs (amoxicillin–clavulanic acid, and cefpodoxime, upper plots) and two concentration-
dependent drugs (enrofloxacin, and gentamicin, lower plots). The susceptible (left) and resistant (right) breakpoints, as identifed by 
Committee on Laboratory Standards Institute, are indicated in brackets and lines except for amoxicillin. CLSI’s new breakpoints 
are indicated by arrows (≤8 μg/mL for the susceptible breakpoint for isolates collected from the urinary the resistant breakpoint 
for other isolates; indicated by arrows below x axis). The distribution is bimodal for all drugs except gentamicin, as is indicated 
by a second distribution of isolates with an MIC well above the resistant breakpoint. This second population of isolates will cause 
the MIC90 (dashed arrow) to exceed the breakpoint. The range is represented by the lowest and highest MIC recorded (either may 
be limited by the range tested), the median is the 50th percentile (or MIC50) (solid arrow) the MIC90 is the 90th percentile, and the 
mode is the most common MIC reported for that isolate and drug. Because an E-test was used, the MIC tested are not limited to 
two-fold dilutions. Because these isolates are pathogens that have been cultured from dogs or cats with spontaneous disease,  
they may represent isolates already exposed to antimicrobials which may explain the bimodal distribution (i.e., these isolates may 
have undergone stepwise mutations). The population distribution of drug-naïve only isolates is likely to be somewhat lower.
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Table 6-4  Integration of Population Pharmacodynamic (PD) and Pharmacokinetic (PK) Data and Its 
Role in the Design of Dosing Regimens

Time-Dependent Drugs (T > MIC 50%) Current Dosing Calculated Dosing
MIC90* Interval Dose Cmax Half-life Half-lives Interval

Drug Organism (mg/mL) Route (hr) (mg/kg) (mg/mL) (hr) T > MIC (hr)
Amoxi-clav St. pseud ≤ 0.5 PO 12 12.5 5.5 1 3.46 3.46

St. aureus 4 0.46 0.46
E. coli 32 NR NR

Cephalexin St. pseud 2 PO 12 22 20 1.3 3.32 4.32
St. aureus 8 1.32 1.72
E. coli 32 0.32 0.42

Cefovecin St. pseud 0.25 SC 168 8 4.2 133 4.07 541.48
St. aureus 2 (unbound) 1.07 142.39
E. coli 1 2.07 275.42

Cefpodoxime St. pseud 0.5 PO 24 5 8.2 5.6 4.04 22.60
St. aureus NA NA
E. coli 0.5 4.04 22.60

Meropenem St. pseud NA SC 12 20 26 0.75 NA
St. aureus 0.25 6.7 5
E. coli 0.5 8.8 7
P. aerug 2 3.7 3

Concentration-Dependent Drugs (Cmax/MIC >10-12) Current Dosing
MIC90 Interval Dose Cmax

Drug Organism (mg/mL) Route (hr) (mg/kg) (mg/mL) Cmax/MIC
Enrofloxacin St. pseud 0.25 PO 24 20 7.1 28

St. aureus 64 (plus cipro) 0.11
E. coli 64 0.11
P. aerug 0.5 14

Marbofloxacin St. pseud 1 PO 24 5.5 4.2 4.20
St. aureus 64 0.07
E. coli 64 0.07
P. aerug 0.5 8.40

Orbifloxacin St. pseud 2 PO 24 2.5 2.3 1.15
St. aureus 64 0.04
E. coli 64 0.04
P. aerug 16 0.14

Ciprofloxacin St. pseud 0.125 PO 24 20 2.8 22
St. aureus 0.25 11
E. coli 64 0.04
P. aerug 2 1.40

Gentamicin St. pseud IM 24 3 27 NR
St. aureus 1 27
E. coli (7) 2 13.50
P. aerug 4 6.8

Amikacin St. pseud SC 24 10 14 NR
St. aureus NR
E. coli 8 1.75
P. aerug 8 1.75

NA, Not available; NR, not reached at cited dosing regimen.



153CHAPTER 6 Principles of Antimicrobial Therapy

in the last several decades (only since then have MIC become 
standard testing procedures), it is likely that some of the data 
were collected by the drug manufacturer during the approval 
process. However, both PK and PD data may be drawn from 
peer-reviewed literature or other sources, particularly for 
drugs not approved for use in the target species, or for drugs 
whose susceptibility thresholds are being re-evaluated by 
CLSI.

Three criteria must be met for CLSI to establish an MICBP 
for each drug. The primary and initial consideration is the 
population distributions, with a focus on both the statistics 
as well as the type (i.e., modal or bimodal; see Figure 6-10). 
Obvious patterns of low versus high MICs can be used to 
identify susceptible “cutoffs” or breakpoints. Statistics will 
be compared among different strains of the same species 
being tested. Note that some organisms may be much more 
susceptible to the drug of  interest—that is, they have MIC50 
and MIC90 that are much lower compared with other organ-
isms (e.g., pasteurella and pseudomonas). However, CLSI 
generally provides only one set of criteria for all susceptible 
isolates.

The second consideration upon which criteria are based 
is, the clinical pharmacology of the drug, ideally in the target 
species. Among the more important PK parameters evaluated 
by CLSI are the peak and trough plasma drug concentrations 
(Cmax and Cmin), area under the curve (AUC) for a 24-hour 
dosing period, and the drug elimination half-life (see later 
discussion of PD indices) (Figure 6-12).41,45-51 Volume of dis-
tribution; protein binding; and, when available, tissue (includ-
ing urine) concentrations are also considered. Presumably, the 
MIC of an isolate considered susceptible should be below the 
peak plasma or tissue drug concentrations or Cmax of a given 
drug when administered at a recommended dose. Indeed, 
selected resistant breakpoints correlate with Cmax, as is dem-
onstrated for amikacin when administered to dogs at 22 mg/
kg. The Cmax of 65 μg/mL (see Chapter 7) is similar to the resis-
tant breakpoint for amikacin. However, for some breakpoints, 
the correlation does not exist, as is exemplified by amoxicil-
lin/clavulanic. The Cmax of the labeled dose of 13.5 mg/kg, 
administered orally, will generate a Cmax of approximately 
4 to 6 μg/mL of amoxicillin in dogs, yet the resistant break-
point for nonstaphylococcal organisms has been ≥32 μg/mL, 
well beyond the concentrations that can be achieved in plasma 
at any reasonable dose. (In response to this disparity, CLSI 
has recently re-examined and readjusted the breakpoint for 
amoxicillin-clavulanic acid as is discussed below; see Table 
6-2).Another limitation of setting breakpoints based on peak
plasma drug concentrations is their lack of precision: break-
points are limited to concentrations used for susceptibility
testing and thus will be reported using twofold dilutions. As
such, a resistant breakpoint concentration may be consider-
ably higher or lower than the actual concentration achieved
at the recommended dose. As such, the actual MIC reported
for an infecting isolate should be compared to Cmax reported
in a sample population of the target species is an ideal default
when selecting drugs (and the dosing regimen; see later
discussion). The original veterinary fluoroquinolones were

approved with “flexible labels” (multiple doses); for those 
drugs, the susceptible and resistant breakpoints reflect the 
Cmax resulting from the lowest and highest labeled doses of 
the drug.

The third criteria that must be met as CLSI determines 
thresholds of susceptibility is one of clinical relevance. The 
MICBP must be clinically relevant—that is, the microorgan-
isms defined as susceptible should respond clinically to the 
drug, and in vitro data must correlate adequately with in vivo 
findings.46,51 The MICBP values established by CLSI for each 
drug are generally not included in the susceptibility reports. 
However, having this information would be helpful because 
the MIC of the infecting organism might then be com-
pared with the MICBP of the drug, allowing an assessment 
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Figure 6-12 Pharmacodynamic indices (PDI) resulting from 
integration of pharmacokinetic (PK) data (from sample popu-
lation of target or closely related surrogate species), repre-
sented here by Cmax (μg/mL; target of 10 to 12) or area under
the curve (AUC) (μg*hr/mL; target of 100-125), and microbial or
pharmacodynamic (PD) data, represented here by minimum 
inhibitory concentration (MIC). Note that the PDI are based 
on (Mouton 2005 47 and Amsterdam 200541). Note that activ-
ity should be based on free (unbound) drug. The pertinent PK 
parameters for this hypothetical drug and infecting microbe 
would be as follows: Cmax of 75 μg/mL, half-life of approximately
2 hours and AUC of 159 μg*hr/mL. The PD parameter, or
MIC of the infecting organism, is 2 μg/mL. The PDI for this
drug and microbe combination would be as follows: Cmax/
MIC = 37.5 (surpasses target for a concentration-dependent 
drug); AUC/MIC = 80 (insufficient for a gram-negative organ-
ism if a fluorinated quinolone but potentially sufficient for a 
 gram-positive organism); and T > MIC = 8 hours, which would 
allow a 12, 16, or 24- (32 hr is not a reasonable interval) hour 
dosing interval for a time-dependent drug if the target T > 
MIC were 75%, 50%, or 25%, respectively. The AUIC (area 
under the inhibitory curve) is the integrated area of the curve 
above the MIC. Although somewhat similar to AUC/MIC, 
its use among investigators has caused confusion, leading 
experts in the field to focus on AUC/MIC as the area-based 
PDI of choice.
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of “level” of susceptibility of the isolate to the drug of inter-
est (discussed in more detail later). Breakpoints set by CLSI 
are based on isolates collected from across the country and 
accordingly are relevant for any clinical microbiology labora-
tory that uses CLSI protocols. As such, CLSI breakpoints gen-
erally can be obtained by any microbiology laboratory that 
uses CLSI criteria for its testing procedures (the preferred 
choice). Interpretive standards generally also are delineated 
on package inserts (including sources such as Physicians’ 
Desk Reference for human-marketed drugs or similar veteri-
nary compendiums).

In order to simplify the use of interpretive criteria, when 
possible, CLSI breakpoints are generally inclusive to organ-
isms whose spectrum is included in the drug, regardless of 
the site of infection. However, notable exceptions occur for 
both organisms and tissues. Organism exceptions generally 
are those either very susceptible to the drug or for organisms 
that easily develop in vivo resistance. For example, lower or 
more stringent penicillin breakpoints have been promulgated 
for Staphylococcus spp. because their beta-lactamases are par-
ticularly destructive toward penicillins compared to cephalo-
sporins. Because destructive activity decreases the amount of 
drug at the site, a second set of lower breakpoints are provided. 
A higher breakpoint has been established for other suscepti-
ble isolates (e.g., gram-negative organisms; see Table 6-2). In 
contrast to Staphylococcus, P. aeruginosa is particularly sus-
ceptible to ticarcillin; accordingly, while another coliform is 
considered resistant if it is inhibited at 16 μg/mL P. aeruginosa 
is still considered susceptible even if, in vitro, it grows in the 
presence of 64 μg/mL (see Table 6-2). Another consideration 
regarding inclusivity is the generation of tissue specific break-
points. Interpretive criteria are based on plasma drug con-
centrations. However, renally excreted drugs achieve much 
higher concentrations in urine compared to plasma. New 
interpretive criteria for ampicillin and amoxicillin–clavulanic  
acid includes a separate breakpoint that is tissue dependent: a 
higher breakpoint (≤8 μg/mL) has been set for E. coli-associated 
urinary tract infections, compared to much lower break-
points for other tissues. However, caution is recommended 
when selecting a drug for treatment of a UTI when the “S” 
designation for a urinary isolate is based on breakpoints 
that differ from plasma (see Chapter 8) as it assumes, among 
other considerations, that infection occurs only in the blad-
der, that urine is concentrated by the patient, and the dura-
tion of exposure fulfills the needs of a time-dependent drug 
(see later discussion). Just as resistance can be detected in 
an infecting organism collected from a patient, across time, 
statistics may also indicate resistance (i.e., the MIC and MIC 
statistics [mode, median, MIC50, and MIC90]). Because CLSI 
reviews new data intermittently, their criteria for interpre-
tive standards should result in new MICBP , and laboratories 
will implement these changes. The sequelae of increasing MICs 
in certain populations should result in an increasing number 
of isolates designated as “R” for drugs to which the organisms 
traditionally have been considered susceptible. An example is 
amoxicillin–clavulanic acid, whose susceptible breakpoint was 
recently decreased by CLSI (see Table 6-2).

Integration of Pharmacokinetics and 
Pharmacodynamics: How Much Is Needed  
Versus How Much is Achieved?
The information provided on the C&S report can be used 
effectively beyond the simple identification of “S” drugs. The 
MIC is an indicator of what is needed to target the organism 
and thus provides the PD information for the infecting isolate. 
Often, an organism will be designated as susceptible to several 
drugs. One advantage to the broth dilution method compared 
with the disk diffusion method of C&S is the ability of the 

former to rank the drugs according to relative efficacy based 
on MIC. However, the relative efficacy of antimicrobials des-
ignated as “S” against a specific pathogen should not be deter-
mined by directly comparing MICs among different drugs, 
even drugs in the same class. The MIC varies among the drugs 
for a number of reasons beyond susceptibility. These include, 
but are not limited to, differences in molecular weight (one 
drug is simply heavier than another), the ability of the drug to 
penetrate the organism, the number of molecules necessary 
to “neutralize” the target, and differences in the mechanisms 
of action. Further, each drug achieves different concentra-
tions in the patient as a result of differences in disposition. 
Thus antimicrobials differ in potency and MIC.47 Rather than 
direct comparison to an isolate MIC for one drug to an MIC 
for another drug, one should also consider the concentration 
of drug that will be achieved in the patient when the drug is 
administered at the recommended dose (i.e., what is achieved; 
Cmax). A less than ideal method of standardizing MIC is to 
compare how far the MIC of the drug of interest is from the 
resistant breakpoint (i.e., ratio of resistant MIC breakpoint of 
the drug to MIC of the organism). This is less ideal, as was 
previously discussed, because the resistant breakpoint does 
not always equate with the Cmax.

The limitations in using MIC breakpoint as an indicator of 
what will be achieved in the patient reflect the serial concen-
tration used for susceptibility testing. If a drug achieves a Cmax 
of 24 μg/mL at the recommended dose, this concentration 
falls between 16 and 32 μg/mL serial dilutions. A susceptible 
breakpoint of 16 μg/mL might underestimate while a resistant 
breakpoint of 32 μg/mL would over overestimate what will 
be achieved at the recommended dose. Thus, a more relevant 
choice among the susceptible drugs might be based on com-
paring what is needed to what is achieved—in plasma (e.g., 
the Cmax) when the drug is administered at the recommended 
dose. The ratio of Cmax to MIC, however, requires that PK 
information be available for the drug of interest, ideally in the 
species of interest. This information often is available on pack-
age inserts for animal-approved drugs but must be collected 
from the literature for other drugs (see Chapter 7). The United 
States Pharmacopiea antimicrobial monographs published 

KEY POINT 6-13 The closer the MIC (or MIC90) of an organ-
ism is to the Cmax, the greater the risk of therapeutic failure 
and the more important the need to modify the dosing regi-
men for the patient.
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by the Journal of Veterinary Pharmacology and Therapeutics 
(2007) offers a compilation of PK information for a variety of 
antimicrobials and animal species. The integration of PD and 
PK is the first step in selecting a drug. However, this step is 
preliminary in that it does not take into account other factors 
that affect tissue concentrations, including host and microbial 
factors.

The relationship between the MIC of the infecting organism 
(what is needed) and the Cmax also should be used as a basis for 
designing a dosing regimen.48-50 The closer the MIC (or MIC90) 
to the Cmax (or the MICBP), the higher the dose and for time-
dependent drugs, the shorter the interval that is indicated. For 
a more specific design of a dose, the MIC can serve as the tar-
geted drug concentration (see Enhancing Antimicrobial Effi-
cacy). If MIC data is not available from the isolate collected in 
the patient, population PD [MIC90] data might be used as a sur-
rogate PD indicator of how much is needed; (see Figure 6-11).

Caveats to Culture and Susceptibility 
Interpretation
Despite the usefulness of C&S testing, the information none-
theless reflects in vitro testing that must be applied to in vivo 
situations.40,41 Results can be misleading or misinterpreted, 
despite ideal sampling and C&S techniques. Some of the pit-
falls reflect the limitations presented by practicalities in testing 
(e.g., economics, technology), whereas others reflect limita-
tions of applying in vitro data to an in vivo system. Examples 
include the following:
 1.  The limitations presented in the number of drugs and range 

of concentrations tested were previously addressed. The 
hazards of interpreting an “S” designation without know-
ing how close the MIC is to the susceptible breakpoint may 
facilitate emerging resistance for those isolates whose MICs 
are approaching the breakpoint of the drug or the Cmax 
of the drug given at the recommended dose. For exam-
ple, an isolate whose MIC for enrofloxacin is 0.5 μg/mL 
is likely to already have undergone the first step toward 
resistance, compared to an isolate whose MIC is 0.06 μg/mL.

 2.  CLSI does not provide interpretive standards for all drugs; 
as such, these drugs do not appear on C&S testing, and 
MICBP are not available. This may be a decision on the 
part of the manufacturer of the drug not to pursue CLSI 
validation, the lack of adequate data for CLSI to deter-
mine criteria, or failure of the data to correlate with patient 
response. For such drugs population PD and PK data as 
reported in the literature, for example, may be the only rea-
sonable approach to assess antimicrobial efficacy (see later 
discussion).

 3.  For some drug classes, CLSI has established criteria for a 
model drug that serves to reflect patterns of susceptibility 

for other members in the same class. In some instances 
cross-susceptibility and resistance justify this approach 
(e.g., fluorinated quinolones might represent all veteri-
nary fluorinated quinolones, ampicillin accurately predicts 
amoxicillin, and sulfamethoxazole/trimethoprim appears 
to predict other potentiated sulfonamides). However, 
exceptions to the relevance of model drugs to other mem-
bers in the class occur. For example, ampicillin-sulbactam 
serves as a model for amoxicillin–clavulanic acid, but sev-
eral diagnostic microbiologists find the latter to overesti-
mate the efficacy of the latter. Generally, CLSI has indicated 
the exceptions in its interpretive guidelines (many are sum-
marized in Table 6-2), and the veterinary diagnostic labo-
ratory should indicate these exceptions in the C&S report. 
For example, cephalothin (which is no longer available) 
represents first-generation cephalosporins, yet cefazolin 
generally is less effective against S. aureus and more effec-
tive against E. coli. The spectrum of third- and fourth-gen-
eration cephalosporins is markedly disparate, and thus the 
class cannot be well represented by a model drug. Among 
the newer aminoglycosides, gentamicin is generally more 
effective than tobramycin against Serratia spp. and more 
effective than amikacin against Staphylococcus, whereas 
tobramycin and amikacin are more effective than gentami-
cin against P. aeruginosa.

 4.  Limitations in extrapolations of susceptibility data are not 
restricted to spectrum but also may reflect a mismatch 
between in vitro and in vivo response. For example, despite 
in vitro evidence of susceptibility, aminoglycosides should 
not be used to treat Enterococcus spp. or as sole agent to 
treat Staphylococcus spp. Potentiated sulfonamides are 
not considered by CLSI to be clinically effective toward 
enterococci, despite in vitro susceptibility. However, recent 
reports in the literature challenge this assessment, support-
ing the importance of continued surveillance of the data 
by CLSI. Generally, laboratories will not test drugs against 
organisms for which clinical efficacy has not been demon-
strated. (see Figure 6-8). This is most obviously exemplified 
by gram-negative versus gram-positive susceptibility pan-
els, with the drugs tested against the isolate being grouped 
according to anticipated efficacy for the type of organ-
ism (e.g., gram-negative isolates will not be tested against 
clindamycin or erythromycin; gram-positive isolates gen-
erally are not be tested against ticarcillin, which was devel-
oped for gram-negative infections; anaerobes will not be 
tested against aminoglycosides; methicillin-resistant Staph-
ylococcus should not be tested against any beta- lactam, 
and Pseuodmonas generally is not tested against a vari-
ety of drugs to which it is consistently resistant). A more 
recently recognized limitation of susceptibility testing is 
detection of acquired resistance that is rapidly induced 
by the presence of the drug. This might be best exempli-
fied by gram-negative organisms that produce extended-
spectrum beta-lactamases (ESBLs). These enzymes destroy 
selected third- and fourth-generation cephalosporins but 
are induced at the site of infection by the presence of the 
drug.52 Therefore ESBLs generally are not expressed by the 

KEY POINT 6-14 Culture and susceptibility testing is an in 
vitro procedure and as such, cannot accurately mimic 
the conditions to which the data is applied—that is, the 
infected patient.
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isolate culture in vitro. Their detection may require addi-
tional testing of the isolate in the presence of cefpodoxime 
and ceftazidime alone or in combination with clavulanic 
acid, which is not susceptible to ESBL. A fourfold or greater 
reduction in cephalosporin MIC when it is combined with 
clavulanic acid versus when present as the sole drug has 
been interpreted as indicative of the presence of ESBL. 
At the time of publication, the criteria and need for spe-
cial testing of ESBL was under scrutiny. Newer ESBLs are 
constantly emerging as resistance evolves. For example, an 
ESBL produced by K. pneumoniae, which targets carbapen-
ems, was recently identified, thus highlighting the need for 
rapid incorporation of appropriate testing procedures into 
microbiology testing labs.53

 5.  For any C&S method, generally only the parent drug is 
included in the interpretive standards, yet an active metab-
olite may contribute markedly to activity. For some drugs 
(e.g., ceftiofur), interpretive criteria include the metabolite, 
but for others, activity of the metabolite is not addressed. 
For example, most animals metabolize enrofloxacin to its 
de-ethylated metabolite, ciprofloxacin. Because the drugs 
act in an additive fashion, up to 40% to 50% of the Cmax 
or area under the plasma bioactivity curve for enrofloxacin 
may be represented by ciprofloxacin, as has been demon-
strated in dogs (see Chapter 7).54 Consequently, efficacy 
of enrofloxacin may be underestimated by C&S methods, 
particularly because ciprofloxacin tends to be more potent 
than enrofloxacin toward gram-negative coliforms. PK of 
antimicrobial drugs characterized by activity of both par-
ent and metabolite must be based on either bioassays, or 
analytic techniques that include the activity contributed by 
metabolites

 6.  As organisms are exposed to microbes, MICs increase 
across time. CLSI reevaluates and adjusts interpretive cri-
teria to address these changes when possible. However, 
new criteria depend on the generation of new data. Cur-
rent antimicrobial resistance surveillance systems focus 
on human medicine and thus largely address food animals 
(e.g., National Antimicrobial Resistance Monitoring Sys-
tem). Thus the lack of new data needed by CLSI to pro-
mulgate new guidelines may prevent timely reassessment. 
Clearly, a coordinated surveillance system for monitoring 
antimicrobial resistance of companion animal pathogens 
is needed. Additionally, the relevance of population PD 
data provided on labels and through scientific literature 
will decline with the passage of time, and caution might 
be taken when basing the use of a drug on population data 
that are more than a decade old.

 7.  Ideally, as MICs change, drug dosing regimens also should 
change. However, modification of dosing regimens cited 
on labels of approved drugs requires reapproval by the 
FDA, and manufacturers are not likely to pursue modi-
fication because of the cost associated with reapproval. 
Data necessary for dose modification may not be available 
for CLSI review. Thus modification of dosing regimens is 
likely to depend not only on generation of PD data but 
also on PK data by independent sponsors. Without CLSI 

direction, manufacturers of commercial antibiogram 
materials are unlikely to adjust the range of concentra-
tions. Laboratories and manufacturers of C&S materials 
also have been slow to incorporate the new standards into 
their interpretations.

 8.  Ideally, both PK and PD data on which CLSI bases MICBP 
should be collected from and promulgated for the target 
species to be treated. However, much of this data simply 
does not exist for the target species. For drugs approved 
for use in animals, assuming the manufacturer supplied 
the data, CLSI interpretive standards often do exist and are 
published separately38 from those established for human 
medicine.39 However, some of these standards published 
in veterinary interpretive criteria are actually human stan-
dards that CLSI has deemed relevant to animals (see Table 
6-2). For other human drugs, human interpretive standards 
are used but have not been evaluated for relevancy in ani-
mals. Although the standards may be equivalent among 
species for some drugs, for others, PK data and possibly 
PD data may be substantially different among species. Data 
should be interpreted cautiously for such drugs. Drugs 
that are water soluble (Vd ≤ 0.3 L/kg) may be most appli-
cable among species (see Chapter 1), whereas added cau-
tion is indicated for lipid-soluble drugs (Vd ≥ 0.6 L/kg). 
Amikacin offers an example of a water-soluble drug for 
which interpretive standards might be similar between ani-
mals and humans. Ciprofloxacin offers an example of the 
need for caution. Although oral bioavailability of ciproflox-
acin is 80% to 100% in humans, oral bioavailability aver-
ages 40% to 60% in dogs (information courtesy of Bayer 
Animal Health) and is 0% to 20% in cats (see Chapter 7).  
Accordingly, Cmax will be about 40% to 60% lower at equiv-
alent doses in dogs. Drugs with variable (particularly low) 
oral bioavailability, a large Vd (≥ 0.6 L/kg), and clearance 
by the liver are less likely to behave similarly among spe-
cies than are drugs characterized by close to 100% oral bio-
availability, a Vd indicative of extracellular distribution and 
renal clearance. As such, greater caution should be taken 
when extrapolating human interpretive criteria to animals 
for lipid-soluble versus water-soluble drugs.

 9.  The greatest caveat to the use of C&S data as a basis for 
drug selection and design of the dosing regimen is the dis-
parity between the controlled environment of the in vitro 
test system and the dynamic in vivo environment of the 
host. Once the list of susceptible drugs has been narrowed 
down, host, drug, and microbial factors must be considered 
when making the final selection, as well as the design of the 
dose.

DRUG FACTORS THAT AFFECT 
ANTIMICROBIAL EFFICACY

The conditions of C&S testing cannot mimic conditions of 
in vivo drug behavior. Most notably, drug concentrations in 
the host are not static, as occurs in the in vitro system, but 
are dynamic, with duration of exposure dependent on elim-
ination half-life. The importance of the PK of the drug will 
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be addressed with discussion of concentration- and time- 
dependent drugs. In addition to the static exposure to drugs, 
in vitro systems currently do not take into account binding 
of drug to circulating proteins (e.g., doxycycline, cefovecin). 
Because only unbound drug is free to enter the microbe, 
and protein is not present in culture media, MICs generated 
from C&S should be compared with unbound, not total Cmax. 
Finally, the in vitro system cannot take into account a vari-
ety of host (e.g., immunoglobulins, cytokines, secretory pro-
teins, etc) or microbial (e.g., biofilm or other virulence factors) 
activities oriented toward defense.

Bactericidal Versus Bacteriostatic 
Antimicrobials
The MIC is a drug concentration that inhibits but does not 
necessarily kill the target microbe. The MIC is a reasonable 
clinical outcome target because the success of antimicrobial 
therapy usually depends on host defenses that sequester and 
ultimately kill the microbial population after its inhibition by 
the drug. Antibacterials are frequently classified according 
to their ability to kill (bactericidal) rather than inhibit (bac-
teriostatic) microbial growth. Whereas bacteriostatic activ-
ity is indicated by the MIC, bactericidal activity of a drug is 
indicated by its minimum bactericidal concentration (MBC). 
However, this classification is based on in vitro methods. The 
MBC can be determined in several ways. For example, those 
tests tubes in which no visible sign of growth was observed fol-
lowing the broth dilution procedures can be reinoculated on 
nutrient-rich agar plates (see Figure 6-5). Those test tubes that 
yield no growth contained concentrations that killed, rather 
than inhibited, the microbe. Thus the test tube with the low-
est concentration that yielded no growth contained the MBC 
of the drug. All antimicrobial drugs are characterized by an 
MBC; however, those drugs whose MBC approximates the 
MIC (e.g., within one broth dilution) might also be consid-
ered bactericidal. The MBC is most appropriately determined 
based on killing curves, which measure the number of sur-
viving bacteria after exposure to fixed concentrations of drug; 
the concentrations are based on those achieved in serum at 
defined time intervals.41 For organisms noted as “S” to bac-
teridical drugs, achieving sufficient drug at the site to kill, 
rather than simply inhibit, the infecting pathogen is possible. 
For bacteriostatic drugs achieving the concentration neces-
sary to kill the organisms without causing harm to the patient 
is much more difficult.23,41 Exceptions might occur for drugs 
that are accumulated (in an unbound state) at the site of infec-
tion (e.g., urine or phagocytic white blood cells); in selected 
instances bactericidal concentrations of a bacteriostatic drug 
can be achieved.

Categorization of static versus cidal activity of a drug can 
be associated with its mechanism of action (Table 6-5). In gen-
eral, drugs that target cell walls (beta-lactams, glycopeptides), 

cell membranes (polymixin B, colistin), or DNA (fluorinated 
quinolones) tend to act bactericidal in vitro. Ribosomal inhib-
itors that target more than one subunit (i.e., 30s and 50s; or 
70s) also tend to be bactericidal. In contrast, drugs that target 
a single ribosomal subunit (tetracyclines, macrolides, lincos-
amides) or metabolic pathway (sulfonamides) tend to act bac-
teriostatic. Combinations of two bacteristatic antimicrobials 
that act in an additive or synergistic fashion may also result 
in bactericidal effects (e.g., a sulfonamide combined with a 
potentiating dipyrimidine). However, the distinction between 

KEY POINT 6-15 Bactericidal and bacteriostatic activities 
are defined according to vitro conditions, which may not 
necessarily translate to the patient.

Table 6-5  Bactericidal Versus Bacteriostatic 
Drugs
Target Drug or Class Drug

Bacteriostatic Ribosomes
Tetracylines
Phenicols
Macrolides*
Lincosamides*

Metabolic 
pathway

Sulfonamides
Trimethoprim
Ormetoprim

Bactericidal
Cell wall 

inhibitors
Beta-lactams

Penicillins
Cephalosporins

Vancomycin
Cell 

 membrane
Polymyxin
Colistin

DNA
Fluorinated 

 quinolones
Metronidazole

Ribosomes
Aminoglyco-

sides
Macrolides*
Lincosamides*

RNA
Rifampin

Metabolic 
pathway

Trimethoprim–
sulfonamides

Ormetoprim– 
sulfonamides

*Accumulation in white blood cells may allow achievement of bactericidal  concentrations.
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bactericidal and bacteriostatic effects of a drug depends on 
the concentration; a bactericidal drug can be rendered non-
bactericidal if concentrations sufficient to kill the organism 
are not reached at the site of infection the site of infection, 
or under conditions that slow the growth of the target organ-
ism (e.g., hypoxic environment or if used in combination with 
drugs that antagonize bactericidal actions). In such instances, 
the bactericidal drug will act in a bacteriostatic fashion. On 
the other hand, drugs classified as bacteriostatic may act bac-
tericidal if high enough concentrations can be achieved, as 
might occur if the drug is accumulated in an unbound form 
(e.g., WBC or other tissues).

Because host defenses must be effective to kill those organ-
isms whose growth is merely inhibited, achieving bactericidal 
concentrations of an antimicrobial drug are paramount to 
therapeutic success in immunocompromised hosts (e.g., viral 
infections, granulopoietic patients, use of immunohibiting 
drugs) or immunocompromised sites (septicemia, meningitis, 
valvular endocarditis, and osteomyelitis).23,26

Integration of Pharmacokinetics and 
Pharmacodyamics: Pharmacodynamic Indices
Although the MIC of a (presumed) infecting organism offers a 
target concentration for antimicrobial therapy, simply achiev-
ing the MIC of the organism in plasma may not be sufficient 
to ensure efficacy. Among the relationships that affect efficacy 
is the PK/PD relationship—that is, the dynamic relation-
ship between the drug concentration to which the organ-
ism is exposed throughout the dosing interval (PK) and the 
response of the infecting organism to the drug, as estimated, 
for example, by the MIC (PD).55-57 This relationship is affected 
by many host and microbial factors. Definitions of terms used 
to describe the integration of PK and PD (PD indices or PDI) 
are varied, depending on the author. For the purposes of this 
text, definitions will be drawn from Mouton.47 It is important 
to note that many of the terms are based on parameters deter-
mined through in vitro testing. Therefore host and microbial 
factors still need to be considered. Further, most PDI are based 
on a 24-hr-dosing interval, thus modifications in dosing regi-
mens should be based on a 24-hr period (Figure 6-12). The 
relevance of PDI to drugs with half-lives longer than 24 hr 
(e.g., azithromycin, cefovecin) is not clear.

Postantibiotic Exposure
Antimicrobials may continue to exert an effect even though 
the drug is no longer present at concentrations that exceed the 
MIC. The term postantibiotic exposure has been promoted to 
refer to the combined definitions that have emerged experi-
mentally. Among the terms is the postantibiotic effect (PAE), 
which has both an in vitro and an in vivo definition.47 The PAE 
is exhibited by drugs, and is defined in vitro as the period of 
suppression of bacterial growth after a short exposure of the 
organism to the antimicrobial.47 The PAE for a drug, is deter-
mined in vitro by exposing a standard inoculum to it, remov-
ing the drug and determining the time that elapses (in hours) 
before the culture CFUs increase by tenfold. In vivo, the PAE 
is the time it takes for the number of CFUs to increase tenfold 

in treated animals after concentrations drop below the MIC 
at the tissue site.47 Clinically, the PAE indicates the ability of 
a drug to inhibit bacterial growth after the drug is no longer 
present or is below the MIC of the infecting microbe.49,58–60 
As such, it also takes into account an effect a drug might have  
at subinhibitory concentrations. The impact of the PAE 
on antimicrobial efficacy can be profound, particularly for 
 concentration-dependent drugs. It is the PAE that allows 
some drugs to be administered at long intervals despite short  
 half-lives.41,50, 52,59,61,62 The PAE may be absent for some 
organisms or some patients (e.g., some immunocompromised 
patients).49 The duration of PAEs varies with each drug and 
each organism and the relationship between PDC and MIC 
(Table 6-6).63 In general, concentration- dependent drugs 
appear to exhibit longer PAEs, with the duration of the PAE 
being proportional to the magnitude of the peak PDC (i.e., 
longer with higher PDC).64 However, for each drug, and 
within drug classes, the PAE is markedly variable, depending 
on the organism.65 Whereas beta-lactams exhibit a substan-
tial PAE toward selected streptococci (i.e., thus making treat-
ment less time dependent for streptococci), their PAE toward 
gram-negative organisms is minimal.66 Applying information 
regarding the PAE to clinical patients is complicated by vari-
able results (reflecting marked variability in methods) among 
investigators. The PAE is enhanced by combination antimicro-
bial therapy.67-69 The duration of the PAE should be included 
in estimates of doses or dosing intervals. Some antimicrobials 
also have been associated with a postantibiotic sub-MIC effect 
(PASE) that may further prolong the dosing interval70,71; fur-
ther, a postantibiotic leukocyte enhancement effect (PALE) has 
been described for some antimicrobials. These are incorpo-
rated in in vivo estimates of PAE. However, clinical relevance 
of measurements of PAE, PASE, and PALE based on in vitro 
observations is not clear.66,72 These studies do point out the 
reasons that some antimicrobials are effective at long intervals 
and indicate the need for a better understanding of the rela-
tionship of PDC, MIC, and PAE in the clinical patient.

Time- Versus Concentration-Dependent Drugs
The relationship among efficacy, MIC, and the magnitude 
and time course of PDC can be categorized, in vitro, as 
either concentration-dependent (sometimes referred to as 
dose-dependent) or time-dependent (sometimes referred to 
as  concentration-independent) (see Figure 6-13; and Table 
6-4).41 A third classification has emerged with characteristics 
from each of these classes. (e.g., as shown by fluoroquinolones). 
Although studies that categorize drugs are largely in vitro, the 
categorizations generally are supported by in vivo studies that 
include animal models and human clinical trials.57 Concen-
tration-dependent drugs, best represented by the fluoroquino-
lones and aminoglycosides, are characterized by efficacy that 
is best predicted by the magnitude of PDC (Cmax) compared to 

KEY POINT 6-16 The postantibiotic effect is particularly 
important to the efficacy of concentration-dependent 
drugs.
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the MIC of the infecting organism (see Figures 6-11 to 6-13)73-79 
For such drugs the magnitude of Cmax/MIC (or Cmax/MIC90) 
generally should be 10 to 12; for more difficult infections (e.g., 
P. aeruginosa, or infections caused by multiple organisms),
the higher index should be targeted.57 The time that PDC is
above the MIC—that is, the duration of exposure, (T > MIC
or T > MIC90)—is not as important as is the Cmax/MIC; in
fact, efficacy may be enhanced (e.g., for the aminoglycosides)
by a drug-free period (i.e., a long interval between doses; see
Figure 6-13).61,73,74,80–82 This may reflect, in part, the phe-
nomenon of adaptive resistance.83 Adaptive resistance refers
to a reversible refractoriness to the bactericidal effects of an
antibacterial agent. This phenomenon has been documented
particularly for gram-negative organisms and the aminoglyco-
sides, but it appears to occur with the quinolones as well. The
resistance appears to reflect a protective phenotypic alteration
in the bacteria, such as reversible downregulation of amino-
glycoside active transport. Adaptive resistance occurs rap-
idly (within 1 to 2 hours) of antimicrobial therapy; duration
reflects the elimination half-life of the drug. In humans adap-
tive resistance to aminoglycosides may last for up to 16 hours
after a single dose of aminoglycoside, with partial return of
bacterial susceptibility at 24 hours and complete recovery at
approximately 40 hours.83

For concentration-dependent drugs, a dose that is too 
low is particularly detrimental. In a mouse model of E. coli 
peritonitis, the antibacterial efficacy of ciprofloxacin, but not 
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Figure 6-13 The relationship between plasma (tissue) drug 
concentration, and the minimum inhibitory concentration 
(MIC) of the organism may determine drug efficacy. The 
efficacy of concentration-dependent drugs (e.g., aminogly-
cosides; fluorinated quinolones; and, in some cases, azithro-
mycin or other azalides) depends on a high Cmax to MIC ratio. 
Doses might be increased to ensure sufficiently high plasma 
drug concentrations to achieve the target ratio. In contrast, for 
time-dependent drugs, such as beta-lactams, sulfonamides, 
and nonaminoglycoside ribosomal inhibitors, efficacy is maxi-
mized by ensuring that plasma drug concentration remains 
above the MIC for most (50% to 75%) of the dosing interval.

Table 6-6  The Duration of the Postantibiotic Effect Demonstrated by Selected Drugs Toward 
Selected Organisms63,65,66

Organism Drug PAE/hr Concentration Dependent* Time Dependent
Bacillus anthracis† Fluoroquinolones 4-5 Aminoglycosides Beta-lactams

Macrolides 1-2 Fluoroquinolones Glycopeptides
Beta-lactams 1-2 Metronidazole Macrolides*
Vancomycin 1-2 Azithromycin Linezolide*
Rifampin 4-5 Ketolides Tetracyclines*

Pseuodmonas aeruginosa‡ Gentamicin 4-5 Tigecycline*
Imipenem§ Good Clindamycin*

Staphylococcus aureus‡ Macrolides 3-4
Aminoglycosides 5-10

Escherichia coli‡ Ciprofloxacin 1-2
Amikacin 1-2
Beta-lactams 0.5

Klebsiella pneumoniae‡ Ciprofloxacin 1-2
Amikacin 1-2
Beta-lactams 0.5

§Streptococci Beta-lactams Good¶
Gram negative Beta-lactams§ Minimal

PAE, Postantibiotic effect.
*PAE depending on organism; efficacy enhanced by higher concentration
†Athamna 2004 63

‡Wang 200165

§O’Reilly 200566

¶Allows once-daily dosing despite short drug half-lives for aminopenicillin
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imipenem (or meropenem), was improved by doubling the 
dose. For some concentration-dependent drugs, efficacy may 
be both dose- and time-dependent, with the best predictor of 
efficacy being AUC/MIC. For example, efficacy of fluorinated 
quinolones can be predicted by both a Cmax/MIC (target 10 to 
12) or AUC/MIC (target 100 to 125) (see Figure 6-13).41,84–86 
The AUC/MIC may be particularly predictive for fluoroqui-
nolones when treating gram-positive isolates; adding a second 
full dose may be prudent for some infections. Otherwise, con-
centration-dependent drugs generally can be administered at 
longer intervals (e.g., once a day).

In contrast to concentration-dependent drugs, efficacy of 
time-dependent drugs (e.g., beta-lactams) is best predicted by 
the time that PDC remains above the MIC. For such drugs 
PDC should be 2 to 4 times the MIC of the infecting microbe 
and should be maintained above the MIC (T > MIC) through-
out a significant portion of the dosing interval (see Figures 
6-12 and 6-13). However, the recommended duration of  
T > MIC varies from a low of 25% for carbapenems to 50% to 
70% for extended-spectrum penicillins to potentially 100% for 
penicillin and aminopenicillins (an exception being treatment 
of streptococci).56,57,61,74,87,88 With time-dependent drugs, 
increasing the dose may be necessary to ensure that PDCs are 
above (ideally severalfold) the MIC.57 Maintaining T > MIC 
may be problematic for drugs with a short half-life unless 
the isolate is extremely susceptible (e.g., most beta-hemolytic 
streptococci for penicillins). Given that drug concentrations 
decrease by 50% every drug half-life, a Cmax/MIC of 2 will 
result in a PDC that will reach the MIC in 1 half-life. The dura-
tion of the dosing interval then depends on the desired target 
duration (i.e., 25% to 100%) of T > MIC. If T > MIC is 100%, 
then the dosing interval would be 1 half-live. If T > MIC is 
50%, the dosing interval would be 2 half-lives, and if T > MIC 
is 25%, the dosing interval could be as long as 4 half-lives. For 
each additional half-life to be added to the duration that T > 
MIC, concentrations, and thus dose, must be doubled again 
(i.e., quadrupuled if T > MIC = 2 half-lives, increased eightfold 
if T > MIC=3 half-lives, and so on). Table 6-4 demonstrates the 
impact of Cmax:MIC and half-life on time-dependent drugs. 
Although efficacy of time-dependent drugs requires T > MIC 
for a sufficient time, efficacy might be enhanced by increasing 
the dose for drugs with a sufficiently long half-life, shortening 
the interval for drugs with a short half-life, or both. Constant-
rate infusion,89 or slow-release products,90 might be ideal for 
time-dependent drugs with short half-lives. Drugs character-
ized by longer elimination half-lives might be preferred (e.g., 
cefovecin43,44). Efficacy also should be enhanced for time-
dependent drugs that persist to accumulate in the unbound 
state in selected tissues (i.e., macrolides, clindamycin,91 or 
drugs that accumulate in phagocytes.) The downside to using 
antimicrobial drugs with a very long half-life is that the time 
to steady-state concentrations and thus peak effects might be 
prolonged. Moreover, a “hit hard, get out quick” approach to 
therapy is difficult to implement with such antimicrobials.

The relationship between PDC, MIC, and time- ver-
sus concentration-dependency might be explained, in part, 
by the mechanism of antimicrobial action. Efficacy of the 

aminoglycosides or fluorinated quinolones depends on drug 
binding to the target (ribosome and topoisomerase or DNA 
gyrase, respectively); once sufficient binding occurs, protein 
synthesis or DNA activity, respectively, is prevented and does 
not re- initiate. However, beta-lactams substitute as a substrate 
for cell wall synthesis, and, as long as the organism is growing, 
it is synthesizing cell wall. Thus, the drug needs to be present as 
long as the organism is growing. The glycopeptides (e.g., van-
comycin), which also target the cell wall, are also time-depen-
dent drugs.

Increasingly, CLSI is using PDI as the basis for determi-
nation of breakpoint MIC. However, not surprisingly, the 
optimal relationship between PDC and MIC that determines 
efficacy of a drug is not so simple and varies with organisms 
and drugs. The optimal relationship between PDC and MIC 
and the parameter that best predicts antimicrobial efficacy 
(e.g., peak PDC; the ratio of area under the drug concentra-
tion versus time curve to the organism’s MIC; duration of 
PDC above MIC) have not been established definitively for 
all antimicrobials.52,61,84,85 However, for drugs character-
ized by inhibition (bacteriostatic drugs), T > MIC may best 
predict efficacy. For some fluoroquinolones, and particularly 
for gram-positive organisms, efficacy is best predicted by the 
ratio of AUC (which is influenced by both dose and interval) 
to MIC rather than simply the Cmax/MIC. The optimal AUC/
MIC also varies with the organism, ranging from as low as 30 
to 40 for S. pneumoniae and levofloxacin to greater than 350 for 
P. aeruginosa and ciprofloxacin. The area under the inhibitory 
curve (AUIC) reflects the integrated AUC above the MIC dur-
ing the dosing interval. This parameter is similar to but varies 
from AUC/MIC in that it is the AUC that is above the MIC 
(in contrast, AUC/MIC involves the complete area). The AUIC 
should exceed 125 for fluorinated quinolones to achieve bacte-
rial killing; an AUIC that exceeds 250 results in rapid killing.57 
Thus for treatment of some infections with concentration-
dependent drugs, the dosing regimen might be designed to 
maximize both the Cmax/MIC and the AUC/MIC. Some drugs 
(e.g., macrolides) are characterized by time-dependency for 
some organisms but concentration-dependency for others.

Table 6-4 offers examples of PDIs that are achieved using 
current recommended dosing regimens for selected drugs 
and selected PD data from selected pathogens that cause 
infection in dogs. The PD data are based on MIC90 obtained 
from package inserts of drugs approved in dogs or literature 
that provided PD data specific for canine pathogens that was 
more recent than package insert data. For some drugs PD 
was not available for canine pathogens, so PD from human 
pathogens was used. Doses were chosen from Table 7-1  
and generally reflected the highest dose for which PK was 
available. When possible, nonintravenous routes were chosen 

KEY POINT 6-17 Efficacy of concentration-dependent drugs 
can be enhanced by increasing the dose such that peak 
concentrations are 10 to 12 times the MIC of the infecting 
microbe (Cmax/MIC ≥12).
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because Cmax from intravenous data may not represent Cmax 
following distribution. Table 6-6 is intended to demonstrate 
how PDI might be used to assess a dosing regimen. It is not 
unusual to find that the target Cmax/MIC (>10) often is not 
reached for concentration-dependent drugs) or T > MIC (50% 
for most) for time-dependent drugs. One could argue that the 
MIC90 is an unreasonable PD target; indeed, for some iso-
lates it may be. The preferred PD statistic would be the MIC 
from the isolate infecting the patient; it can be substituted in 
this table for the MIC90. Likewise, the 95th lower confidence 
interval is preferred to the mean Cmax or half-life for the PK 
component of PDI. For concentration-dependent drugs, 
doses can be increased (whenever safety permits) to achieve 
the target Cmax/MIC; for time-dependent drugs, both the dose 
(increase) and interval (shorten) might be modified. Alterna-
tively, or perhaps in addition to, combination therapy might 
be considered. Note that the PDIs are based on plasma drug 
concentrations (PDCs). For some drugs, PDC underestimates 
concentrations in extracellular fluid. However, for others, PDC 
frequently overestimates by 25% to 50% or more extracellular 
fluid drug concentrations. Doses may need to be increased  
by 25% to 50%  to adjust for this difference. As important as 
PK/PD integration is to the design of the dosing regimen, 
its application to the clinical patient will be facilitated by an 
understanding of the microbial and host factors that influence 
response to the drug.

MICROBIAL FACTORS THAT AFFECT 
ANTIMICROBIAL EFFICACY

Among the most obvious ways that microbes can affect antimi-
crobial efficacy is the advent of resistance. However, microbes 
can negatively affect antimicrobials through mechanisms 
that do not influence MIC. These effects are not as obvious 
to detect as resistance but nonetheless can profoundly affect 
therapeutic success.

Inoculum Size
The larger the bacterial inoculum at the target site, the greater 
the concentration (number of molecules) of antimicro-
bial necessary to kill the organism. Further, more CFUs are 
more likely to produce greater amounts of enzymes or other 
materials that can destroy the drug. The “inoculum effect” of 
ESBL resistance describes the increasing MIC of the organ-
isms toward cephalosporins at a larger (107) compared with 
smaller (105) inoculum.92 In addition, the larger the inoculum, 
the greater the risk that spontaneous mutation will contribute 
to resistance or virulence. Note that resistance and virulence 
do not necessarily co-exist. In general, emerging resistance 
appears to be associated with decreased rather than increased 
virulence, although increasingly studies are identifying 

exceptions. For example, community-acquired infections may 
be associated with increased virulence, but less resistance. For 
example, although hospital-acquired infections tend to be 
caused by nonvirulent organisms, community-acquired infec-
tions reflect virulent organisms that can infect even the overtly 
healthy patient. Concern regarding MRSA reflects, in part, 
its apparent acquisition of virulence factors that have facili-
tated its transition from a hospital to community-acquired 
infection.

Virulence Factors
The degree of pathogenicity of bacteria (virulence) will affect 
antimicrobial efficacy indirectly by facilitating infection. The 
ability of microbes to cause disease reflects the size of the 
inocululm, the effectiveness of host defense mechanisms, and 
the intrinsic pathogenicity of the microbes resulting from the 
presence of virulence factors. Like biochemical mechanisms 
of resistance, virulence factors generally involve proteins 
encoded by DNA of chromosomal or shared (e.g., plasmids, 
transduction) origin. Contributing to the negative impact of 
virulence factors is host response to their effects. Virulence 
factors facilitate adhesion to host cell surfaces, colonization 
(e.g., urease of Helicobacter pylori, which protects it from 
gastric acidity), invasion (facilitated by disruption of host 
cell membranes or stimulation of endocytosis), immunosup-
pression (e.g., antibody-binding proteins), or bacterial toxins 
that cause local, distant, or both (e.g., endotoxin) host dam-
age. Pathogen attachment to host cells is a crucial early step 
in mucosal infections and is facilitated in epithelial tissues by 
bacterial adherence. Adherence is a specific two-phase process 
involving bacterial virulence factors called adhesins and com-
plementary receptors of the host epithelial cells.93,94 Adhesins 
are generally found on the surface of microbes, (e.g., bacte-
rial fimbriae) and along with other virulence factors facilitat-
ing infection, may be targets for alternative (to antimicrobial)
therapy. Species differences exist among the types of receptors 
in the host epithelial cells. The predominant receptor type in 
humans is glycolipid in nature, and its presence varies with 
blood cell types, implying individual variation in susceptibil-
ity to bacterial adherence in several body systems. Bacterial 
adherence is discussed with regard to specific body systems 
in Chapter 8.

Another virulence factors that facilitate infection are inva-
sins. Invasins are enzymes that damage physical barriers pre-
sented by tissue matrices or cell membranes, facilitating rapid 
bacterial spread. Examples include clostridial hyaluronidase, 
which is able to destroy connective tissue, and lecithinases and 
phospholipases of clostridial and gram-positive organisms. 
Bacteria have developed siderophores, which are specialized 
virulence factors that mediate the release or scavenging of 
iron critical for microbial virulence. Bacteria also have devel-
oped specialized transport systems that secrete toxic materials 
into the extracellular matrix. It is not clear whether the efflux 
proteins that transport toxins are related to those that trans-
port drugs (see the discussion of resistance). Bacteria also 
facilitate invasion through materials (e.g., proteins, “slime”) 
that prevent phagocytosis or, if the microbe is phagocytized, 

KEY POINT 6-18 Efficacy of a time-dependent drug can 
be enhanced by ensuring that concentrations at the site 
of infection are above the MIC ( T > MIC) for most of the 
 dosing interval.
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preclude intracellular killing. Examples include lytic enzymes 
of gram-positive cocci or exotoxin A produced by P. aerugi-
nosa. Toxins include both endotoxins (discussed in depth 
later) and exotoxins. Bacterial exotoxins are among the most 
potent toxins known, acting on either the cell surface (e.g.,  
E. coli hemolysins, “superantigens” of S. aureus or Strepto-
coccus pyogenes); membrane; or, once the membrane is pen-
etrated, intracellular targets (e.g., A/B toxins). 

Biofilm
Among the most effective and probably least appreciated 
protective microbial factors is biofilm. Bacteria exist in either 
a planktonic (free floating) or sessile (attached) state; while 
it is the former state that characterizes C&S testing, but it 
is the latter state that enables persistence of the resident 
population, as well as the formation of biofilm.95-97 Biofilm 
is defined as a biopolymer, matrix-enclosed bacterial popula-
tion in which bacteria adhere either to one another or to a 
surface.95 The outer layer of the biofilm may lose water such 
that it is hardened, thus providing better protection from 
the environment, including exposure to antimicrobials. The 
inner sactum of the biofilm is largely aqueous, composed of 
glycocalyx or slime (e.g., Staphylococcus spp.). In addition 
to passive diffusion, aqueous pores permeate the structure, 
allowing movement of nutrients and metabolic debris. Bio-
film populations containing normal microflora in the skin 
or mucous membranes (e.g., urinary bladder) are lost with 
shedding of the skin (or bladder) surface or by the excre-
tion of mucus; new cells and mucus are rapidly colonized by 
biofilm-forming bacteria. Microbes released from the sur-
face may colonize new surfaces and subsequently produce 
new biofilms and new (e.g., persistent or recurring) infec-
tions. Bacterial communication during biofilm formation is 
sophisticated, involving quorum-sensing systems that ulti-
mately may be targets of microbial therapy.96 Biofilm may 
facilitate and protect growth of normal or pathogenic flora 
on foreign surfaces and can facilitate subsequent translo-
cation of microbes to otherwise sterile tissues. Persistent, 
chronic bacterial infections may reflect biofilm-producing 
bacteria; persistent inflammation associated with immune 
complexes contributes to clinical signs. Dental plaque is a 
prototypic example of the impact that biofilm might have 
on preventing antimicrobial penetration. Cystic fibrosis 
associated with Pseudomonas is a disease in which biofilm 
contributes to mortality. Pathogens associated with biofilm 
in veterinary medicine include, but are by no means limited 
to, Acinetobacter, Actinobacillus, Klebsiella, P. aeruginosa, and 
Staphylococcus (aureus and pseudintermedius).95 Glycocalyx 
may contribute to protective mechanisms of other organisms 
as well (e.g., sulfur granules and Nocardia; Figure 6-14). Not 
all pathogens associated with biofilm cause infection (e.g., 
urinary catheters). However, because they ultimately may be 

the source of infection, clinical resolution may not be pos-
sible until the biofilm is destroyed. Yet, its nature is difficult 
to predict based on the planktonic growth of individuals in 
cultures compared to the consortium that occurs in vivo.97 
Catheters (urinary or intravascular), orthopedic fixation 
devices, and materials used in wound management are exam-
ples of surfaces on which biofilm might develop.

Antimicrobial Resistance
The role of resistance in therapeutic failure of antimicrobials 
is well established.23,98 The use of antimicrobials increasingly 
is associated with emergence of resistance. For each class of 
antimicrobial drugs approved for use in human medicine, 
resistance generally has emerged within 1 to 2 decades of use. 
Clinically relevant resistance toward sulfonamides, the first 
class of antimicrobials approved in the United States (1930s) 
was documented by the 1940s. Penicillins, tetracyclines, strep-
tomycin (aminoglycoside), and erythromycin (macrolides) 
were all approved within a 10-year span, with resistance docu-
mented within 5 years for methicillin versus approximately 
10 years for streptomycin. Resistance to nalidixic acid, the 
progenitor of fluoroquinolones (approved in 1950), took 3 
decades to emerge, perhaps convincing manufacturers that 
resistance to fluoroquinolones would emerge very slowly. 
However, resistance to norfloxacin, the first fluoroquinolone 
approved in the United States, took less than 3 years to emerge, 
despite the fact that the lack of plasmid-mediated resistance 
was among the attributes of this class. Resistance to extended-
spectrum cephalosporins emerged within 4 years of approval 
and to  amoxicillin–clavulanic acid, within 5 years. Resistance 
to vancomycin, specifically developed to treat MRSA, emerged 
in its second decade of use.

Figure 6-14 An example of combined host and microbial fac-
tors that negatively impacts therapy, Nocardia causes a 
marked inflammatory response by the host. Additionally, the 
organism causes secretion of calcium that combines with its 
biofilm, resulting in the formation of “sulfur” granules that pro-
tect the organisms from drug penetrations.

KEY POINT 6-20 Biofilm can form on many foreign or natural 
surfaces and may profoundly decrease the likelihood of 
successful antimicrobial therapy.

KEY POINT 6-19 Virulence refers to the ability of the microbe 
to cause infection. However, a virulent organism often is not 
resistant.
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Inherent Versus Acquired Resistance
Antimicrobial resistance might be inherent to the microor-
ganisms or acquired, either through chromosomal mutations 
or transfer of genetic information.99 Generally, spectrums 
of antimicrobials (listed on package inserts and elsewhere) 
reflect inherent resistance patterns rather than acquired resis-
tance patterns. Examples include limited efficacy of aminogly-
cosides toward anaerobic organisms because the drugs must 
be actively transported into the cell (oxygen dependent) or the 
resistance of gram-positive organisms, which lack an outer cell 
membrane, to polymyxin B, which targets the same. Acquired 
resistance, on the other hand, generally renders a previously 
susceptible organism resistant. As such, it is not necessarily 
predictable and can occur during the course of therapy (lead-
ing to changes in a C&S pattern). More problematically, it is 
often shared among microbes.

Shared resistance among bacteria reflects the ability of 
bacteria to incorporate extrachromosomal DNA carrying 
the information for resistance from other organisms. Extra-
chromosomal DNA (including plasmids and bacteriophages) 
encode for resistance to multiple drugs and can be transmit-
ted vertically (to progeny) or horizontally, across species and 
genera. Transposons are individual or clusters of resistance 
genes bound by integrons, which move resistance genes back 
and forth between chromosomes to plasmids. Consequently, 
bacterial resistance is extremely mobile and can spread rap-
idly.101 Among the mechanisms by which genetic resistance 
information is shared is (sexual) conjugation. Conjugation 
occurs particularly in gram-negative organisms and may be 
accompanied by genetic material that confers bacterial patho-
genicity as well as altered metabolic functions. However, 
Enterococcus spp. and selected other gram-positive bacteria 
also transfer resistance to glycopeptides through conjugative 
transposons.101 Transduction, which requires a specific recep-
tor, involves transfer of information by a bacterial virus (bac-
teriophage) and is implemented especially by Staphylococcus 
spp. Resistance, including methicillin resistance, can be trans-
ferred between coagulase-negative and -positive Staphylococ-
cus.1 Transformation involves transfer of naked DNA from 
one lysed bacterium to another; this mechanism of transfer 
tends to be limited (in humans) to pneumococcal meningitis.

Although present for eons, acquired antimicrobial resistance 
increasingly is becoming problematic. The impact of antimi-
crobial resistance can be extensive. In some human intensive 
care units, selected isolates are characterized by a resistance 
prevalence of 86%. The impact of resistance on the patient 
includes increased morbidity, mortality, and increased hospi-
tal costs.107 Patterns of resistance have emerged in veterinary 
medicine, although differences appear to occur in the ability 
of organisms to develop resistance to an antimicrobial, vary-
ing with species and strain. Many organisms remain predict-
ably susceptible to selected drugs (e.g., Brucella, Chlamydia), 

whereas others are becoming problematic (e.g., P. multocida). 
Several organisms traditionally have developed resistance 
that can rapidly impair efficacy of new antimicrobials (e.g.,  
E. coli, K. pneumoniae, Salmonella, S. aureus, S. pneumoniae). 
In general, these organisms have developed multidrug resis-
tance (MDR). MDR is now considered the normal response to 
antimicrobials for gram-positive cocci pneumococci, entero-
cocci, and staphylococci.102 Among these, Staphylococcus spp. 
is considered most problematic: it is intrinsically virulent, is 
able to adapt to many different environmental conditions, 
increasingly is associated with resistance to other classes of 
antimicrobials, and tends to be associated with life-threatening 
infections.102,103 In a veterinary teaching hospital the percent-
age of patients with S. intermedius susceptible to cephalexin 
and amoxicillin–clavulanic acid decreased from a high of 96% 
in 2005 to < 60% in 2007, a trend that appears to be emerging 
in other veterinary hospitals.110

E. coli is among the organisms that have developed 
multi-drug resistance.104,105 Fluoroquinolone-resistant E. coli 
emerged as early as 1998, little over a decade after the approval 
of enrofloxacin for dogs or cats.28 Multidrug-resistant E. coli 
has emerged as a cause of nosocomial infections in dogs108 
and UTIs in canine critical care patients.104,109 The presenta-
tion is similar to the that in human critical care patients, with 
risk factors such as sex (males), hospital stay, and previous 
antimicrobial therapy being similar for both. 

Factors Contributing to the Emergence 
of Resistance
Development of antimicrobial resistance is facilitated by sev-
eral factors111; among the most important is exposure to anti-
microbials. In the individual patient, single-dose ciprofloxacin 
prophylaxis increased the prevalence of ciprofloxacin- resistant 
fecal E. coli from 3% to 12% in humans.112 Ciprofloxacin treat-
ment for prostatitis resulted in posttreatment fecal coloni-
zation with quinolone-resistant E. coli that was genetically 
distinct from the infection-causing strains after treatment in 
50% of the patients.113 Our laboratory has demonstrated that 
standard doses of either amoxicillin or enrofloxacin given 
orally will cause close to 100% of fecal E. coli to become resis-
tant to the treatment drug within 3 to 9 days of therapy; for 
enrofloxacin the isolates generally are multidrug resistant. As 
with MRSA or MRSI (S. intermedius), the advent of resistance 
by E. coli and other gram-negative organisms has been associ-
ated with increased cephalosporin use.1

The gastrointestinal flora offers a natural environment that 
exemplifies the impact of antimicrobials on selection pres-
sure. The normal flora of the gastrointestinal tract is extremely 
diverse, with anaerobes predominating. Among the aerobes, 
E. coli are the major gram-negative and Enterococcus the major 
gram-positive organisms.101 Environmental microbes main-
tain an ecologic niche through suppression of the competition 

KEY POINT 6-21 Antimicrobial resistance increasingly will 
prevent the successful empirical selection of antimicrobial 
drugs.

KEY POINT 6-22 Acquired resistance can occur during the 
course of antimicrobial therapy.
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by either consumption of nutrients or secretion of antibiotics. 
Therefore commensal organisms are constantly being exposed 
to antibiotics, and are “primed” to develop resistance.101 
 However, the microbes producing the antibiotic, as well as 
surrounding normal flora, are resistant to the antibiotic. Thus 
genes for resistance develop along with genes directing antibi-
otic production.

Rapid microbial turnover in the gastrointestinal tract sup-
ports the development of resistance by ensuring active DNA  
replication and thus mutation potential (see previous discus-
sion). Chromosomal (DNA) mutations (10-14 to 10-10 per cell 
division) are DNA mistakes that have been missed by bacterial 
repair mechanisms. These mistakes occur spontaneously and 
randomly, regardless of whether the antibiotic is present. If the 
mutation that confers resistance to an antimicrobial occurs in 
the presence of the antimicrobial when it is administered to the 
patient, the surviving mutant, reflecting its single-step muta-
tion, confers a low level of resistance (see the discussion of 
mutant prevention concentration). The MIC of the organism 
is likely to increase. Further microbial turnover and continued 
therapy can lead to multistep mutations and rapid emergence 
of high-level resistance characterized by increasingly higher 
MIC. Stepwise mutations can lead to specific resistance such 
as that demonstrated toward fluorinated quinolones (stepwise 
mutation in the DNA gyrase gene). Nonspecific mechanisms 
of resistance, including that shared among organisms, are 
more likely to result in MDR. Microflora of the gastrointesti-
nal tract can serve as a reservoir of resistance genes; a single 
drug, via integrons, plasmids, and transposons, facilitates the 
rapid transfer of MDR among organisms. The gastrointesti-
nal environment exemplifies a pattern whereby resistance can 
emerge as a result of a combination of selection pressure and 
mutation. Clinically, similar mechanisms of emerging resis-
tance are likely to occur at sites of infection.

Mutant Prevention Concentration
Drlica and coworkers114 have hypothesized the mutant 
selection window, (see Figure 6-15) comprised of a lower 
threshold represented by the culture MIC of the infecting 
organism and an upper threshold or boundary, the MPC. 
Should a dose be designed such that drug concentrations 
fall within this window (i.e., between the MIC and MPC) at 
the site of infection, the mutant isolate is likely to emerge as 
a resistant colony. The practical application of the hypoth-
esis explains the observed behavior of mycobacterium 
organisms toward fluoroquinolones (FQs). Increasing con-
centrations of the FQs inhibits the nonresistant (wild-type) 
organisms and colony numbers rapidly decrease. But this  
period of decline is followed by a plateau period of minimal or 
no growth. During this plateau phase, remaining resistant iso-
lates recover and start to multiply again. The resistance of this 
emerging, second population presumably reflect a  single-step 
(chromosomal or plasmid-mediated) mutation that resulted in 
an increase in the MIC to low-level resistance (e.g., MIC is close 
to the breakpoint). However, when these first-step mutants are 
exposed to even higher drug concentrations, a second rapid 
decline in numbers occurs, this time reflecting inhibition of 

the mutated, resistant organisms. Again, once sufficient bac-
teria recover, a second plateau occurs as the first-step mutants 
mutate. This stepwise or multistep mutation confers high level 
resistance (MIC exceeds the breakpoint several fold) that can 
be overcome only by very high concentrations of the FQ. The 
mutant selection window, which is to be avoided with initial 
therapy, describes drug concentrations on either side of the 
initial plateau for the single-step mutants. The lower bound-
ary is defined by those drug concentrations sufficiently high 
to remove the majority of the wild-type competitors (MIC), 
whereas the higher boundary (the MPC) is defined by the 
concentrations necessary to inhibit the least susceptible (most 
resistant) isolates (the single-step mutants).115 Above this con-
centration, a second mutation step (which is very rare) would 
be required for a population of resistant organisms to develop; 
the risk of this happening is reduced by preventing microbial 
turnover (i.e., killing all isolates).

On the basis of this observation, Drlica and coworkers 
contend that MIC-based strategies used to design dosing regi-
mens readily select for resistant mutants.115 Their contention 
is based on the observation that only one resistant mutation is 
needed for bacteria to grow in the presence of an antimicro-
bial and that infections generally contain an adequate number 
of CFUs for several first-step resistant mutants to be present 
prior to treatment. They coined the term MPC as an in vitro 
measure of preferred antimicrobial concentration target. If the 
MPC (rather than the MIC) is achieved at the site of infec-
tion, the risk of resistance is minimized because isolates that 
exceed the MPC concentration must have undergone a second 
concurrent resistance mutation step prior to therapy. As such, 
the MPC, not the MIC, would be the concentration targeted 
at the site of infection in the patient. Indeed, simply achieving  
the reported MIC of the infecting microbe at the site of infec-
tion is probably the approach that is most likely to yield clini-
cally resistant organisms. Accordingly, consideration should 
be given to assuring that “dead bugs don’t mutate.” If the least 
susceptible of the isolates is inhibited with the dosing regimen, 
then the recovering population should not be resistant.

Drlica115 has demonstrated that MPCs do not correlate to 
MICs. In vitro, the MPC would be defined in vitro as the (low-
est) drug concentration (in the media) that yields no recovered 
organisms when over 1010 CFUs (mimicking bacterial load in 
the patient) are plated. Currently, determining the MPC is 
costly, requiring multiple testing steps and large numbers of 
cells; for example, standard culture procedures are based on 
106 CFUs, whereas determination of the MPC requires at least 
108-10 CFUs. However, an MPC-based strategy to dosing clini-
cally makes sense and should be an effective means of block-
ing the growth of first-step resistant mutants. Such a strategy

KEY POINT 6-23 The mutant prevention concentration (MPC) 
is the highest MIC of any of the colony-forming units caus-
ing infection in the patient. Failure to achieve this concen-
tration may allow resistant microbes to emerge, particularly 
in the at-risk patient.
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would force wild-type cells to acquire two resistance mutations 
for growth, an event that is rare. Experimental in vitro data114 
have confirmed that MPC levels of an FQ do indeed inhibit 
strains that harbor first-step gyrA mutations (the mechanism 
of microbial resistance to FQ).116 Application of the MPC is 
most appropriate for drugs and organisms that develop resis-
tance by chromosomally mediated point mutations (e.g., the 
fluorquinolones).117 However, the spirit of targeting the MPC 
might be assumed even for other drugs, in order to minimize 
the impact of selection pressure on emergent resistant popula-
tions. The mutant selection window can be narrowed if more 
than two bacterial sites are targeted, such as might occur with 
combination antimicrobial therapy, or with drugs that simul-
taneously target more than one site (e.g., the FQs).114

Biochemical Mechanisms of Resistance
Bacteria often respond to the presence of the antimicrobial 
by altering their physiology such that resistance occurs, often 
to multiple drugs. Microbes develop antimicrobial resistance 
by two primary mechanisms: modification of the target site 
or altered intracellular drug concentration. Methods by which 
intracellular drug concentration can be decreased include 
changes in porin sizes for gram-negative organisms (e.g., most 
drugs; see Figure 6-3). Porins are transmembrane proteins 
(e.g., OmpF) that form an aqueous channel that allows passive 
movement of large hydrophilic molecules. Porins are one of 
the few means by which drugs can gain access to intracellu-
lar targets. A change in porin size (i.e., by the addition of side 
chains that filter out drugs) or number increases antimicrobial 
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Figure 6-15 Stepwise mutation can emerge as a result of selection pressure induced by antimicrobial therapy that targets the 
minimum inhibitory concentration (MIC) of the infecting microbe. The mutant prevention concentration (MPC) is the concentra-
tion of drug that is necessary to inhibit first-step mutants, or the MIC of the least susceptible isolate in a resident population of 
pathogens. As the resident population or inoculum of wild (nonresistant) pathogen isolates reaches 108-10 colony-forming units 
(CFUs), some isolates will spontaneously mutate such that resistance emerges to the drug of interest. However, when cultured, 
the MIC reported for the population is likely to represent the mode (the most commonly reported MIC), which in a normally dis-
tributed population, is also the MIC50 for the population. In contrast, the MIC of the first-step mutant will be the high end of the 
population MIC range. This is the concentration that should be targeted to inhibit the entire population—that is, the MPC. If the 
dosing regimen is designed to target the the mutant selection window, that is, the MIC of the wild population rather than the 
MPC (the MIC of the first-step mutant)—treatment with the drug will inhibit all isolates at or below the MIC. The void in isolates 
will allow the remaining, more resistant first-step mutants to recover, particularly in patients not sufficiently healthy to suppress 
recovering microbes. As this new population expands, a second distribution curve emerges. If recultured, the MIC of the second 
first-step mutant population will be higher than the wild population. If the population reaches a sufficient size (e.g., 108 CFUs), 
a second, spontaneous mutation is likely to occur, resulting in a new, higher MPC. Targeting the MPC is particularly important 
when using drugs for which resistance emerges in response to mutations.
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resistance, as is demonstrated by the loss of the OprD protein 
that imparts resistance to imepenem by Pseudomonas spp. 
Closely associated with the porin proteins are efflux proteins 
that pump drug out of the organism; the pumps often are 
associated with porin proteins (e.g., FQs and tetracyclines). 
Most of these pumps are fueled by energy associated with 
proton exchange, the most notable in gram negative organ-
isms being of the RND (resistance nodulation division) fam-
ily. The best characterized in this family is the Acr-AB/TolC 
system, which is a complex bacterial stress response system 
that allows bacteria to pump out toxic molecules.101 These and 
other pump systems are often characterized by a wide range of 
substrate specificities and, along with porins, are a common 
mechanism whereby an isolate can express multidrug resis-
tance. In contrast, a number of microbes generate enzymes 
that destroy antimicrobials (e.g., aminoglycoside acetylases, 
beta- lactamases that destroy penicillins or cephalosporins, 
transferases that destroy chloramphenicol); in such instances 
resistance conferred by these mechanisms is generally limited 
to a single drug or drug class. Enzymatic inactivation is more 
likely for natural drugs to which microbes have previously 
been exposed (and thus presented with a greater opportunity 
to develop enzymes). In contrast, enzymes are less likely to 
destroy synthetic drugs.118 However, plasmid-mediated enzy-
matic destruction of FQs has recently been described, once 
again highlighting the resourcefulness of bacteria.119 Changes 
in target structure are another major mechanism of resistance. 
Example targets that have been modified include, but are not 
limited to, cell wall proteins (e.g., penicillin-binding proteins 
[PBs], particularly for MRSA [PB2] or Enterococcus [PB5]), 
or binding sites (i.e., on ribosomes, as for aminoglycosides, 
or DNA gyrase for FQs).120,121 Organisms often are charac-
terized by more than one mechanism of resistance. Multiple 
mechanisms are well documented for some organisms against 
selected beta- lactams and have been described against FQs 
(e.g., altered DNA gyrase and increased efflux pumps) and 
others. Resistance can be induced, as is exemplified by beta-
lactamase formation in Staphylococcus spp. which greatly 
increases in the presence of a beta- lactam antibiotic, or for 
fluoroquinolone, for which efflux pump activity is markedly 
upregulated. Discussion of specific mechanisms of resistance 
will be addressed with the appropriate drugs (see Chapter 7).

Avoiding Antimicrobial Resistance
Among the approaches to reducing resistance are pharma-
cologic manipulations and changes in antimicrobial use 
practices. Pharmaceutical manufacturers have been able to 
manipulate antimicrobial drugs in a variety of ways such that 
resistance is minimized, and these options can be selected 
in an attempt to minimize resistance. For example, bacterial 
resistance has been decreased by synthesizing smaller mol-
ecules that can penetrate smaller porins (e.g., the extended-
spectrum penicillins ticarcillin and piperacillin); synthesizing 
larger molecules that force the microbe to develop more than 
one point mutation (e.g., later-generation FQs), “protect-
ing” the antimicrobial from enzymatic destruction (e.g., with 
clavulanic acid, which diverts the beta-lactamase from the 

penicillin); modifying the compound so that it is more dif-
ficult to destroy (e.g., amikacin, which is a larger and more 
difficult to reach molecule than gentamicin and carbapenems, 
later generation cephalosporins); and developing lipid-soluble 
compounds that are more able to achieve effective concen-
trations at the site of infection (e.g., doxycycline compared 
with other tetracyclines). Increasingly, drug design–based 
tactics will be implemented to minimize emergent resistance. 
Increasingly the role of the practitioner is equally important. 
A three “D”s approach might reduce the risk of emergent 
resistance: De-escalate antimicrobial use, design a treatment 
regimen that minimizes resistance (dead bugs don’t mutate), 
and decontaminate the environment through proper hygiene. 
These approaches are exemplified by strategies implemented 
by intensive care units to reduce antimicrobial resistance 
that often involve a multitiered approach (Box 6-3). Actions 
include the following:

 1.  De-escalate. De-escalation begins with not using an antimi-
crobial when an alternate therapy (including no therapy) is
more or perhaps equally effective. Enacting primary pre-
vention by decreasing length of hospital stay, decreasing
use of invasive devices, and implementing newer approaches
(e.g., selective digestive decontamination and vaccine
 development).107  De-escalation also includes setting limits on
the duration of antimicrobial therapy (see later discussion)
and rotating the use of antimicrobial drugs on a regular sched-
ule.107,125 De-escalation might also refer to changing from a

KEY POINT 6-24 The goal of antimicrobial therapy is twofold: 
resolving clinical signs associated with infection and avoid-
ing emergent resistance. The two goals are not mutually 
inclusive.

Reducing Transmission of Resistant Microbes 
(Decontamination)
Treating infected patients in order of least-at-risk to most-at-risk
Dedicated diagnostic or handling equipment
Proper bandaging of infected sites
Dedicated bandage areas
Protection during animal handling (disposable gloves, masks, 

gowns, eyewear)
Decreased contact with body fluids
Dedicated disposal for contaminated materials
Proper hand washing between patients
Easy access to hand sanitizers (alchohol based)
Strict asepsis during surgery
Dedicated cleaning materials
Clean in order of cleanest to dirtiest
Proper disinfection of the following:
	• 	Exposed	or	at-risk	rooms
	• 	Tables,	doors,	counter	surfaces,	floors,	and	so	on
	• 	Equipment	(stethoscopes,	keyboards,	pens,	and	so	on)
	• 	Isolate	carriers	(not	always	necessary)

Box 6-3
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higher to a lower tier category of drugs (following a “hit hard, 
get out quick”) in a critical patient.

2.  Design: Improving appropriate antimicrobial use through 
proper dosing regimens includes selection of the most 
appropriate drug for the bug while narrowing the spec-
trum. This approach also should be applied to empirical 
antimicrobial therapy. Design of the dosing regimen should 
take into account the appropriate PDI for concentration or 
time-dependent drugs, and when possible, targeting the 
MPC. More controversial approaches to design include 
techniques implemented in hospitals include adhering 
to prescribed formularies or requiring prior approval for 
using certain antibiotics.

 3.  Decontaminate: Approaches intended to reduce bacte-
rial exposure are among the most important to avoid-
ing resistance. These include improving infection control 
through selective decontamination procedures, prevention 
of horizontal transmission through proper hand-washing 
technique, and use of gloves and gown, or prevention by 
reducing exposure to bandages or other contaminated 
materials by identifying proper work areas and disposal 
sites. Other approaches include, provision of soap alterna-
tives, easy access to disinfectants (which should comple-
ment, not replace, hand washing) and improvement of the 
workload and facilities for health care workers.
Improved information systems technology also plays a role. 

Each proposed or implemented strategy has theoretical ben-
efits and limitations, but good data on their efficacy in con-
trolling antimicrobial resistance are limited.107,125 However, it 
is clear that decreased antimicrobial use is associated with a 
decrease in the advent of resistance.

Risk factors for emerging resistance in the hospital or com-
munity setting include but are not limited to increased antimi-
crobial use, host factors such as severity of illness and length 
of stay, and lack of adherence to infection control practices.107 
Consequently, among the de-escalation efforts implemented 
in human hospital and community environments is restricted 
antimicrobial use. In humans the increasing presence of drug-
resistant bacterial infections among hospitalized patients is 
linked to the greater numbers of patients receiving inappropri-
ate antimicrobial treatment.123 A recent on-line report found 
that in human medicine, antimicrobials were often prescribed 
despite infection being an infrequent cause of the illness (i.e., 
pharyngitis). Further, the chosen antimicrobial often was inap-
propriate for those bacteria potentially causing infection in the 
treated body system.124 Accordingly, reducing inappropriate 
antimicrobial use has become a priority in human medicine.

Among the more rational paradigms for antibacterial de-
escalation, is an approach to empirical antimicrobial use in 
the hospital setting for patients with serious bacterial infec-
tions.123 Such antimicrobial de-escalation attempts to balance 
the need to provide appropriate initial antibacterial treatment 
while limiting the emergence of antimicrobial resistance. The 
goal of de-escalation in this setting is to prescribe an initial 
antimicrobial regimen that will cover the most likely bacterial 
pathogens associated with infection while minimizing the risk 
of emerging antimicrobial resistance.123 The three-pronged 

approach includes narrowing the antimicrobial regimen 
through culture, assessing isolate susceptibility for dose deter-
mination, and choosing the shortest course of therapy clini-
cally acceptable. Judicious antimicrobial use combined with 
restricted use of ceftazidime led to a decreased antimicro-
bial resistance to beta-lactams, in general, in a human teach-
ing hospital environment.126 Note that this strategy does not 
exclude the use of “big gun” antimicrobials. The approach of 
withholding use of high-impact drugs (e.g., meropenem or 
vancomycin) in patients whose need for effective therapy is 
critical to avoid emerging resistance that might limit drug 
use in later patients may not be rational or in the best inter-
est of the patient. A more appropriate approach is to use the 
drug correctly. However, routine use of less powerful drugs is 
appropriate but only if these alternatives are just as effective. 
Regardless of the choice, once the decision is made to use an 
antimicrobial, attention must be paid to dosing regimens that 
minimize the advent of resistance by ensuring that infecting 
microbes are eradicated.

Another strategy to decrease the impact of antimicrobial 
use on resistance is a decreased duration of therapy (see the 
discussion of enhancing antimicrobial efficacy). One study in 
human critical care patients found that reducing the duration 
of antimicrobial therapy from 14 days to 10 days decreased 
the emergence of resistance.127 Increasingly, clinical trials will 
focus on demonstrating efficacy of shorter (i.e., < 5 to 7 days) 
treatment regimens.

Rapid detection of the correct microbe and the presence 
of resistance would facilitate the proper design of a therapeu-
tic regimen. Genetic changes (e.g., mutations) that result in 
resistance lend themselves to molecular detection. However, 
molecular tests are often limited to those mutations character-
ized by few polymorphisms (e.g., MRSA, potentially MRSIG, 
and Enterococcus sp.). Generally, these tests require culture 
conditions that are often designed to facilitate expression of 
the resistant gene and are based on amplification techniques. 
Yet, as with culture, although they are able to determine phe-
notypic expression, they do not necessarily document the iso-
late as the cause of infection. Further, they generally do not 
detect low levels of resistance that increase the MIC but do not 
render the microbe as “resistant” by susceptibility testing.122  
Topical therapy should be considered when possible. Thera-
peutic drug monitoring may be helpful for some drugs (e.g., 
aminoglycosides). With at-risk patients in whom emergent 
mutants may not be sufficiently suppressed. Drugs inherently 
more resistant to bacterial inactivation should be selected 
(e.g., amikacin rather than gentamicin). Combination antimi-
crobial therapy (e.g., beta-lactamase–protected antimicrobial 
combinations; combination of beta-lactams with aminoglyco-
sides) also reduces the incidence of resistance; for example, the 
use of an FQ reduced the advent of resistance to cephalospo-
rins in one study.33 Care should be taken in selecting a drug 
simply because of cost. Cost should be a factor only after other 
considerations have been taken into account. The cost of an 
excellent antimicrobial can be easily surpassed by the selec-
tion and use of several less expensive, but also less effective, 
antimicrobials.
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HOST FACTORS THAT AFFECT 
ANTIMICROBIAL EFFICACY

Careful consideration must be given to host factors that 
can reduce concentrations of active drug at the site of infec-
tion.23,75,128 The impact of host factors on antimicrobial effi-
cacy is often underestimated; such effects can be profound.

Among such host factors is distribution of the drug to the 
site of the infection (drug distribution is discussed under drug 
factors). Thus far, discussions on antimicrobial efficacy have 
been focused on achieving the MIC of the infecting isolate in 
the patient plasma. However, infections generally are not in 
plasma, and patients are not generally normal. The relation-
ship between the MIC of the infecting organisms and drug 
concentrations achieved at the site of infection (both mag-
nitude and duration) is so complex that predicting efficacy is 
difficult. Ultimately, mathematical models that integrate the 
major determinants of efficacy (bactericidal activity, relation-
ship between PDC and MIC, duration of postantibiotic effect, 
and susceptibility versus resistance) may prove most predic-
tive.129 The determinants of this relationship and the influence 
of drug, microbial, and host factors on efficacy warrant further 
discussion.

The MICBP of a drug is based on plasma Cmax, yet infections 
generally occur in tissues rather than plasma. More specifi-
cally, the site of infection generally is interstitial fluid. How-
ever, detection of drug in tissues is difficult, leading to PDC 
as the surrogate marker of tissue concentrations. In instances 
in which PDCs overestimate extracellular fluid, care must be 
taken to adjust doses. For such drugs C&S testing may over-
estimate efficacy of the drug (see the section on drug distribu-
tion). On the other hand, for some tissues, drug concentrations 
at the site may far exceed PDC (see below). Inflammation may 
profoundly alter drug efficacy (Table 6-7).23,128 Acute inflam-
mation may initially increase drug delivery and drug concen-
tration to the site of infection because of increased blood flow, 
increased capillary permeability, and increased protein release 
at the site (the latter effect increases the concentration of total, 
but not necessarily active, drug). However, chronic inflam-
mation may do the opposite. Purulent exudate presents an 
acidic, hyperosmolar, and hypoxic environment that impairs 
the efficacy of many antimicrobials (Figure 6-16). Hemoglo-
bin and degradative products of inflammation can bind anti-
microbials.130 Selected drugs, including aminoglycosides (and 
probably highly  protein-bound drugs) are bound to and thus 
inactivated by proteinaceous debris that accumulates with 
inflammation. Some antimicrobials can inhibit neutrophil 
function. Accumulation of cellular debris associated with the 
inflammatory process can present a barrier to passive anti-
microbial distribution. The deposition of fibrous tissue at the 
infected site further impairs drug penetrance and distribution 
(Figure 6-17).

Local pH becomes more acidic as degradative products 
such as lysosomes, nucleic acids, and other intracellular con-
stituents from white blood cells accumulate. The efficacy of 
many antimicrobials can subsequently be impaired. In humans 
a pH level ranging from 5.5 to 6.8 can adversely affect both 
host defenses and antimicrobial activity. White blood cell oxi-
dative bursts and phagocytosis are diminished in the presence 
of a low pH level. Some antimicrobials are inactive at a low pH 
level. Erythromycin loses all of its activity when pH is below 7. 
Similar effects have been reported for beta-lactam antibiotics. 
Although beta-lactam antibiotics are weak acids and therefore 
less ionized in an acidic environment, they are generally less 
effective at a pH 6. The activities of cefoxitin, piperacillin, and 
imipenem (or meropenem) are significantly less at pH 6 than 
at pH 6.5 with piperacillin being least affected. The activity of 
clindamycin is similarly decreased. In addition, the accumu-
lation of some drugs in white blood cells that might other-
wise facilitate efficacy is impaired in an acidic environment. 
Changes in pH also lead to changes in the concentration of 
un-ionized and thus active drug. Weak bases such as amino-
glycosides and FQs are predominantly ionized in an acidic 
environment and are less effective than in a less acidic envi-
ronment, in part because of impaired diffusibility.

Low tissue oxygen tension, which can accompany pus, 
reduces white blood cell phagocytic and killing activity; 
slows the growth of organisms, making them less suscep-
tible to many drugs; and specifically prevents the efficacy 

Table 6-7  Negative Effects of the 
Microenvironment on Antimicrobial 
Efficacy

Environmental 
Factor Effect
Acidic pH Penicillins inactivated at pH < 6.0

Aminoglycosides and enrofloxacin more 
effective in alkaline pH

Hypertonicity/ 
hyperosmolarity

Impaired efficacy of beta-lactam 
antibiotics

Pus Acidic pH
Hypertonic
Hyperosmolar
Protein binding of selected drugs
Binding to sediment (aminoglycosides)

Low O2 tension Aminoglycosides inactive
Growth of organisms slowed → decreased 

efficacy of bactericidal drugs
Impaired phagocytic activity of leukocytes

Large inoculum Greater concentration of antimicrobial 
inactivating enzymes

Greater concentration of drug molecules 
required

Leukocytes Impaired chemotaxis, phagocytosis, 
metabolism

KEY POINT 6-25 Although the host inflammatory response 
initially may facilitate therapeutic success, it can ultimately 
profoundly decrease the likelihood of success.
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Figure 6-16 The inflammatory response to bacteria is intended to support the host in overcoming an infection. However, the 
response can become a confounding factor. For example, the inflammation of pneumonia of bronchitis dilutes the drug, presents 
a barrier to passive diffusion, and may bind and thus inactivate the drug. Local pH and thus drug ionization may impair drug 
action, and generation of a decreased oxygen tension further decreases drug efficacy. (Photo courtesy Bayer Animal Health.)

of aminoglyosides, which depend on active transport into 
bacterial organisms. The aerobic component (i.e., faculta-
tive anaerobes) of a mixed infection may also be resistant 
to aminoglycoside therapy because the oxidative transport 
systems of such organisms (e.g., E. coli) may shut down in 
an anaerobic environment. Drugs that target cell walls, and 
beta-lactams in particular, are less effective in a hyperos-
molar environment, which might occur as inflammatory 
debris accumulates and osmotic destruction of organisms is 
reduced.

Host response to infection and its impact on antimicrobial 
therapy may vary with the organ system infected. For example, 
in respiratory tract infections, mucus produced by the host can 

directly interfere with antimicrobial therapy. Aminoglycoside 
efficacy may be decreased by chelation with magnesium and 
calcium in the mucus. Antimicrobials may bind to glycopro-
teins, and mucus may present a barrier to passive diffusion. 
In addition, some antimicrobials may alter the function of the 
mucociliary apparatus, either by increasing mucous viscosity 
or by decreasing ciliary activity (e.g., tetracyclines).

Changes in the health of the host can lead to changes in 
drug disposition that can result in lower than anticipated 
PDCs (see Chapter 2).50 The volume to which a drug is dis-
tributed can be affected by the fluid compartments, which 
vary with age, species, and hydration status. Distribution to 
target organs can be affected profoundly by cardiovascular 
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Figure 6-17 Deposition of fibrous tissue in deep pyoderma presents a barrier to drug penetration. (Photo courtesy Bayer Animal 
Health.)
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responses, particularly in the shock patient. Elimination of 
the drug must be considered when selecting antimicrobi-
als for the critical patient. Changes in glomerular filtration 
cause parallel changes in renal excretion of drugs. Serum 
creatinine concentrations should be used to modify doses 
or intervals of potentially toxic drugs that are excreted 
renally (see Chapter 2).131 Likewise, severe changes in 
hepatic function may indicate selection of an antimicrobial 
drug not dependent on hepatic function for activation or 
excretion.

Host Factors That Facilitate Drug Efficacy
Host factors may also facilitate antimicrobial efficacy. Among 
the most important host factors are local and systemic defenses 
ranging from compounds that directly target microbes to 
healthy tissues that provide mechanical barriers and a compe-
tent immune system. The role of host defenses are beyond the 
scope of this chapter but cannot be underemphasized.

Other host factors that facilitate therapy include the accu-
mulation of the drug in active form at the site of infection, 
which may facilitate antimicrobial efficacy and decrease 
the risk of resistance. Obvious examples include drugs that 
undergo renal or biliary excretion. For such drugs urine or 
bile concentrations (respectively) may exceed PDC thirtyfold 
to several hundredfold (see the discussion of treatment of uri-
nary tract infections, Chapter 8). Another site of drug concen-
tration is the phagocytic leukocyte (WBC), both in peripheral 
circulation and at the site of inflammation. Active concentra-
tions of some antimicrobials (e.g., macrolides, lincosamides, 
and FQs) may increase concentrations 20 to 100 or more times 
the PDC.28,132-137 Phagocytic accumulation may facilitate 

treatment of intracellular infections (e.g., Brucella spp., cell 
wall–deficient organisms, intracellular parasites, and faculta-
tive intracellular organisms such as Staphylococcus spp.). Thus 
drugs that achieve only bacteriostatic concentrations in plasma 
may become bactericidal inside the cell, particularly against 
organisms that locate and survive inside cells (Figure 6-18). 
Additionally, accumulated drug released by dying phagocytes 
at the site of infection may increase concentrations to which 
the infecting microbe is exposed. Accumulation of drug inside 
WBC has been assumed as an explanation of the disconnect 
of azithromycin efficacy in pulmonary infections despite low 
PDCs.91 Note, however, that drug accumulation does not nec-
essarily enhance drug efficacy. Often, the accumulated drug is 
sequestered into subcellular organelles, where it cannot reach 
the organism. In addition, the drug may become otherwise 
inactivated once inside the cell. The different mechanisms of 
action of these drugs may not occur in an anaerobic environ-
ment, and concentrations by the WBCs might be impaired in 
an anaerobic environment. The FQs are an example of a class 
of drugs whose uptake by WBCs is facilitated in an acidic envi-
ronment; these drugs are distributed throughout the cytosol, 
where they remain active. The drug will leave the WBCs and 
enter a drug-free environment and thus may facilitate drug 
concentrations at the site of infection. Phagocytic WBCs with 
accumulated enrofloxacin delivered drug to inflamed tissue 
cages in dogs, demonstrating that accumulation may increase 
therapeutic response.137 Drugs that do not accumulate in 
WBCs include the beta-lactams, aminoglycosides, and met-
ronidazole. Drugs that are moderately accumulated in WBCs 
include chloramphenicol (onefold to fivefold) and selected 
sulfonamides (threefold to fivefold).138

A B

Figure 6-18 The intracellular location of organisms presents a barrier to drug penetration. Some organisms are obligate intracel-
lular organisms, whereas others, such as Staphyloccocus spp., demonstrated cytologically (A) and by special stain of infected 
skin (B), may survive phagocytosis, serving to reinfect tissue once the phagocytic white blood cell has died.
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Another potential facilitating host factor is infection at a 
site that is topically accessible. In such situations several 1000-
fold concentrations of the MIC may be reached with topical 
administration. The rationale for collecting C&S data for such 
infections might be controversial, but identification of the 
organism and some indication of susceptibility is prudent, 
particularly if initial therapy fails.

DRUG FACTORS THAT AFFECT 
ANTIMICROBIAL EFFICACY

Mechanisms of Drug Action
Knowledge of the mechanism of action (see Figure 6-19) of a 
particular antimicrobial is important for several reasons:
 1.  The mechanism of action of a drug determines whether 

the antimicrobial can act in a bactericidal or bacteriostatic 
manner (assuming proper concentrations are achieved 
at the tissue site; see previous discussion). Drugs that are 
capable of bactericidal effects at therapeutic doses are listed 
in Table 6-7.

 2.  The mechanism of action may determine whether or not 
the drug is concentration-dependent or time-dependent, 
which will impact the design of the dosing regimen.

 3.  The therapeutic efficacy of some antimicrobials can be 
impaired by host factors that alter the mechanism of action 
of the drug. Knowledge of the mechanism of action will 
facilitate anticipation of therapeutic failure.

 4.  The mechanism of antimicrobial action often reflects the 
mechanism of resistance. Identifying mechanisms by 

which resistance might be avoided or minimized requires 
an appreciation of these mechanisms of action.

 5.  Understanding or anticipating selected host toxicities asso-
ciated with antimcirobials can be improved by understand-
ing their mechanism of action.

 6.  Understanding antimicrobial mechanisms of action pro-
vides a basis for the selection of antimicrobials to be used in 
combination. Such drugs should be selected on the basis of 
mechanisms of action that complement rather than antago-
nize one another (see Combination Antimicrobial Therapy 
section).
The cell wall is an important target for several antimicrobi-

als, protecting the hypertonic intracellular environment of the 
organism from the hypotonic extracellular environment.23 A 
variety of proteins located in the cell wall (penicillin-bound 
proteins) are important in the formation of the cell wall dur-
ing division of growth of the organisms. These proteins are 
the target of several antimicrobial agents. Destruction of the 
peptidoglycan layer, which provides support to the cell wall, 
increases the permeability of the cell wall to the hypotonic 
environment, resulting in osmotic lysis of the cell. Intracellu-
lar structures are also major targets for various antimicrobial 
agents. Binding of ribosomes, the site of protein synthesis in 
the cell, can either inhibit protein formation or result in the 
formation of faulty proteins that eventually prove detrimental 
to the organism. The nuclear material of microbes is another 
target: Interference with cellular DNA inhibits cellular divi-
sion, as well as initial cellular functions. Generally, impaired 
DNA synthesis results in cell death. Other intracellular targets 

DNA/RNA
Fluoroquinolones (3,2)

Metronidzole
Rifamycin (rna) (3)

Cell membrane
Polymixin
Bacitracin

Cell wall synthesis
Beta-lactams (1,3 [Gram positive])

Glycopeptides (4)
Fosfomycin Protein synthesis

Both (70s)
Aminoglycosides (1,3)

Oxazolidinones

Ribosomal 30s
Tetracyclines (2)

Ribosomal 50s
Phenicols (1)

Macrolides (2,3)
Lincosamides (3)

Other
Mucopirin

Metabolic pathways
Folic acid

Sulfonamides 2,3,5
Diaminopyrimidines

Aceytl CoA
Nitrofurantoin

50s

70
s 50s 50s

30s
30s 30s

Figure 6-19 Targets of antimicrobial actions for the different classes of antimicrobial drugs. The number in parentheses refers to the 
major mechanism(s) of acquired resistance (other mechanisms also exist; see Chapter 7): 1 = enzymatic destruction (e.g., beta-
lactamases for beta-lactams, acetylases for phenicols); 2 = increased efflux pump activity (may be associated with altered porin 
influx in gram-negative isolates); 3 = altered targeted site (e.g., mutations in DNA gyrase for fluoroquinolones or penicillin-binding 
proteins for gram-positive isolates); 4 = interfering protein and 5 = increased production of targeted metabolite. Decreased porin 
size is a common mechanism of resistance associated with increased efflux pump activity for many  gram-negative isolates.
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include selected metabolic pathways such as folic acid synthe-
sis, which, when interfered with, prevents formation of mate-
rials vital to the microorganism.

Drug Disposition
Absorption
Care must be taken when selecting the antimicrobial that the 
disposition of the drug meets the needs of the patient (see ear-
lier discussion of host factors). The availability of drug prepa-
rations determines drug selection in many instances because 
not all drugs are available for administration by all routes. To 
maximize plasma and thus tissue drug concentrations, intra-
venous administration is the preferred route for critically ill 
patients or difficult-to-penetrate tissues, with intramuscular 
and subcutaneous administration being second and third 
choices, respectively. Oral administration of antimicrobials, 
however, is preferred for long-term use, for nonhospitalized 
patients, and when drug therapy is targeting the gastrointes-
tinal tract.

Note that although a drug may be 100% bioavailable after 
oral administration (i.e., the drug is completely absorbed), the 
rate of absorption may be sufficiently slow that the peak effect 
is minimized (although the duration of drug in circulation 
may be prolonged). Efficacy may be impaired, particularly 
for organisms with a high MIC or for concentration-depen-
dent drugs. Slow-release preparations, either orally or par-
enterally administered, should be used cautiously because 
prolonged absorption (controlled rate of release) may be so 
slow that therapeutic concentrations are not achieved. The risk 
of resistance may be increased in such situations. Although 
slow-release products might improve compliance for time-
dependent drugs, their use may also preclude shorter duration 
therapy. Topical administration is the sole route for drugs that 
are too toxic to the host to administer systemically. Care must 
be taken, however, with drugs applied to skin whose surface 
has been damaged. Sufficient drug absorption may occur to 
render the patient at risk of developing toxicity. Drugs applied 
to the ear canal may be ototoxic, particularly in the presence of 
a perforated tympanic membrane.

Distribution
Once in circulation, the antimicrobial must distribute well to 
target tissues (i.e., the site of infection). The principles deter-
mining drug distribution to and from tissues are discussed in 
Chapter 1, and movement of each antimicrobial is discussed 
in Chapter 7. Whereas sinusoidal capillaries, found primar-
ily in the adrenal cortex, pituitary gland, liver, and spleen, 
present essentially no barrier to drug movement. Fenestrated 
capillaries such as those located in kidneys and endocrine 
glands contain pores (50 to 80 nm in size) that facilitate move-
ment between plasma and interstitium. Because the ratio of 
capillary surface area to interstitial fluid volume is so large, 
unbound drug movement from plasma into the interstitium 
occurs very rapidly in these tissues.139,140 Continuous capillar-
ies, such as those found in the brain, CSF, testes, and prostate, 
present a barrier of endothelial cells with tight junctions.139 
Muscle, lungs, and adipose tissue also contain continuous 

capillaries.139-141 Therapeutic antimicrobial failure in a num-
ber of body systems in humans has been associated with failed 
drug penetration, including soft tissue infections, osteomyeli-
tis, prostatitis, otitis, endocarditis, ocular infections, peridon-
titis, and sinusitis.141

Models for detection of drugs in tissues focus, appropri-
ately so, on interstitial (extracellular) concentrations.141,142 
Methods that measure concentrations in tissue homog-
enates (including both intracellular and extracellular fluid) 
do not accurately represent interstitial concentrations. 
Extracellular fluids can be collected by a variety of methods, 
although a major limitation is the volume of fluid that can 
be collected. Detection of drug in fluids is often based on 
methods that require at least 1 mL or more of fluid. Of these 
models, those that are based on ultrafiltration techniques 
appear to be most accurate representations of extracellular 
fluid in the normal animal.143 Tissue cages that contain an 
inflammagen are reasonable methods to study the impact 
of inflammation on drug distribution.137 Determination of 
drug in tissues protected by specialized barriers is difficult, 
generally requiring anesthesia.144 If concentrations are com-
pared with plasma, data must be based on the entire time 
versus concentration curve (i.e., AUC, Cmax) rather than 
single-point comparisons because drug does not distribute 
immediately into tissues. Care must also be taken to address 
the impact of protein binding, as can be demonstrated for 
cefovecin, a drug that is 90% to 99% bound to serum pro-
tein. Total serum concentrations are markedly higher than 
that in extraceullar fluid because the latter contains less 
protein.46

Doses for drugs generally should be higher when treating 
infections in tissues with continuous capillaries, particularly 
for water-soluble drugs. Comparison of MIC data with tissue 
drug concentrations may be useful when designing dosing 
regimens for such tissues.

Examples of different distribution patterns might be pre-
dicted somewhat based on Vd (Box 6-4; see also the section 
on antimicrobial drugs in Chapter 7). Although the Vd of a 
drug does not indicate to which tissues drug is distributed, it 
can be used to approximate likelihood of tissue penetration 
in that a lipid-soluble drug is more likely than a water-soluble 
drug to move beyond extracellular fluid. Urine and the central 
nervous system (CNS) offer two divergent examples of tissue 
penetration. Urine is easy to target by drugs that are renally 
eliminated. Other components of the urinary tract, such as the 
kidney and particularly the prostate, can, however, be more 
difficult to penetrate. Antimicrobial therapy of the CNS is 
very difficult, although success may be facilitated by inflam-
mation, which enhances drug penetration. However, once 

KEY POINT 6-26 Interstitial fluid concentrations often parallel 
plasma concentrations for tissue with fenestrated capillar-
ies. The same is not likely to be true for other tissues or in 
the presence of host or microbial factors that impair effec-
tive drug movement.
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inflammation resolves, drug distribution may again decrease. 
The blood–brain or CSF barrier represents a particularly chal-
lenging site because it not only prevents movement of anti-
microbials into the CNS but also actively transports out or 

destroys some antimicrobials (i.e., penicillins and selected 
cephalosporins) (see Box 6-4). Care must be taken even with 
tissues normally characterized by excellent blood flow. For 
example, distribution of beta-lactams, aminoglycosides, and 
selected sulfonamides into bronchial secretions is generally 
<30% of that in plasma (see Chapter 8).130,145,146

Lipid-soluble antimicrobials should be used for infections 
that are more difficult to treat, including those associated with 
tissue reaction or those caused by intracellular organisms, 
and when the site of infection presents a distribution barrier. 
Tissue distribution of aminoglycosides and most beta-lactam 
antimicrobials is limited to extracellular fluid; in contrast, 
many other antimicrobials (e.g., FQs, macrolides, and trim-
ethoprim/sulfonamide combinations) are distributed well to 
all body tissues, including the prostate gland and eye. Enro-
floxacin approximates or surpasses unity with plasma in many 
tissues.144 Imipenem (or meropenem), trimethoprim/sulfon-
amide, and FQs can achieve bactericidal concentrations for 
some infections in the CNS (particularly organisms with a low 
MIC); chloramphenicol will achieve bacteriostatic concentra-
tions.147 Accumulation of antimicrobials in WBCs facilitates 
treatment of intracellular infections.132–137

Protein binding of a drug to plasma proteins may affect 
antimicrobial efficacy both in the patient and in vitro as 
data supporting drug selection and dose design are gener-
ated. Only unbound drug is pharmacologically active (see 
impact on cefovecin).45 In vivo, bound drug is retained in 
the vasculature; once in the interstitial fluids or inside the 
cell, the drug may again be bound and inactivated. In vivo 
C&S testing and determination of MIC occur in the absence 
of protein. Further, PK on which MICBP is based (Cmax being 
a major consideration) frequently is based on total drug, 
rather than the fraction of unbound. For a drug insignifi-
cantly protein bound, this disconnect is generally not signifi-
cant. However, as the fraction of bound drug increases, C&S 
testing may markedly overestimate efficacy by the propor-
tion of drug that is bound (i.e., a drug that is 50% protein-
bound will actually yield an “active” Cmax that is 50% of the 
total). Clearance and Vd may be underestimated. Attempts 
should be made to base therapeutic decisions on unbound 
drug.130,148

 Drug movement into bacteria must also be considered. 
The roles of drug pKa and the environmental pH of a target 
tissue on drug efficacy have already been addressed. Ionization 
may impair drug movement through the LPS for drugs that 
passively move through this layer.

Drug Elimination
The route through which the drug is eliminated is an impor-
tant consideration for two reasons. First, if the site of infec-
tion is also a route of elimination for that drug, higher drug 
concentrations can be expected at the site. Second, if the drug 
is toxic to an organ of elimination, use of the drug should be 
avoided if the organ is already diseased. Also, if the drug is 
toxic to any tissue, the drug should be used cautiously in the 
presence of disease of the organ of elimination or dosing regi-
mens should be appropriately modified.

Box 6-4
Tissue Distribution Pattern of Selected Drugs
Drugs Distributed to Extracellular Fluid (Vd≤0.34 L/kg)
Beta-lactams
Aminoglycosides

Drugs Distributed to Total Body Water (Vd≥0.6 L/kg)
Chloramphenicol
Clindamycin
Doxycycline/minocycline
Erythromycin
Fluorinated quinolones
Sulfonamides/trimethoprim

Drugs Concentrated in Urine
Beta-lactams
Aminoglycosides
Fluorinated quinolones
Sulfonamides/potentiated sulfonamides
Vancomycin

Drugs Concentrated in Bile
Clindamycin
Doxycycline/minocycline
Macrolides (erythromycin)
Rifampin

Drug Penetration of the Blood–Brain Barrier
Drugs that readily enter the cerebrospinal fluid (CSF)
Chloramphenicol
Doxycycline/minocycline (unbound)
Fluorinated quinolones (for some organisms)
Metronidazole
Rifampin
Sulfonamides/trimethoprim
Drugs that enter the CSF in the presence of inflammation
Penicillins
Selected cephalosporins (e.g., cefotaxime, ceftriaxone, ceftazidime)
Fluorinated quinolones
Vancomycin
Drugs that do not enter the CSF
Aminoglycosides
Carbenicillin
Cephalothin
Cefazolin
Cefotetan
Clindamycin
Erythromycin
Tetracycline

Drugs that Accumulate in White Blood Cells
Clindamycin
Erythromycin (macrolides)
Fluorinated quinolones
Rifampin 
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Nonantimicrobial Effects of Antimicrobials
A number of antimicrobials influence various aspects of the 
immune system. The phagocytosis of drugs (e.g., macrolides, 
lincosamides, and FQs) was previously discussed.23,132–134,138 
In addition to accumulation in WBCs, antimicrobials can 
influence WBC function. However, the effect can be variable. 
The negative effect of antimicrobials on phagocytic function 
has been well established, although the clinical relevance of 
this effect is less clear.149 Functions that are targeted include 
chemotaxis (increased, decreased, or unchanged by clinda-
mycin, erythromycin, chloramphenicol, and lincomycin 
and decreased or unchanged by gentamicin), phagocyto-
sis (increased by erythromycin and chloramphenicol and 
decreased by tobramycin and polymyxin B), oxidative burst 
(increased by clindamycin, cefotaxime, and quinolones and 
decreased by cefotaxime, trimethoprim/sulfonamides, chlor-
amphenicol, and erythromycin), bacterial killing (increased 
by cefotaxime and decreased by sulfonamides and amino-
glycosides), and cytokine production or activity (interleukin 
1 [IL-1] increased by cefotaxime and cefaclor and IL-10 by 
erythromycin; IL-1 and tumor necrosis factor decreased by 
cefoxitin, erythromycin, and ciprofloxacin).138 Apoptosis of 
neutrophils may be accelerated.150

The clinical relevance of these potentially beneficial effects 
on phagocyte function is not clear, but relevance is supported 
by some studies. For example, long-term use of azithromy-
cin appears to improve lung function in children with cystic 
fibrosis and is increasingly being included in its therapeu-
tic regimen; the disease appears to progress more rapidly if 
azithromycin is not added to therapy. This effect of macrolides 
appears to target inflammation, because the effect occurs at 
concentrations below the MIC of the infecting organisms. 
Potential mechanisms include a reduction in IL-1β, IL-8, and 
neutrophils in bronchoalveolar lavage fluid.151,152 In addition 
to the antiinflammatory effects, macrolides appear to decrease 
Pseudomonas virulence by reducing the number of pili, thus 
altering adherence to tracheal epithelium, altering membrane 
proteins, and decreasing alginate formation.153,154

Antimicrobial Effects of Nonantimicrobial Drugs
Antimicrobial effects have been described for a number of 
nonantimicrobial drugs at plasma concentrations achieved 
when the drug is used for noninfective indications. For exam-
ple, a number of phenothiazines, including those with anti-
histaminergic effects, are antibacterial. Because these effects 
occur both in vitro and in vivo, the effects cannot be attrib-
uted simply to immunomodulation. Chlorpromazine is anti-
mycotic at concentrations much higher than can be achieved 
safely in plasma, but its accumulation over a hundredfold in 
macrophages containing phagocytized pathogens facilitates 
effective therapy at recommended doses.155 The less psychoti-
cally active thioridazine enhances the antimycotic activities of 

rifampin and streptomycin; between 2 and 3 months of use 
has been promoted as adjuvant therapy. Trifluoperazine and 
prochlorperazine inhibit S. aureus at concentrations of 10 to 
50 μg/mL and selected other microbes (Shigella, Vibrio) at the 
same or higher concentrations and have demonstrated inhibi-
tory effects in an animal model.156,157 Selected cardioactive 
drugs, including oxyfedrine and dobutamine, exhibit antimi-
crobial effects, again toward selected microbes.158 Amlodipine 
has broad antibacterial efficacy at concentrations as low as 5 to 
10 μg/mL, with S. aureus being the most susceptible and gram-
negative organisms (E. coli, Klebsiella, and Pseudomonas) 
requiring higher concentrations.159 Other drugs with demon-
strated antimicrobial effects include the antispasmodic drug 
dicyclomine160 and selected nonsteroidal antiinflammato-
ries.161 Among the dietary supplements with recognized anti-
bacterial effects are the flavones. Flavone dietary supplements 
exhibited antibacterial activity to a variety of microbes in a 
mouse infection model.162,163 Chitosans have demonstrated 
efficacy toward a number of bacterial organisms, particularly 
gram-negative isolates at concentrations as low as 0.05 μg/
mL.164 Several antifungal drugs have antibacterial properties, 
which are addressed in Chapter 9.

Adverse Drug Events and Antimicrobials
Actions that minimize host toxicity enhance therapeutic suc-
cess. However, host cells are eukaryotic, whereas the bacteria 
are prokaryotic. As such, targets of antibacterial therapy are 
sufficiently different from mammalian cells that, as a class, 
antibacterials (but not antifungals) tend to be safe. For exam-
ple, beta-lactam antibiotics are among the safest antimicrobi-
als because they target cell walls, a structure not present in 
mammalian cells. Often, even if cellular structures are pres-
ent in both microbe and host, differences in the structure will 
result in different antimicrobial binding properties. For exam-
ple, sulfonamides and FQs tend to be safe because the antimi-
crobials have a much greater affinity for the bacterial target 
enzymes than the mammalian enzymes. As with other drugs, 
the incidence of predictable (type A) drug reactions to most 
antimicrobial therapy correlates with maximum or peak PDC. 
However, aminoglycoside-induced nephrotoxicity and ototox-
icity are an exception; toxicity tends to be related to duration 
of exposure and is more likely if minimum or trough PDCs 
are above a maximum level.76,165,166 Occasionally, toxicity of 
antimicrobials does reflect their mechanism of action, if the 
microbial target occurs in mammalian cells and is structurally 
similar (see Chapter 7). For example, colistin and polymyxin 
target both microbial and host cell membranes. Administra-
tion of either drug is associated with a high incidence of neph-
rotoxicity (probably because drug is concentrated in renal 
tubular cells), and subsequently their use generally is limited 
to the topical route of administration. Drugs that inhibit pro-
tein synthesis by binding to ribosomes (e.g., tetracyclines, 
chloramphenicol) may cause (limited) antianabolic effects 
in the host at sufficiently high doses. For most antimicrobial 
drugs, host toxicity may occur through mechanisms unrelated 
to its mechanism of action, but as a result of targeting struc-
tures in host cells. Aminoglycosides cause nephrotoxicity and 

KEY POINT 6-27 Selected antimicrobials facilitate therapeu-
tic success through immunomodulation or their ability to 
decrease virulence of the infecting microbe.



175CHAPTER 6 Principles of Antimicrobial Therapy

ototoxicity, not because of their ribosomal inhibition (their 
antibacterial mechanism of action) but because they actively 
accumulate in renal tubular (or otic hair) cells (as they do in 
bacterial organisms) and in lysosomes causing lysosomal dis-
ruption. Topical application is more likely to cause ototoxicity 
with aminoglycoside and other drugs (see Chapters 4 and 7). 
FQs cause retinal degeneration in cats, through mechanisms 
yet to be defined. Tilmicosin causes (potentially lethal) beta-
adrenergic stimulation; the caustic nature of doxycycline can 
cause esophageal erosion in cats. Allergies are a less com-
mon adverse reaction caused by antimicrobials. Some drugs 
cause anaphylactoid reactions as a result of direct mast cell 
degranulation. True allergic reactions should be differentiated 
from anaphylactoid reactions (more common with intrave-
nous administration of FQs). The latter may occur with the 
first dose and may be dose dependent. Anaphylactoid reac-
tions can be minimized by administration of a small first dose 
before therapy. In contrast, drug-induced allergies generally 
require previous administration or a duration of therapy suf-
ficient to allow antibody formation to the drug, which acts as a 
hapten (generally 10 to 14 days). Few drug allergies have been 
documented in animals. Among the most notorious are reac-
tions to the potentiated sulfonamides.

Among the adverse reactions associated with antimicrobial 
use are those associated with drug interactions. Those most 
clinicaly relevant involve drug metabolizing enzymes. Exam-
ples of drugs that inhibit the metabolism of other drugs are 
the macrolides; chloramphenicol; and for selected drugs, the 
fluoroquinolones. In contrast, rifampin is an inducer. Increas-
ingly, drugs that alter drug metabolizing enzymes are emerg-
ing as drugs that compete for or alter drug transport proteins  
(e.g., P-glycoprotein). Drug interactions involving antimicro-
bials are discussed with each class (see Chapter 8).

Adverse reactions to antimicrobials may reflect their anti-
microbial success. Many orally administered drugs cause dis-
ruption of normal gastrointestinal microflora (see previous 
discussions). For example, the author has detected emergence 
of Clostridium perfringens in dogs treated with fosfomycin. 
Streptococcus spp. are generally associated with opportunis-
tic infections. However, infections caused by members of this 
genus (S. pyogenes in humans and Streptococcus canis in ani-
mals) are associated with streptococcal toxic shock syndrome 
(STSS) and necrotizing fasciitis (NF).167 These syndromes 
appear to reflect the presence of lysogenic bacteriophage-
encoded superantigen genes encoded in the bacterial organ-
isms.167 The superantigen genes are powerful inducers of 
T-cell proliferation; the presence of the superantigens then
causes release of host cytokines in quantities that may be suf-
ficient to cause lethal effects. In one study a bacteriophage-
encoded streptococcal superantigen gene was identified in the
majority of S. canis isolates. Induction of these genes can lead

to bacterial lysis and subsequent release of proinflammatory 
and other destructive cytokines. Indeed, use of the FQs has 
been associated with STSS and NF in dogs (see Chapter 7).168

Release of endotoxin is another example of seeming 
therapeutic success potentially leading to therapeutic failure 
 (Figure 6-20). However, the clinical relevance of endotoxin 
release may be species dependent. Endotoxin release is a side 
effect of antimicrobials that occurs with therapeutic success, 
and it may influence antimicrobial selection for the patient 
infected with a large number of gram-negative organisms.84 
Endotoxins cause further release of cytokines and other medi-
ators of septic shock (see Chapter 8). Most of these effects are 
mediated by the inner lipid A component of the LPS molecule 
that becomes exposed after antimicrobial therapy. In human 
patients suffering from endotoxic shock, outcome of antimi-
crobial therapy has been related to plasma endotoxin levels. 
A number of antimicrobials cause release of endotoxin from 
gram-negative organisms. Attempts have been made to cor-
relate the amount of endotoxin released to the class of antimi-
crobial and specifically to its mechanism of action.

Continued bacterial growth or rapid cell lysis and death 
have been suggested as important criteria for endotoxin 
release after antimicrobial therapy. In contrast, the rate of 
bacterial killing and antimicrobial efficacy do not appear to 
be related to the rate and amount of endotoxin release. The 
amount of endotoxin release varies among the antimicrobial 
classes and even within the classes. Release can be related to 
mechanism of action. Among the drugs traditionally used to 
treat septicemia, aminoglycosides have been associated with 
the least and beta-lactams with the greatest endotoxin release 
(with imipenem or meropenem causing the least amount of 
endotoxin release among the beta-lactams).169 The different 
amounts of endotoxin released by beta-lactams may reflect 
different affinities of the drugs for different penicillin-binding 
proteins. In vitro studies indicate that those beta-lactam antibi-
otics that specifically bind penicillin-binding protein (PBP)-3 
are associated with endotoxin release, whereas those that bind 
PBP-2 cause little to no endotoxin release.170 The difference 
may reflect the fact that PBP-3 appears to form a complex 
with PBP-1, 4, and 7;171 binding of PBP-3 might thus affect 
a larger component of cell wall synthesis compared to bind-
ing of another PBP. The release of endotoxin by quinolones 
varies depending on the study. However, in a study of mouse  
E. coli peritonitis, imipenem (or meropenem) and cipro-
floxacin caused less endotoxin release than did cefotaxime.84

Selected third-generation cephalosporins also appear to be
associated with less endotoxin release: In a study of septice-
mic patients with acute pyelonephritis, the amount of endo-
toxin released did not differ among cefuroxime, ciprofloxacin,
or netilmicin and each was deemed safe in the septicemic
patient.172

KEY POINT 6-28 Because antimicrobial targets are prokary-
otic and hosts are eukaryotic, adverse events seldom 
reflect the mechanism of antimicrobial activity.

KEY POINT 6-29 As a class, aminoglycosides are associated 
with the least and beta-lactams (excluding carbapenems 
and selected later generation cephalosporins) the most 
endotoxic release.
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The release of endotoxin may also be dose (concentration) 
dependent. For example, endotoxin release is greater at half the 
recommended dose of ciprofloxacin (3 mg/kg versus 7 mg/kg 
ciprofloxacin) according to the previously described model.84 
Actions that might minimize the sequelae of endotoxin release 
after antimicrobial therapy have not been established. Presum-
ably, administering a dose more slowly may decrease the rate 
of endotoxin release. Binding and subsequent inactivation of 
endotoxin by antimicrobials have been documented, particu-
larly for cationic antimicrobials (e.g., quinolones, aminoglyco-
sides, and polymyxin).84,173

ENHANCING ANTIMICROBIAL EFFICACY

Selecting the Route
Drugs may be selected on the basis of their route of admin-
istration. Not all drugs are available for parenteral or oral 
administration. Parenteral, and particularly intravenous, 
administration is indicated for life-threatening infections or 
whenever tissue concentrations must be maximized. Paren-
teral drugs are also indicated for the vomiting animal. Oral 
drugs are indicated for long-term use, outpatient therapy, 
and treatment of gastrointestinal tract illness. Topical therapy 
may be selected to enhance drug delivery while minimizing 

toxicity. Topical therapy with lipid-soluble drugs might, how-
ever, best be limited to situations in which systemic therapy of 
the same drug is implemented, thus preventing development 
of subtherapeutic drug concentrations in tissues other than 
the site of topical application, as might occur if topical admin-
istration alone is implemented.

Designing the Dosing Regimen
Antimicrobial therapy must be implemented in a timely fash-
ion. An effective dose of antimicrobials administered at the 
first appearance of a clinical infection has a much greater 
therapeutic effect than therapy initiated a week later; in criti-
cal care patients, hours can mean the difference between 
patient recovery or death. Dosing recommendations printed 
on the label generally might be followed for recently approved 
drugs; however, exceptions occur, particularly for older drugs 
as we learn more about optimizing antimicrobial therapy 
and identify changing patterns of susceptibility. In general, 
to maximize efficacy, doses should be increased particularly 
for serious or chronic infections, tissues that are difficult to 
penetrate, or infections associated with detrimental changes at 
the site of infection. Product labels may not reflect new find-
ings regarding antimicrobial efficacy because pharmaceutical 
companies may choose not to incur the costs associated with 
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Figure 6-20 Among the adverse reactions of antimicrobial therapy is release of bacterial toxins. The risk of damage to the host is 
greater with a large inoculum. In this example, rapid death of gram-negative organisms can result in rapid release of endotoxin. 
Drugs whose mechanism results in osmotic lysis (e.g., penicillins) are more likely to be associated with sufficient endotoxin 
release to cause harm to the patient.
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gaining approval for a new label that reflects the new dosing 
regimen. Dose modification beyond that on the label should 
be based on C&S data, current literature, and clinical signs 
of the patient. Adverse reactions also should be considered. 
Although antimicrobials are safe as a class, several are associ-
ated with dose- or duration-dependent adversities, and client 
counseling with informed consent is indicated when off-label 
dosing presents potential harm to the patient.

The approach taken to determine a dosing regimen for a 
patient depends on the information that is available—that is, 
how much is needed (PD) and how much is achieved (PK) 
(Table 6-4). In each instance it is assumed that patient factors 
are well known.

A target Cmax can be calculated from MIC data that have 
been adjusted for time or concentration dependency. The dose 
of a drug administered intravenously is calculated as dose = 
target concentration * Vd For orally administered drugs, the 
Vd must be corrected for bioavailability (F): dose = target con-
centration * Vd/F (see Chapter 1). For antimicrobials the target 
concentration, or “what is needed,” is the MIC of the infecting 
microbe or a reasonable surrogate, such as the MIC90, modi-
fied as needed to account for host, drug, or microbial factors 
For a concentration-dependent drug, the MIC or MIC90 must 
be multiplied tenfold to achieve the targeted PDI Cmax/MIC 
≥10. Thus for amikacin, a concentration-dependent drug, 
the targeted PDI for a patient infected with an E. coli with an 
MIC of 4 μg/mL is 40 μg/mL. If infection is in extracellular 
tissue and concentrations that are lower than in plasma are 
anticipated, the target Cmax plasma may need to be multiplied 
by 2 or more to achieve the target in tissues. Thus the target 
becomes 80 μg/mL.

For amikacin the reported Vd in dogs is 0.23 L/kg. Assume 
an infection is in the lungs, where drug concentrations reach 
50% of PDC. The dose of amikacin to target a microbe causing 
infection in the lungs then would be 4 μg/mL (mg/L) * 10 * 2* 

0.23* L/kg or 18.4 mg/kg. If the drug is given by a route other 
than intravenous, the dose must be modified further for bio-
availability. For example, if amikacin is generally about 70% 
bioavailable (F=0.7) following subcutaneous administration, 
the subcutaneous dose for E. coli would be (4 μg/mL (mg/L) * 
10 * 2* 0.23* L/kg)/0.7 = 27 mg/kg. As the MIC for this E. coli 
and amikacin was quite low, next consider the same approach 
for a P. aeruginosa with an MIC of 16 μg/mL. If the infection is 
in the upper respiratory tract (e.g., sinus of a cat), distribution 
will probably be <30% of that in plasma (multiply dose by 3).  
The calculated dose would be 16 mg/L * 10 * 3.3*0.23 L/kg 
or 121 mg/kg. This is well beyond the recommended dose, and 
although it might be safe given once daily in a normal patient 
(drug concentrations would reach the target trough of 2 μg/mL 
by 6 to12 hours after dosing), the risk of adversity may out-
weigh the benefits of treatment with this dose. Combination 
therapy is indicated for this patient.

The design of a dosing regimen for a time-dependent anti-
microbial is more complicated. For a time-dependent drug, 
the magnitude of Cmax depends on how many half-lives are to 
elapse between doses. The ratio of Cmax/MIC is important for 
determining the number of half-lives that can elapse before 

PDC = MIC. A good start is to multiply the MIC fourfold (Cmax/
MIC = 4) to allow a duration of two half-lives for T > MIC  
(each doubling of the ratio or dose provides another half-life of 
T > MIC). The duration of the dosing interval then depends on 
the desired duration of T > MIC. For T > MIC = 50%, the dura-
tion of the dosing interval is twice the number of half-lives that 
T > MIC; in this case, (Cmax/MIC = 4), the dosing interval will 
be 4 half-lives. Although this sounds adequate, in reality, it may 
not be for drugs with a short half-life. For example, if the drug 
of interest is amoxicillin (half-life = 1 to 1.5 hr), the duration of 
the interval is 4 to 6 hrs, assuming all drug in plasma makes it 
to the site of infection. Thus, the ratio of Cmax/MIC may need 
to be higher for drugs with a short half-life if a convenient dos-
ing interval is desired. Alternatively, a drug with a longer half-
life can be chosen. Using cefpodoxime as an example, based on 
package insert data, the MIC90 of S. intermedius is 0.5 μg/mL. 
Peak concentrations at 10 mg/kg approximate 15 μg/mL, 
yielding a ratio Cmax/MIC of 30. The time that elapses before 
Cmax and MIC reach unity is just under 5 half-lives (30 to 15 to 
7.5 to 3.5 to 1.75 to 0.75. With a half-life of 4.5 hours, T > MIC 
duration approximates 24 hours. Theoretically, if the target is  
T > MIC = 50%, a dosing interval of 48 hours might be pos-
sible. However, the PDI upon which time and concentration 
dependency are based are limited to a 24 hr period, thus a 
24-hr-dosing interval is prudent. This is particularly true if the 
drug is targeting tough-to-penetrate tissues or inflammatory 
debris: the concentration might then be reduced to 10 μg/mL, 
yielding a Cmax/MIC of 10, or a duration of 2 half-lives, or 9 
hours, for T > MIC. In this situation, a 24-hour dosing interval 
might be more appropriate; a 12-hour dosing interval might 
be prudent. Further, these calculations are based on a target of 
T > MIC of 50%. Although this target is often recommended, 
T > MIC of 75% to 100% might be better to minimize the risk 
of resistance, particularly in a patient at risk. Therapeutic drug 
monitoring can be used to establish or confirm a dose or inter-
val for a drug for the individual patient and is ideally the basis 
of dose modification for critical patients. Unfortunately, few 
drugs (primarily the aminoglycosides and vancomycin) can be 
rapidly and accurately measured at a reasonable cost. The risks 
associated with these drugs, including the potential cost of 
using them at ineffective doses, however, may justify the cost.

Duration of Therapy
Among the most difficult decisions regarding antimicrobial 
therapy is the duration of administration. Generally, the dura-
tion of therapy should be 2 to 3 days beyond resolution of clin-
ical signs. Indeed, if the dosing regimen is designed according 
to the saying “dead bugs don’t mutate,” then clinical signs of 
resolution should emerge rapidly. This is true, however, only if 
the clinical signs are discreet and able to respond rapidly. Such 
is not likely to be true in the absence of fever, or when radio-
graphic resolution of inflammation or healing of inflamed skin 
are benchmarks. Not surprisingly, clinicians often adhere to 
the “longer is better” approach. However, emerging data in 
human medicine suggest a more pro-active approach to ther-
apy duration reduction is prudent. Animal models have dem-
onstrated that therapy beyond 5 days increases the intensity 
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of drug therapy necessary to prevent emergent resistance.174 
In human medicine a number of clinical studies have inves-
tigated the impact that reduced duration of therapy might 
have on efficacy and resistance. In general, the longer-is-better 
approach is not appropriate.175 Five days of therapy has been 
suggested as the upper limit in selected populations, including 
intrabdominal infections,175,176 community-acquired pneu-
monia,177 and other respiratory tract infections,178 and 3 days 
for pneumonia characterized by a low likelihood of becom-
ing nosocomial.179 These studies demonstrate the increasing 
focus on the role of duration of therapy in the advent of resis-
tance. However, their extrapolation to companion animals is 
not clear, in part because compliance differences might affect 
results. Exceptions for which duration of therapy might be 
longer include infection of sites characterized by poor local 
immunity (or the immunocompromised patient), tissues in 
which healing is prolonged, or in the presence of foreign bod-
ies that facilitate antimicrobial growth. Exceptions also may 
apply to slow growing organisms.

Combination Antimicrobial Therapy
Combination therapy can be used to achieve a broad antimi-
crobial spectrum for empirical therapy, treat a polymicrobial 
infection involving organisms not susceptible to the same 
drugs, reduce the likelihood of antimicrobial resistance, and 
reduce the risk of adverse drug reactions by minimizing doses 
of potentially toxic antimicrobials.23,24,26,137 Rational combi-
nation antimicrobial therapy may be the single most effective 
action taken to enhance antimicrobial efficacy for the chronic 
or serious infection. Primary reasons to avoid combination 
therapy include increases in risk of suprainfection, risk of tox-
icity (if both drugs are potentially toxic), high cost, and incon-
venience to the patient.24

Synergism and Antagonism
Antimicrobials to be used in combination therapy should be 
selected rationally and based on target organisms as well as on 
mechanism of action (Table 6-8). Combinations might result 
in antagonistic, additive, or synergistic antimicrobial effects 
(Figure 6-21).180 Generally, these effects are defined by in 
in vitro systems; clinical relevance is more difficult to estab-
lish. Also, the combined effects of two or more antimicrobials 
are likely to differ with the organism. Avoidance of antagonism 
is particularly important for patients with inadequate host 
defenses.23,24,26,180 In general, bacteriostatic drugs that inhibit 
ribosomes and thus microbial growth (e.g., chloramphenicol, 
tetracyclines, erythromycin) should not be combined with 
drugs whose mechanism of action depends on protein syn-
thesis such as growth of the organism (e.g., beta-lactams) or 
formation of a target protein. The bactericidal activity and 
continued degradation or destruction of the microbial tar-
get of beta-lactams and FQs depend on continued synthe-
sis of bacterial proteins. Antagonistic effects have been well 
documented between beta-lactam antibiotics and inhibitors 
of ribosomal activity. The degree of antagonism between FQs 
and growth inhibitors is controversial; antagonism has been 

Table 6-8  Examples of Synergistic Drug Combinations
Drug One Drug Two Organisms
Dicloxacillin Ampicillin, penicillin, cephalothins Escherichia coli, Klebsiella, Pseudomonas 

aeruginosa
β-Lactam: cephalothin, ampicillin, 

 piperacillin, cefotaxime, cefamandole
Aminoglycoside: gentamicin, amikacin Escherichia coli, Pseudomonas, aeruginosa, 

 enterococci, others
Chloramphenicol Ampicillin Salmonella typhimurium, Staphylococcus aureus 

(effect is bacteriostatic in nature)
Penicillin Gentamicin Bacteroides melaninogenicus
Imipenem Vancomycin Staphylococcus aureus
β-Lactam, vancomycin Aminoglycoside Staphylococcus aureus
Trimethoprim/sulfonamide Imipenem, amikacin Nocardia asteroides (effect is bacteriostatic)
Imipenem Trimethoprim/sulfonamide, cefotaxime Nocardia asteroides (effect is bacteriostatic)
Ethambutol Rifampin, aminoglycosides, ciprofloxacin 

( enrofloxacin), clarithromycin
Mycobacterium avium (effect is bacteriostatic)

From Wiedemann B, Atkinson BA: Susceptibility to antibiotics: species incidence and trends. In Lorian V, editor: Antibiotics in laboratory medicine, Baltimore, 1996, Williams & Wilkins, 
pp. 900-1168.

Antagonistic combinations

Chloramphenicol

Tetracycline

Erythromycin

Beta-lactam Beta-lactam

Beta-lactams

Quinolones

Aminoglycosides

Figure 6-21 Combining antimicrobials can have different 
sequelae. Antagonistic antimicrobial combinations most com-
monly result when a drug that inhibits bacterial growth is com-
bined with a drug whose action depends on rapid cell growth. 
Drugs that act at the same site may be antagonistic, additive, 
or synergistic (e.g., beta-lactams, depending which penicillin 
binding protein is targeted).

KEY POINT 6-30 For uncomplicated infections the duration 
of therapy should be 5 to 7 days or less.
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reported with the use of ciprofloxacin and chlorampheni-
col,180 but impaired efficacy was not detected in other stud-
ies.181 Antagonism between chloramphenicol and gentamicin 
has also been documented.180 Occasionally, the combination 
of a bacteriostatic ribosomal inhibitor and a drug whose effi-
cacy depends on rapid growth might enhance efficacy, even 
though the “-cidal” drug will act only in a “static” fashion. For 
example, chloramphenicol enhances the efficacy of ampicillin 
toward Salmonella typhimurium and Staphylcoccus spp., pre-
sumably because it inhibits the production of beta-lactamases 
by the organisms that might otherwise destroy ampicllin.

Chemical antagonism is also possible between two or more 
antimicrobials (see Chapter 2).181,182 Aminoglycosides and 
quinolones are chemically inactivated by penicillins at suffi-
cient concentrations. Ticarcillin has been used therapeutically 
to reduce the risk of toxicity in a patient overdosed with an 
aminoglycoside.183 Chemical antagonism is unlikely in most 
clinical uses of these drugs. The risk of antagonism is increased, 
however, with simultaneous intravenous use of high doses of 
both ticarcillin and aminoglycosides, such as might occur if 
aminoglycosides are administered once daily. Potential chemi-
cal interactions between other antimicrobials should be iden-
tified before combination therapy. Certainly, antimicrobials 
should not be mixed in the same syringe or intravenous line 
unless a lack of antagonism has been confirmed.182

Drugs that have the same mechanism of action may act 
in an additive or synergistic fashion. For example, chloram-
phenicol and clindamycin bind the same 50S ribosomal sub-
unit and will antagonize each other. Because tetracyclines bind 
to the 30S ribosomal subunit, combination with antimicrobi-
als that target the 50S subunit might be considered (e.g., the 
phenicols, macrolides, and lincosamides) if there is scientific 
support. One study indicates an in vitro synergistic effect of 
the combined use of doxycycline and azithromycin against  
P. aeruginosa.183a

Additive effects probably occur when active metabolites are 
produced from an active parent compound, such as metabo-
lism of enrofloxacin to ciprofloxacin.184 Antagonistic effects 
might occur, however, if the drugs compete for a limited num-
ber of target sites (e.g., chloramphenicol and erythromycin). 
In contrast, synergistic actions might occur if the antimicro-
bial targets are subtly different. For example, a combination 
of different beta-lactams generally results in additive antimi-
crobial activity. If the two antimicrobials target different PBPs, 
however, their combined effect may actually be synergistic 
(“double beta-lactam therapy”).185,186 In contrast, combina-
tions of other beta-lactam antibiotics (including combining 
selected cephalosporins) are antagonistic.186 The different 
sequelae of combined beta-lactam therapy might be caused by 
the PBPs targeted by each drug.

Synergism between antimicrobials can occur if the two 
antimicrobials kill bacteria through independent mechanisms 

or through sequential pathways toward the same target.180,187 
The combination of trimethoprim and a sulfonamide exem-
plifies synergism resulting from sequential actions in the 
same metabolic pathway (see discussion of potentiated sul-
fonamides) (see Chapter 7). Clavulanic acid “draws” the 
beta-lactamase activity of the microorganism away, allow-
ing the protective beta-lactam to impair cell wall synthe-
sis. Synergism between beta-lactams and aminoglycosides 
exemplifies synergism resulting from killing by indepen-
dent pathways. Synergism is expected because their mecha-
nisms of action complement one another, but efficacy is 
enhanced further because aminoglycoside movement into 
the bacteria is enhanced by increased cell wall permeabil-
ity induced by the beta-lactam (Figure 6-22).180,188 Indeed, 
aminoglycoside activity against enterococci is adequate only 
when used synergistically with a cell wall–active antimicro-
bial, such as beta-lactams and vancomycin. Synergism also 
has been demonstrated against some strains of Enterobac-
teriaceae; P. aeruginosa; staphylococci, including MRSA; 
and other microorganisms. However, these organisms are 
not always inhibited by the combination of aminoglycoside 
and cell wall–active compounds. Indeed, antagonism has 
been described between aminoglycosides and beta-lactams 
against an MRSA, presumably because of induction of an 
 aminoglycoside-modifying enzyme. Enhanced movement in a 
bacteria may occur with other drugs (e.g., potentiated sulfon-
amides, FQs) when combined with beta-lactams (see  Figure 
6-22). Rifampin is another drug  for which combined use 
enchances antimicrobial efficacy of a number of drugs.

Combination therapy is a powerful tool for enhancing effi-
cacy (Figure 6-23) as well as preventing resistance. Occasion-
ally, the combination of drugs, which by themselves would not 
be expected to have efficacy against organisms not included 
in their spectrum, may exhibit efficacy against the organisms. 
For example, azithromycin and clarithromycin may exhibit 
synergistic effects with several other drugs against P. aerugi-
nosa. When studied in patients with cystic fibrosis, the most 
active combinations demonstrating synergy were azithromy-
cin combined with sulfadiazine/trimethoprim or doxycycline. 
Azithromycin occasionally demonstrated synergism against  
P. aeruginosa when combined with timentin, piperacillin/
tazobactam, ceftazidime, meropenem, imipenem, ciprofloxa-
cin, travofloxacin, chloramphenicol, and tobramycin.189 In 
the treatment of S. aureus, clindamycin inhibits early rapid 
killing of amikacin but acts synergistically with it at 24 to 48 
hours.190

Polymicrobial Infections
Combination antimicrobial therapy may be selected because 
of the presence of a polymicrobial infection (Figure 
6-24).23,24,77,191 Aminoglycosides or FQs are often combined 
with beta-lactams, metronidazole, or clindamycin to target 
both aerobic gram-positive and gram-negative infections or 
infections caused by both aerobes and anaerobes. The com-
bined use of selected antimicrobials may result in therapy 
effective against a given microbe when either drug alone  
was ineffective.

KEY POINT 6-31 The appropriate combination of two 
drugs characterized by resistance may render the microbe 
susceptible.
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Figure 6-23 Atypical mycobacterium in a cat is associated with marked inflammation, including deposition of fibrous tissue 
deposition. This cat was successfully treated with a combination of sulfadiazine/trimethoprim and enrofloxacin after 3 months 
of therapy.

Penicillin
targets cell wall

Aminoglycoside
targets ribosomes

but cannot penetrate
cell wall and is repelled

Cell inhibited by beta-lactam
but not killed

Cell dies because of combined
effects of the two antimicrobials

Aminoglycoside penetration
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Figure 6-22 The combination of any number of drugs with a beta-lactam may result in synergistic antimicrobial effects. The proto-
typic example is a beta-lactam combined with an aminoglycoside, a class of water-soluble drugs whose movement through the 
cell to target ribosomes is limited. Changes in the cell wall permeability associated with the beta-lactam exposes the hypertonic 
(compared with the host) intracellular cytoplasm to the isotonic host, resulting in the influx of solutes into the organism. Intracel-
lular access is thus facilitated for drugs also in the environment. Together, the two drugs are now more likely to kill the microbe. 
Such synergism has been documented in vitro between beta-lactams and a number of drugs, particularly those classified as 
bactericidal.
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Polymicrobial combinations

Quinolones

AminoglycosidesClindamycin
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Beta-lactam

Figure 6-24 Polymicrobial infections may require combination therapy. The quinolones and aminoglycosides offer excellent aerobic 
gram-negative coverage; the beta-lactams (especially penicillins), metronidazole, and clindamycin offer excellent  gram-positive 
and anaerobic coverage.

ANTIMICROBIAL PROPHYLAXIS

The prophylactic use of antimicrobials should be distin-
guished from treatment. The presence of infection or antici-
pated infection after bacterial contamination (e.g., an open 
fracture, contamination of abdominal contents with intestinal 
fluid) indicates the need for treatment rather than prophylaxis. 
If antimicrobial prophylaxis is to be implemented in antici-
pation of an invasive procedure (e.g., surgery), the following 
should serve as a basis for selection: The antimicrobial should 
target the most likely pathogenic organism, adequate concen-
trations of drug should be at the site of invasion before poten-
tial contamination, the antimicrobial should either have a long 
elimination half-life or be redosed during lengthy procedures, 
the least toxic drug should be selected, and the duration of 
therapy should be as short as possible.23,26

Prophylactic antimicrobials should not be used indiscrimi-
nately in the immunocompromised animal. The granulocyto-
penic patient is particularly predisposed to the development 
of suprainfection. Suprainfection occurs in 10% to 20% of 
human granulocytopenic patients receiving empirical broad-
spectrum antimicrobials. Prolonging therapy increases the 
chance that suprainfection will occur.26 Prophylactic sup-
pression of gastrointestinal flora is recommended in human 
patients who are profoundly granulocytopenic for more than 2 
weeks. Traditional use of nonabsorbable antimicrobials effec-
tive against aerobic gram-negative organisms (e.g., neomycin) 
and drugs that target anaerobic organisms (e.g., metronida-
zole) are being replaced by use of trimethoprim/sulfonamide 
combinations or FQs.26 Trimethoprim/sulfonamide com-
binations are more palatable and less expensive, yet they are 
equally effective in preventing infections when compared with 
more expensive drugs in human critically ill patients. FQs 

allow persistence of anaerobic organisms in the gastrointesti-
nal tract, thus reducing overgrowth of resistant gram-negative 
organisms and preventing rapid repopulation and overgrowth 
of aerobic gram-negative organisms as the antimicrobial is 
discontinued.

Other indications for medical prophylaxis include den-
tistry and prevention of recurrent, chronic infections (e.g., 
urinary tract, skin). The use of antimicrobials prophylactically 
for these conditions is discussed separately in the correspond-
ing chapter.

SURGICAL PROPHYLAXIS*

Antimicrobial prophylaxis is defined as the administration of 
an antimicrobial agent in the absence of infection. The aim of 
antimicrobial prophylaxis is to reduce the number of viable 
 bacteria present in the surgical wound to a level that normal 
host defenses can handle, thus preventing infection. Contami-
nating bacteria can enter the surgical wound from exogenous 
sources or the patient’s endogenous flora. Exogenous sources 
include surgical equipment, the surgery room, and surgical 
personnel. Duration of the surgical procedure plays a role in 
the incidence of wound infections, especially for procedures 
that last longer than 90 minutes.

Endogenous bacterial sources probably play a greater role 
in postoperative infections than exogenous sources. Endog-
enous sources include skin and mucosal surfaces that are tran-
sected during surgery. Hematogenous spread of bacteria may 
result from overt or occult septic foci or dental manipulations. 

*Harry W. Boothe
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Such sources should be either eliminated before surgery by 
appropriate therapeutic antimicrobial agents or avoided by not 
combining dental manipulations with surgery of body cavities 
(abdominal or thoracic) or orthopedic procedures.

Antimicrobial prophylaxis is not a substitute for good 
surgical practices, which include aseptic technique and gen-
tle tissue handling. Considerations in the use of antimicro-
bial prophylaxis are the type of surgery, potential pathogens 
encountered, host competence, and pharmacologic and anti-
bacterial properties of the antimicrobial agent.

Type of Surgery
Surgical wounds are classified as clean, clean-contaminated, 
contaminated, or dirty. Clean wounds are made under aseptic 
conditions, are closed primarily, and are not drained. Prophy-
lactic antimicrobial therapy is not warranted for most clean 
procedures because bacterial contamination is minor, and 
the patient’s competence helps prevent wound infection. Pos-
sible indications for the use of antimicrobials in clean surgical 
procedures are when the consequences of infection would be 
catastrophic (e.g., total joint replacement) or when surgical 
implants are used.

Clean-contaminated wounds include those made in the 
gastrointestinal, genitourinary, or respiratory tract without 
significant intraoperative spillage. Also, clean procedures in 
which a break in sterile procedure occurred are considered 
clean-contaminated. Clean-contaminated wounds may bene-
fit from prophylactic antimicrobial therapy, and consideration 
of the following factors seems appropriate when contemplat-
ing the use of perioperative antimicrobial therapy: number of 
resident bacteria encountered, amount of spillage expected, 
and impact of disease condition on bacterial colonization. 
Resident bacterial numbers vary depending on the site of the 
tract incised and the nature of disease. In the normal gastro-
intestinal tract, resident bacteria are numerous in the oropha-
ryngeal cavity, distal ileum, and colon. Numbers are normally 
much lower in the distal esophagus, stomach, and most of the 
small intestine. The normal genitourinary tract above the dis-
tal urethra has low bacterial populations. The normal trachea 
and bronchi also have relatively sparse flora. Although amount 
of spillage cannot always be predicted preoperatively, prophy-
lactic antimicrobials are probably indicated if the risk of intra-
operative spillage seems high. Diseases, in general, tend to 
modify both bacterial numbers (usually increased numbers) 
and populations (usually more virulent forms).

Contaminated wounds include those in which there is 
acute, nonpurulent inflammation or those in which gross con-
tamination from a hollow viscus occurs. Antimicrobial pro-
phylaxis is generally warranted when surgery is performed on 
contaminated wounds. Also, the presence of extensive tissue 
damage or accumulation of blood within wounds may warrant 
prophylactic drug administration, because bacterial coloniza-
tion is usually promoted.

Dirty or infected wounds benefit from irrigation with anti-
septics. Chlorhexidine (0.05%) is an effective wound disinfec-
tant for infected wounds. Use of antimicrobials (systemically, 
topically, or both) is generally indicated before surgery to treat 

an infected or dirty wound. Such use is more appropriately 
termed therapeutic antimicrobial therapy.

Potential Pathogens Encountered
The most frequently encountered pathogenic bacterial con-
taminants of surgical wounds are Staphylococcus spp. and 
E. coli. The most common skin bacteria are Staphylococcus 
spp., although many other organisms may be present as tran-
sient, topical flora. The oropharynx has a mixed population 
of gram-positive organisms (especially Staphylococcus spp., 
Streptococcus spp., and Actinomyces pyogenes), gram-negative 
organisms (Proteus, Pasteurella, Pseudomonas, and E. coli), 
and anaerobic organisms. The stomach and small intestine 
have very few organisms normally present, whereas the distal 
ileum and large intestine have large numbers of gram-negative 
(especially E. coli and Klebsiella, Pseudomonas, and Salmonella 
spp.) and anaerobic organisms. Potential pathogens encoun-
tered in the genitourinary tract include both gram-positive 
and gram-negative organisms (especially Staphylococcus and 
Streptococcus spp., E. coli, and Proteus and Pseudomonas spp.). 
Pathogens of the respiratory tract (especially lower respiratory 
tract) include both gram-positive organisms (Staphylococcus 
spp., Streptococcus spp., and A. pyogenes) and gram-negative 
organisms (Pseudomonas spp., E. coli, and Klebsiella, Pasteu-
rella, and Enterobacter spp.).

Host Competence
Host resistance may be compromised systemically or locally. 
Patients with systemic immunodeficiency often have chronic, 
recurrent, or partially responsive infections. Prophylactic 
antimicrobial therapy is probably indicated for such patients 
regardless of the surgical procedure to be performed. Second-
ary immunodeficiencies have been associated with a variety 
of diseases, including hepatic or renal failure, hyperadreno-
corticism, diabetes mellitus, and neoplasia. Other factors that 
may affect systemic host competence include advanced age, 
severe malnutrition, obesity, immunosuppressive drugs, and 
splenectomy.

Local factors of importance in the maintenance of host 
competence include tissue perfusion and tissue trauma. The 
competence of local defense mechanisms may be affected 
adversely by obstruction, neoplasia, ulceration, and hemor-
rhage. For example, the bacterial flora of a stagnant loop of 
jejunum caused by intestinal obstruction resembles that of the 
normal distal ileum (i.e., large numbers of resident bacteria). 
For the purposes of selecting perioperative antimicrobials, the 
clinician should accurately assess host competence before the 
surgical procedure.

Pharmacologic and Antibacterial Properties
The primary goal to be achieved by administration of prophy-
lactic antimicrobial agents is to produce adequate concentra-
tions of antimicrobial at the surgical incision site at the time 
of wound contamination. Also important is the concept that 
the major risk of contamination is at the time of surgery until 
a fibrin seal develops between wound edges (approximately 3 
to 5 hours postoperatively). Factors of importance in the use of 
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perioperative antimicrobials are absorption (timing and route 
of administration), distribution, and elimination characteris-
tics. Absorption issues are of least concern with intravenously 
administered antimicrobials. For most antimicrobials distri-
bution is relatively rapid and complete within 30 to 60 min-
utes after intravenous administration. The concentration of 
drug achieved in the tissue correlates with the concentration 
of free drug in the serum. Highly protein-bound drugs (i.e., 
little free drug in the serum) achieve lower tissue concentra-
tions than do weakly bound agents (e.g., cefazolin, gentami-
cin, and ampicillin). Other factors such as lipid solubility, pH, 
and local environment may also influence tissue penetration 
of the drug. Elimination of most antimicrobials is principally 
by way of the kidneys. The rate of elimination determines the 
dosing interval that is selected. More rapidly eliminated drugs 
require more frequent administration. Cefazolin, for example, 
should be administered at 2-hour intervals during the surgical 
procedure to maintain adequate tissue and serum levels.

The following prophylactic antimicrobial regimen seems 
appropriate: an intravenous dose of drug given 30 to 60 min-
utes before incision (i.e., at anesthetic induction) and another 
dose given at the completion of the procedure. If the surgical 
procedure lasts longer than 3 hours, an additional intraopera-
tive dose of antimicrobial should be given approximately 2 to 3 
hours after the initial dose. There is no rationale for continuing 
antibiotic administration longer than 24 hours after surgery 
in the absence of documented infection. If infection is docu-
mented, therapeutic antimicrobial therapy is initiated.

The selected drug should be bactericidal for the pathogens 
that are most likely to contaminate the surgical site. First- 
generation cephalosporins (e.g., cefazolin) are generally as 
effective as and less expensive than second- and third-gen-
eration cephalosporins. Surgery of the lower gastrointestinal 
tract may require a more elaborate schedule of prophylactic 
drug administration, partly because of the presence of anaer-
obic organisms. A second-generation cephalosporin (e.g., 
cefoxitin) or an aminoglycoside/anaerobic combination (e.g., 
amikacin and clindamycin or gentamicin and amoxicillin) 
should be administered systemically. The use of oral antimi-
crobials for prophylaxis may not be prudent, in part, because 
peak  concentrations are likely to be less than with intravenous 
administration, even if bioavailability is close to 100% (and 
many are not).

Inappropriate perioperative antimicrobial use has been 
shown to increase the incidence of complications. Examples 
of inappropriate perioperative antimicrobial use include use 
of antimicrobials for clean surgical procedures, initiation of 
prophylactic antimicrobials postoperatively, and continua-
tion of antimicrobial administration for longer than 24 hours. 
Each of these actions risks the occurrence of one or more of 
the following complications: reduced efficacy, suprainfec-
tion, selection of resistant bacterial pathogens, greater client 
cost, and a potential for higher incidence of drug-associated 
complications.

Although surgical prophylaxis has been integrated into the 
perioperative surgical plans for veterinary patients, surpris-
ing little information supports its use. In one controlled study 

of dogs (n = 329) and cats (n = 544) undergoing clean and 
clean-contaminated surgical procedures, the postoperative 
infection rate did not differ in placebo (9.4%) compared with 
the cephalexin-pretreated group (8.9%).192 In another study 
investigating the impact of flushing in dogs undergoing total 
ear canal ablation, organisms were characterized by a higher 
incidence of antimicrobial resistance to cefazolin,29 suggesting 
that cefazolin may not be a rational choice in all presurgical 
candidates.
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Chapter Outline

DRUGS THAT TARGET THE CELL WALL
Beta-Lactam Antimicrobials
Vancomycin
Teicoplanin
Fosfomycin

DRUGS THAT TARGET RIBOSOMES (BACTERICIDAL)
Aminoglycosides

DRUGS THAT TARGET NUCLEIC ACIDS
Fluorinated Quinolones
Rifamycins
Metronidazole

DRUGS THAT TARGET FOLIC ACID
Inhibitors of Folic Acid Synthesis:/Sulfonamide/

Trimethoprim or Ormetoprim Combinations

DRUGS THAT TARGET RIBOSOMES 
(BACTERIOSTATIC)
Tetracyclines
Phenicols
Lincosamides: Lincomycin and Clindamycin
Macrolides and Azalides
Tylosin
Ketolides

MISCELLANEOUS ANTIMICROBIALS
Oxazolidinones
Topical Antimicrobials

The principles that guide proper antimicrobial selection are 
discussed in Chapter 6. This chapter focuses on the individual 
drugs or drug classes and their use to successfully treat bacte-
rial infections. This includes not only resolution of clinical 
signs but avoidance of resistance. Characteristics discussed 
for each drug class include structure–activity releationship; 
the mechanism of antimicrobial action, including whether 
the drug is time- or concentration- dependent (Table 7-1); 
the spectrum of antimicrobial activity (Table 7-2), including 
pharmacodynamics (minimum inhibitory concentrations 
[MIC] (Tables 7-3 and 7-4) for selected organisms; mecha-
nisms of antimicrobial resistance; clinically relevant aspects 
of the drug; the disposition of the drug in the patient (as  
it relates to both safety and efficacy); adverse drug effects; 
and drug interactions. The breakpoint MICs (the concentra-
tion at which an infecting isolate is considered susceptible 
or resistant to a drug of interest) are delineated in Chapter 
6, Table 6-2). Pharmacokinetics were drawn from individual  
manuscripts, and the Antimicrobial’s Monograph issue of 
the Journal of Veterinary Pharmacology and Therapeutics.2 
In addition, Albarellos1 also has provided a review of dispo-
sition of selected antimicrobials; these have been included, 
when appropriate, in Table 7-1. Tissue distribution of anti-
microbials is addressed when available; Table 7-5 provides 
information regarding the relative proportion of tissue ver-
sus serum concentrations of drugs, with a focus on body 
fluids and phagocytic cells. As a reminder (see Chapter 6), 
drug concentrations measured in tissue homogenates are 
minimally relevant to concentrations to which microbes are 
exposed. Data collected by ultrafiltration probes is preferred. 

However, interstitial fluid is not free of factors that might 
preclude drug activity (i.e., proteins or ionization; see dis-
cussion of cefovecin in cats); as such, dosing errors should 
be on the side that increase concentrations in tissues. Thera-
peutic indications are offered when relevant. The dissociation 
constant of a drug (pKa) and selected information regarding 
the chemical characteristics of selected drugs or preparation 
stability are provided for selected drugs in Table 7-6. Doses 
are indicated in Table 7-7; however, doses ideally should be 
designed on the basis of intergration of pharmacokinetic (PK) 
and pharmacodynamic (PD) data (see Chapter 6). Treatment 
of specific infection is addressed by system in Chapter 8.

Chapter 6 addressed the importance of integrating PK 
and PD MIC data when designing a dosing regimen. The PK 
parameters on which integration is most commonly based are 
the maximum drug concentration (for both time-dependent 
and concentration-dependent drugs) and elimination half-
life. The latter is particularly important for time-dependent 
drugs but will also increase area under the curve (AUC), 
which predicts the efficacy of selected concentration-depen-
dent drugs (e.g., fluoroquinolones; see Table 7-1). Among the 
sources of PK data to be consulted beyond this chapter are 
the Antimicrobial Monographs published by the United States 
Pharmacopiea2 in conjunction with the Journal of Veteri-
nary Pharmacology and Therapeutics. The PD data on which 
integration is based ideally is the MIC of the isolate cultured 
from the site of infection in the patient. If not available, the 
high range of the MIC or the MIC90 might be a reasonable 
population statistic surrogate indicator of “what is needed” 
(see Tables 7-3 and 7-4). When available, PD information for 
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Table 7-1  Pharmacokinetic Data for Selected Antimicrobials
Drug Vd (L/kg) Half-Life (hr) Dose (mg/kg)1/Cmax (μg/mL)

Amikacin (CD, I) 0.23 (D)
0.18-0.38§
17 (C)102

1 [D]‡
1.3±0.3 (C, IV)102

1.9±0.2 (C, IM, SC)102

20 (IV)/65
10 (IM, D)/14
10 (SC, D)/14‡
10 (SC, Greyhounds)/27
F =0.9207

10 (IV, Greyhounds)/49103

10 (IV, Beagles/35)103

5 (IV,C)/22 (extrapolated)102

5 (IM, C)/17102

5 (SC, C)/22102

10 (IM, C)/38.5‡
10 (SC, C)/39.6‡
20 (IM, C)/65.6‡
20 (SC, C)/67.9‡

Amoxicillin (TD, I)67 0.2 (D) 1
1.5†

20 (IV)/13
12.5 (PO)/5-6 (5.5)
11 (SC, D)/7
10 (SC, C)/7
40 (PO)/23†

Amoxicillin with clavulanic  
acid (TD, I)26

0.2 1-1.5
1.5 amoxicillin†

0.71 clavulanic acid

20 (IV)/13
5 (PO)/4.5-6
11 (SC, D)/7
15 (SC, C)/10
16.7 (PO, D)/11.4 amoxicillin†

4.3 (PO, D)/2.06 clavulanic acid†

Ampicillin (TD, I) 0.2-0.4 [D]
0.12‡-0.22 

[C]

0.5-1.5
0.8-1.1 (Nelis, 1992)
0.2 (D)‡
1.25 (C)‡

20 (IV)/50
12 (SC)/14
6.6 (SC)/7
30 (PO)/10
10 (PO)/3
14-16(PO)/3.4-5.5 (Nelis, 1992)

Azithromycin (TD, S) 12 (Vdss, D)269

23 (Vdss, C)
29 (IV), 35 (PO) (D)269

35 (C)270
24 (IV, D)/6.8 (F=0.97)269

24 (PO, D)/4.2269

5 (PO, C)/0.97±0.65 (F=0.58)270

Carbenicillin (TD, I) 0.19 0.25
Cefaclor (TD, I) 2 [D]‡ 25 (PO, D)/24.5

44 (PO, D)/20
Cefamandole (TD,I) 10.7 (IV, D)/9.4
Cefazolin (TD, I) (first) 0.3-0.7 0.75-1.4 15 (IV)/45

30 (IV)/90
15 (SC)/25
30 (SC)/50

Cefepime (TD, I) 0.14 1 14 (IV, D)/77 (extrapolated)28

Cefixime (TD, I) (third) 0.22 (Vdss)
8-18% fub

7-8 (D)‡ 5 (PO, D)/2‡
5 (PO, 6 days [D])/4.8‡

Cefodroxil (TD, I)62 (first) 1.7 without food; 4 with food† 11 (PO, D)/10.5
22 (PO, D)/16.3-18.6‡
44 (PO, D)/21
30 (PO, D) 35†

22 (PO, C)/17.4‡

Cefotaxime (TD, I) (third) 0.48 [D]
0.4 [D] 

(Vdss)
0.18‡ [C]

0.75-0.8 (D)‡
1 (C)‡

50 (IV, IM, D)/41
50 (IM, D)/47‡
50 (SC, D)/30‡
10 (IV,D)/35*
10 (IM, C)/36‡
50 (IM, C) 47‡
50 (SC,C)/30‡
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Table 7-1 Pharmacokinetic Data for Selected Antimicrobials—cont’d
Drug Vd (L/kg) Half-Life (hr) Dose (mg/kg)1/Cmax (μg/mL)

Cefotetan (TD, I) (third) 0.25 0.9
1.1 (D)‡

20 (IV, D)/43

Cefovecin (TD, I) 0.13 [D] 5.5 days (D)
6.9 days (C)

8 (SC, D)/121 (bound)20

8 (SC, C)/141 (bound)20

8 (SC, D)/4.2 (predicted unbound) (PI)20

8 (SC, C)/8.5 (predicted unbound) (PI)20

Cefoxitin (TD, I) (second) 0.32 [D]‡ 0.7-1.3 (D)‡ 60 (IV)/20
30 (IV)/10
30 (SC)/20
10 (SC)/15

Cefpodoxime (TD, I) 0.15 [D] 5.6 (PO, D)
4.7 (IV, D)

10 (PO, D)/16 (see text)
5 (PO, D) 8.2

Ceftazidime (TD, I) (third) 0.13-0.22 0.82 20 (IV)/49
30 (SC)/42.2
4.4 mg/kg, then 4.1 mg/kg/hr(CRI)/22.5

Ceftiofur (TD, I) (third)71

(based on bioactivity)†
5-7 (D)‡ (Bioactivity)

 0.22  (SC, D)/1.7‡
 2.2  (SC, D)/8.9‡
 4.4  (SC,D)/27‡

Ceftizoxime (TD, I) (third) 0.26 1 20 (IV, D)/50
Ceftriaxone (TD, I) (third)68† 0.24

0.27†
0.85
0.9 (IV)†

1.3 (IM)†

1.7 (SC)†

20 (IV)/45
50 (IM)/115
50 (SC)/69
F (IM, SC, D)=1.0

Cefuroxime (TD, I) 60 (IM, D)/79
Cephalexin (TD, I)(first)60,67

(based on bioactivity)†
0.23 1.4-2.5*

1.3 (D)‡
1.8 (D61 increases to 2.6 at 

night)
4.759a

20 (IV, D)/41
20 (IV, D)/24
20 (PO)/20.3
F (PO, IM, D) = 0.6
22 (PO)/20
25 (PO, D)/18.8±2.86

40 (PO,D)/35†

30 (PO)/28
15 (PO, C)/11-29‡
25 (PO, C)/15‡
20 (SC, C)/54‡
20 (IM, C)/61.8‡
10-15 (PO, D)/18.6
10 (SC, D)/24.9‡
10 (IM, D)/31.9‡

Cephalothin (first) (TD, I)62 0.43 0.7-0.85
1.7 without food, 2.8 with†

10 (IM)/9.3
20 (IV)/35
40 (IV)/45
20 (SC)/22
40 (SC)/30
30 (PO,D)/45 without food, 28 with food†

Cephapirin (TD, I) (first) 0.32 0.5 30 (IV)/26.9
Cephradine (TD, I) 50 (PO)/39

Chloramphenicol (TD, S) 0.85-1.77 
[D]‡

2.36 [C]‡

1.2 [D]‡
2.7± 0.7254

3,3 (SC) (C)255

6.9 (IV) (C)255

33 (PO, D)/8/5
33 (SC,D)/15
50 (PO, D)/20±4 (large dogs)252

50 (PO, D)/27±7 (small dogs)252

20 (IV, C)/19.5±1.5255

20 (IM, C)/18.6±2.6255

20 (SC, C)/14.8±2.9255

20 (PO,C)/9.8±2.6255

50 total (PO, C) 8 to 25 (range)254
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Table 7-1  Pharmacokinetic Data for Selected Antimicrobials—cont’d
Drug Vd (L/kg) Half-Life (hr) Dose (mg/kg)1/Cmax (μg/mL)

Ciprofloxacin (CD, I) (see also 
enrofloxacin)

3 (D)‡
3.85 (C)†

2.2 (D at 2.5-10 mg/kg)‡
4.9 (D at 10 mg/kg)‡
5.3 (D at 20 mg/kg)‡
8.9 (D at 40 mg/kg)‡
4.53 (C)†

10 (IV, C)/2.53 (extrapolated from terminal 
component)195

10 (PO, D)/1.4‡
20 (PO, D)/2.8‡
40 (PO, D)/6.6
23 (PO, D × 7day)/5.68
10 (PO, C)/0.89‖
(F = 0.3±0.1)

Clarithromycin (TD, S) 1.4  
(Vdss, D)‡

3.9 (D)‡ 10 (PO, D)/3.3 (F=0.7)‡

Clindamycin261,261 0.86 ± 0.35 
(D)†

2 (IV)†

7.1 (IM)†

5 (SC)†

16.4±15.4 (C; capsule)261

7.5±1.7 (C; solution)261

11 (PO, D)/5
5.5 (PO, D)/2
10 (IV, D)/18.8 extrapolated,  

7.5 postdistribution†

10 (IM, D)/7.5 (F = 1.15)†

10 (SC, D)/4.4 (F= 3.10)†

15 (PO, C)/11
11 (PO, C)/9
11(PO, C, capsule)/7.4±1.7261

11(PO, C, solution)/6.6±2.2
Cloxacillin (TD, I) 0.2 0.5
Dicloxacillin (TD, I) 0.2 0.7
Difloxacin (CD, I) 9.3 [D]‡

6.9±0.5 (Heinen, 2002)
8.5± 0.54 (Frazier)

5 (PO, D)/1.1-1.8
10 (PO, D)/2.3
5 (PO × 5 d, D)/1.8190

5 (PO × 3 d)/1.79 ± 0.11115

Doxycyline (TD, S) 0.93 (Vdss
‡)-

1.5 (D)  
(fub = 9%)

0.65±0.09L/
kg (D) 57

0.34 
(Vdss, C)‡

7-10 (D)‡
4.56±0.57 (D)57

4.6 (C)‡

5 (PO, D)/5
1.1, 0.1 (IV & CRI; D)/1.4 unbound57

2.5 (PO, D)/3
5 (PO, C)/6
2.5 (PO, C)/3
5 (PO, D)/3.5158; (see also Chapter 8)

Enrofloxacin (CD, I) 2.6
3.7-7 (D, 

Vdss)‡
4 (C, Vdss)

0.92 (2.5)7

2.02 (5)7

2.4/3.9 (at 5 mg/kg,D)†

4.1 (5 mg/kg, D) (Heinen, 
2002)

2.6/6.3 (7.5mg/kg, D) 83§

2.9/7.4 (10 mg/kg, D)83§

4.1/11.7 (20 mg/kg, D) 83§

6.7/6.1 (at 5 mg/kg, C)†

2.5 (PO, D)/1
5 (PO, D)/1.6-2
5 (PO, D for 5 d)/1.4± 0.07190

5 (PO, D, for 3 d/1.75±0.16 (Ciprofloxacin: 
0.4)179

5.5 (PO, D for 7 d)/2.45‡
5.8 (PO, D for 7 d)/1.43(Cip: 0.36)‡§
7.5 (PO, D)/1.6 (Cip: 1)83

10 (PO,D)/1.7 (Cip: 1.2)83

11 (PO, D for 7 d)/4.56‡
20 (PO, D)/4.2 (Cip: 1.9)83

2.5 (PO, C)/1.3
5 (PO, C)/2.5

Erythromycin (TD, S) 2.7 (Vdss, 
D)‡

4.8±0.9

1-1.5
1.7 (D)‡
1.35± 0.4 (IV);267

2.92±0.8 (estolate tablet)267

2.56±1.77 (ethylsuccinate 
suspension)267

10 (IV, D, lactobionate)/6.4±1.38267

25 (PO, D, estolate tablet)/0.3±0.17267

10 (IV, D)/29 (Co)269

10 (PO, D)/4.9269

20 (PO, D, ethylsuccinate suspension)/0.17± 
0.09 269

20 (PO)/3.5
Florfenicol (TD, S) 0.6 (C)

1.45±0.8 
(D)250

9.2 (IM, D)
1.2 (IV, D)250

4 (IV, C)
5.6 (IM, C)
7.8 (PO, C)

20 (IV, D)/6.5 (at 1 hr; extrapolated from)250

20 (PO, D)/6.4250

20 (IM, D)/1.64)
22 (IM, C)/20
22 (PO, C)/27
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Continued

Table 7-1  Pharmacokinetic Data for Selected Antimicrobials—cont’d
Drug Vd (L/kg) Half-Life (hr) Dose (mg/kg)1/Cmax (μg/mL)

Fosfomycin disodium 
 phosphate (TD, I)

0.70 ± 
0.15 (D) 
(Vdss) 
(Guiter-
rez, 2008)

See text See text

Gentamicin (CD, I) 0.35±0.04 
[D]97

0.18 
(Vdss[D])‡

0.14-0.2 [C]

0.87-1.36 (D)
1.1[D]‡
1.25±0.3 (C, IV)101

1.27±0.26 (C, IM)101

1.14±0.11 (C, SC)101

4 (IV)/27
8 (IV)/44
3 (IV, D)/24 (extrapolated Co,)98

3 (IV, D)/14 (extrapolated from B)98

10 (IV, D)/28
3 (IM, SC, D)/10.598

4.4 (IM, D)/7.5
2.2 (IV, D)/6
10 (IV, C)/28
2 (IM, C)/4
3 (SC, C)/15-17‡
5 (IV, C)/35 (extrapolated from B)101

5 (IM, C)/21.6101

5 (SC, C)/23.5101

Imipenem/cilastin (TD, I) 0.32 (D) 0.83-0.92 (IM)
1.5 (SC)

30 (IV)/180
10 (IV)/6556

5 (IM)/13.2 (D)
F (IM, D) = 1.5
5 (SC)/8.8 (D)

Kanamycin (CD, I) 0.23-0.28 0.75-1
0.77-1 (D)‡

7.5 (IM, D)/25.8‡
10 (IM, D)27.6±7.5‡
15 (IM, D)/37.8‡
25 (IM, D)/55.6‡
39 (IM, D)/84.5‡

Levofloxacin (CD, I) (see also 
Ofloxacin)

1.75±0.42 
(C)

8.4± 3.5 = 9.3 ± 1.6 (C) 10 (IV, C)/5.6± 1.4 (extrapolated from 
terminal curve)

10 (PO, C)/4.7± 0.9200

(F=0.86±0,44)
Linezolid (TD, I) 0.63 (D) 3.6 (D) 25 (IV, D)/63

10 (IV, D)/23
25 (PO, D)/26 (F=0.96)

Lincomycin (TD, S) 22 (PO)/1.2
15 (PO)/1

Marbofloxacin (CD, I) 1.2-1.37 
(D)†

9.1-14.7 PO, (D)‡ †
9.0± 2 [D] (Heinen, 2002)
11.0± 0.94 (Frazier, 2000)
11.5 (at 1 mg/kg, SC, D)
13.4 (at 4 mg/kg, SC, D)
12.7 (C)‡

2 (IV, D)/2.5 (extrapolated)188

1 (PO, D)/0.83‡
2 (PO, D)/1.38‡
2 (PO, D × 8 [D])/1.4190

4 (PO, D)/2.9‡
5.5 (PO, D)/4.2±0.5
1 (SC, D)/0.78
2 (SC, D)/1.52
4 (SC, D)/3
5 (PO, D)/1.41±0.07†

6.2 (PO, C)/4.8
Meropenem (TD, I) 0.37

0.34
0.67
0.73

20 (IV)/60 (extrapolated) and 24 in ICF
20 (SC)/26 (plasma) and 11 ICF 57

Metronidazole (CD>TD, I>S) 0.95 (D)‡
100

4.3
4.5(D)‡

44 (IV)/60
44 (PO, D)/42

Minocycline (TD, S) 2 (D) 7-7.3 (D)
Nitrofurantoin (S) For urinary tract infection only
Ofloxacin (CD, I) (racemic mix-

ture of R and S levofloxacin)
4.6 (D) 20 (PO, D)/14.2± 3.4
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Table 7-1  Pharmacokinetic Data for Selected Antimicrobials—cont’d
Drug Vd (L/kg) Half-Life (hr) Dose (mg/kg)1/Cmax (μg/mL)

Orbifloxacin (CD, I) 4.5 = 5.2 (C)‡
5.4 = 5.6 (D)‡
7.1 ± 0.42 (D)  

(Heinen, 2002)

2.5 (PO, C)/2‡
2.5 (PO, D)/1.4-2.3‡
2.5 (PO, D)/1.4 ± 0.07

Oxacillin (TD, I) 0.3 (D) 40 (PO)/4.0
30 (PO)/3.0

Oxytetracycline (TD, S) 2 (D)‡ 6 (D)‡

Penicillin G (TD, I) 0.16 0.5 (D) 20,000 U/kg (IV)/30
22,000 U/kg (SC)/14

Piperacillin (TD, I) 50 (IV)/250
25 (IV)/125

Rifampin (CD, I) 8 (D)‡ 10 (PO, D)/40‡

Sulfadimethoxine (TD, S)‖ 13.1 (D)‡
10.2 (C)‡

55 (PO, D)/67‡

Sulfadiazine (TD, S)‖ 1.02 9.8
Sulfamethazine (TD, S)‖ 0.5-0.6 (D) 16-17 (D)
Tetracycline (TD, S) 1.6-2 (D)‡

2.5 (C)‡
20 (PO, D)/9
13.75 (PO, D)/7

Ticarcillin (TD, I) 0.34 (D) 1-1.25 100 (IV)/200
40 (IV)/80

Ticarcillin (TD, I) with 
 clavulanic acid55

1-1.25 (ticarcillin)
0.40 (clavulanic acid)

100 (IV)/200
40 (IV)/80
F (IM, D) = 0.91 ticarcillin
F (IM, D) = 0.65 clavulanic acid

Trimethoprim (TD) 1.49 (D) 2.5 (D)
Tylosin (TD, S) 1.7(D)‡ 0.9 (D) 10 (IM, D)/1.5‡

Vancomycin (TD, I) 4-6 15 mg/kgq6 hr/40 peak 5 trough μg/mL

Vd, Volume of distribution; C, cat;, I, bactericidal D, dog; IV, intravenous; IM, intramuscular; SC, subcutaneous; T, time dependent; PO, by mouth; T, bactericidal; Vdss, volume of 
distribution at steady state; S, bacteriostatic; F, bioavailability fub, fraction unbound PI, Package Insert, constant-rate infusion; ICF, intracellular fluid.
*CD or TD = Concentration or time dependency (see Chapter 6). 1 Cmax refers to the maximum serum concentration obtained at the dose given by the route in parenthesis. Data refer 
to both cat and dog unless indicated otherwise (D=dog; C=cat). A new dose can be determined by proportionally changing the dose based on the desired change in Cmax. For example, 
a 20 mg/kg IV dose of amikacin resulted in Cmax of 40 μg/mL. If a patient is given 10 mg/kg IV amikacin, the resulting Cmax should approximate about 20 μg/mL. The data should be 
used in conjunction with a minimum inhibitory concentration (see Chapter 6, Table 6-2).
†Source as indicated by drug name.
‡USP Veterinary Pharmaceutical Information Monographs—Antibiotics, J Vet Pharmacol Ther 26(Suppl 2), 2003.
§Half-life or Cmax of ciprofloxacin (μg/mL) is that achieved from metabolism of enrofloxacin when enrofloxacin is administered at the indicated dose. The drugs should work in an 
additive or synergistic fashion.
¶90% protein binding in dog, 99% in cats; amount reported is peak concentration in transudate.
‖Static if sole agent, bactericidal if the sulfonamide is combined with a diaminopyrimidine (trimethoprim, ormetoprim)

canine and feline pathogens (e.g., see Table 7-3) is offered for 
selected drugs; in addition, relevant information from the 
human-medicine literature is provided (see Table 7-4). Care 
should be taken when extrapolating information regard-
ing human pathogens to dogs and cats, although a growing 
amount of evidence suggests that relative susceptibility of iso-
lates is similar for many drugs (indeed, isolates are likely to be  
shared), and the data are likely to include both patients that 
have previously received and not been exposed to antimicro-
bials. For time-dependent drugs, the relevant PD index (PDI) 
to be targeted is T > MIC, with a target of at least 50% to 75% of 
the dosing interval necessary to enhance efficacy, and longer 
to avoid resistance. An exception can be made for the carbap-
enems, for which T > MIC of 25% of the dosing interval is suf-
ficient. For concentration-dependent drugs, the relevant PDI 

is a Cmax/MIC ≥10.3 This ratio should be reached at the site of 
infection. Alternatively, the AUC/MIC should target 125 to 
250. Although as low as 30 has been supported for selected 
gram-positive drugs, this is particularly true for Streptotoccus 
pneumoniae, which is an organism that is particularly prob-
lematic in humans. This low AUC/MIC may not be relevant to 
other gram-positive organisms, including other streptococci. 
Because availability of AUC data is limited, this chapter will 
focus on Cmax/MIC as the target for concentration-dependent 
drugs. For PDI for both time- and concentration-dependent 
drugs, doses should be modified as indicated by drug, host, 
and microbial factors.

The discussion of antimicrobial drugs is based on their 
classification by mechanism of action (Figure 7-1; see Table 
7-1). The mechanism of action of each drug determines drug 
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Table 7-2  Spectrum of Antimicrobial Activity

Class Drugs MOA G+ Stph G- Pse An My Act Noc AM

Beta-lactams
Penicillins
Natural Penicillin Cell wall 3+ 2+ 1 N 3-4+ 0 Y
Semisynthetic Dicloxacillin Cell wall 4+ 4+ N N 0

Ampicllin Cell wall 3+ 2-3+ 2-3+ N 3-4+ 0 Y Y
Amoxicillin Cell wall 3+ 2-3+ 3+ N 3-4+ 0 Y Y
Amoxicillin–

clavulanate
Cell wall 3+ 3-4+ 3+ N 3-4+ 0 Y Y

Ticarcillin Cell wall 3-4+ 4+ 3-4+ Y 3-4+ 0 Y Y
Ticarcillin– 

clavulanate
Cell wall 3-4+ 4+ 4+ Y 3-4+ 0 Y Y

Carbapenem Meropenem Cell wall 4+ 4+ 4+ Y 3-4+ 0 Y Y
Monobactam Aztreonam Cell wall N N 4+ Y N 0
Cephalosporins‡

First generation Cephalexin Cell wall 3+ 3-4+ 1-2+ N 1-2+ 0 0
Cefazolin Cell wall 3+ 2-3+ 2-3+ N 1-2+ 0 0

Second  
generation

Cefoxitin Cell wall 2-3+ 3-4+ 3-4+ N 4+ 0 0

Third generation Cefotaxime Cell wall 3+ 1-4+ 1-4+ Y 3-4+ 0
Ceftiofur Cell wall 3+ 2+ 2-3+ N 2+ 0
Cefpodoxime Cell wall 3+ 3-4+ 3+ N 2-3+ 0
Cefovecin Cell wall 3+ 3-4+ 3+ N 2-3+ 0

Aminoglycosides Gentamicin Ribosomes 30&50 1+ 4+§ 4+ 3-4+ 0 Y N/Y* Y Y
Amikacin Ribosomes 30 

& 50
1+ 3-4+§ 4+ 4+ 0 Y Y

Fluorinated Enrofloxacin† Topoisomerases 1-2+ 3-4+ 3-4+ Y(C&S) 1+ Y 0 0 Y
quinolones Pradofloxacin Topoisomerases 3-4+ 3-4+ 3-4+ Y 3+ Y 0 0 Y

Sulfonamides Sulfadiazine Folic Acid 
 synthetase

2-3+ 2-3+ 2+ N 2-3+ N Y Y 0

Pyramethamine Trimethoprim Folic acid 
 reductase

N

Tetracyclines Doxycycline Ribosomes 30s 2-3+ 2-3+ 2-3+ N 2-3+ Y C&S Y
Phenicols Chorampheni-

col‡
Ribosomes 50s 2-3+ 2-3+ 2-3+ N 2-3+ Y

Macrolides Erythromycin Ribosomes 50s 3+ 3-4+ 1-2+ N 2-3+ Y Y Y
Azithromycin Ribosomes 50s 3+ 2-4+ 2+ N 2-3+ Y Y Y

Lincosamides Clindamycin Ribosomes 50s 4+ 3-4+ 1+ N 3-4+ Y Y
Nitroimidazoles* Metronidazole DNA-RNA N N N N 4+ C&S Y
Oxazolidinones Linezolid Ribosomes 50s-70s 4+ 4+ N N 3+ Y Y Y Y
Rifamycin§ Rifampin RNA 3+ 3+ N N Y Y N Y
Glycopeptide Vancomycin Cell wall 4+ 4+ N N Y N N

MOA, mechanism of action; G+, gram-positive; G-, gram-negative; Stph, Staphylococcus; Pse, Pseudomonas; An, Anaerobes, My, Mycoplasma, Act, Actinomyces, Noc Nocadia; AM, 
atypical mycobacterium; Y, yes; N, no; C&S, culture and susceptibility testing. 0, No efficacy; 1, poor; 2, fair; 3, good; 4, excellent.
*Spectrum reflects inherent susceptibility and does not include acquired resistance.
†See text for specific differences, but in general enrofloxacin represents marbofloxacin, orbifloxacin, and difloxacin.
‡Generally ineffective toward enterococci.
§Generally not as sole therapy.
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Table 7-3  Susceptibility Data for Feline and Canine Escherichia coli Pathogens (n = 595)
Drug ResistantBP Mode MIC50 MIC90 Range

Amoxi-clavulanate ≥32/16 4 4 32 0.5-2048
Ampicillin ≥32 2 4 512 0.25-512
Ticarcillin-clavulanate ≥128 2 2 64 2-2058
Meropenem ≥16 0.25 0.25 0.5 0.25
Cefotaxime ≥64 1 1 16 1-2048
Cefoxitin ≥32 4 4 32 0.5-2048
Cefpodoxime ≥8 0.5 0.5 256 0.12-512
Ceftazidime ≥32 0.5 0.5 16 0.25-512
Cephalothin ≥32 8 16 2048 1-2048
Gentamicin ≥16 1 1 8 1
Enrofloxacin ≥4 0.06 0.06 32 0.03-512
Ciprofloaxcin (≥4) 0.03 0.03 32 0.3-128
TMPS ≥4/c 0.06 0.06 2 0.06
Azithromycin ≥8 8 8 64 1-512
CHPC ≥32 8 8 32 2-2048
Doxycycline ≥16 1 2 32 0.25-1024

BP, Breakpoint; MIC, minimum inhibitory concentration;CHPC: chloramphenicol; TMPS, trimethoprim-sulfonamide combination. All MIC are in µg/mL. Data is likely to include isolates 
from dogs or cats exposed to antimicrobials
*475 isolates are from the urinary tract. Data was generated by the author and includes isolates from animals exposed to antimicrobials.

Table 7-4  Susceptibility Data for Selected Drugs and Selected Human Pathogens Associated with 
Skin and Soft Tissue Infections106

Enterobacter spp. E. coli K. pneumoniae P. aeruginosa S. aureus

Drug Resistant 
MICBP

MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

Ciprofloxacin ≥4 ≤0.25 0.5 ≤0.25 >2 ≤0.25 2 ≤0.25 >2 ≤0.25 >2
Levofloxacin ≥8 ≤0.03 0.5 ≤0.03 4 0.06 2 0.5 >4 0.25 >4
Doxycycline*/

Tetracycline
≥16 ≤4 >8 ≤4 >8 ≤0.5 1

Amikacin ≥64 <1 2 2 4 1 2 2 4
Gentamicin ≥16 ≤1 ≤1 ≤1 2 ≤1 4 2 >8 ≤1 ≤1
TMPS ≥4/76 ≤0.5 1 0.05 1 ≤0.5 ≤0.5
Nitrofurantoin ≥128 ≤32 64 ≤32 ≤32 ≤32 64
Clindamycin ≥16 >16 >16 0.12 >8
Erythromycin ≥16 0.5 >8
Linzeolid ≥8* ≤2 16 2 2
Rifampin ≥4 ≤0.25 ≤0.25
Vancomycin ≥32 1 1

MIC, Minimum inhibitory concentration; BP, breakpoint, TMPS, trimethoprime-sulfonamide. All MIC are in µg/mL. Data is likely to include isolates from dogs or cats exposed to anti-
microbials.
*When testing Enterococcus spp.

efficacy (i.e., bactericidal versus bacteriostatic) and mecha-
nisms of resistance4; influences time- versus concentration-
dependence and duration of postantibioitic effect; and, for 
some drugs, affects safety. Mechanisms of action also influ-
ence the selection of combination antimicrobial therapy. For 
drugs that are approved for use in humans but not animals 
and for which information regarding use in dogs and cats is 
not available, PK information in humans will be summarized.

DRUGS THAT TARGET THE CELL WALL

Beta-Lactam Antimicrobials
The broad spectrum, low toxicity, and reasonable cost of 
beta-lactam antibiotics contribute to their frequent use for 
treatment of infections. In addition, their effects on cell wall 
synthesis result in their frequent selection for combination 
antimicrobial therapy. The beta-lactam antibiotics include the 
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Table 7-5  Serum Concentration of Drugs Achieved in (Human) Tissues*292

ICF Joint Fluid Ascites Pleural Fluid
Bronchial 
Secretions

Sinus 
Secretions

Middle 
Ear CSF

Aqueous 
Humor

PMN or 
AM

Aminoglycosides Amikacin 17 111 (4-7) 58 (5) 40, 21 (7.5) 21 35 0.5-4.5
Gentamicin 31 80 90 (0.5) 57 <8 2.5 22.5 21-73

Penicillins Amoxicillin 40,76 83 4-23 24-50 10
Ampicillin 13 62 100 5 3 6-50 3.4 6
Penicillin 17 93 39 67-88 35 8 2.5 37
Ticarcillin 23,40,88 14 1
Piperacillin 35 55 4 29 4.5 <10
Carbenicillin 22 1

Carbapenems Imipenem 85 20 8.5 8.5 33
Meropenem 87 (4-12) 20-47 21 29

Monobactam Aztreonam 90 43 79 21 6.7 2.5
First-generation  cephalosporins Cephalexin 66 30 10 2.5 55

Cefodroxyl 70 98 114 42.5
Cefazolin 11 32 (0.5) 30 2 0 <2 <10

Cephamycins Cefoxitin 45 117 31 11-16 52 7.5
Oxyimino-cephalosporins Ceftazidime 13,35 45 21 11 23.5 4.5-12.5

Cefotaxime 13,35 116 120 (6) 24 2 123 18-51 2.5 56
Cefpodoxime 67 (6)

Fluoroquinolones Ciprofloxacin 80 26-126 26-89 25(1), 
18-146 (8)

8.5-17.5 600-700

Levofloxacin 188 1850
Ofloxacin 49 69 (24), 93 (8) 60 42-72 14 815

Macrolides Erythromycin base 46 (4-6) 1700-
4600

Erythromycin 6 25
Azithromycin 130 1692 9.3 900-

70,000
Lincosamides Clindamycin 9 44 (1-5) 92 1200
Tetracyclines Doxycycline 47 36 17 57 42 14-22 10.5-13.5

Tetracycline 30 79-100 9.5-11.5 74
Sulfonamides Sulfadiazine 50 20 57

Sulfamethoxazole 37 27 40
Trimethoprim 55 133 119 44-600

Rifampin 20 (6-9) 23 (4) 40 4 70-800

Fosfomycin 53 22 25.5

Vancomycin 81 52 41-111 0 10.5 122

Linezolid 87 414
Metronidazole 70 43 38.5 85-103
Chloramphenicol 964
Blisters, disks, threads

ICF, Intracellular fluid; CSF, cerebrospinal fluid; PMN, polymorphic neutrophils. With noted exceptions (difference cited in parentheses), timing 1 to 2 hours. All concentrations are in µg/mL. 
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Table 7-6  Selected Chemical Characteristics of Antimicrobial Drugs
Drug MW Acid/Base pKa Predicted PC*

Amikacin 585 Base 8.1 0.0006
Amoxicillin 365 Acid 2.8, 7.2 0.0026
Clavulanate Acid 0.069
Ampicilllin 349 Acid 2.7, 7.3 7.58
Azithromycin 749 Base 8.74 1071
Cefaclor 385 Acid
Cefadroxil 381 Acid
Cefazolin 454 Acid 0.81
Cefpodoxime 557 Acid 1.12
Cefotaxime 455 Acid 3.35
Cefovecin Acid
Cefoxitin 427 Acid 2.2 1.65
Ceftiofur 523 Acid
Cephalexin 347 Acid 5.3, 7.3
Cephapirin Acid 2.15, 5.44
Ciprofloxacin 331 Amphoteric 6.1, 8.6 0.27
Clindamycin 425 Base 7.7 57
Doxycycline 462 Amphoteric 3.4, 7.7, 9.7 0.91
Enrofloxacin 360 Amphoteric 6.0, 8.8 3.54 (actual)
Erythromycin 733 Base 8.8 234
Gentamicin 470 Base 8.2 0.02
Imipenem 317 Acid 3.2, 9.9 0.64
Kanamycin 484 7.2
Levofloxacin 361 0.95
Linezolid 337
Marbofloxacin 362 Amphoteric 6.2, 8.6 0.08
Meropenem 383 0.83
Metronidazole 171 0.69
Orbifloxacin Amphoteric
Penicillin 334 Acid 2.7 60
Piperacillin 517 4.67
Rifampin 822 Zwitterion 1.7, 7.9 229
Sulfadiazine 250 Acid 6.4 1.54
Sulfadimethoxine 310 6.2
Tetracycline 444 8.3, 10.2 0.40
Ticarcillin 384 9.7
Trimethoprim 290 Base 7.6 18
Tylosin 916 7.1
Vancomycin 1449 Amphoteric 7.8, 8.9 (Basic) 13

2.2, 9.6, 10.4, 12 (acid)

MW, Molecular weight; pKa, dissociation constant PC, octanyl–water partition coefficient. Note that the PC is dependent on ambient pH.

cephalosporins, penicillins (including combination penicillin/
beta–lactamase inhibitors), carbepenems, and monobactams 
(see Table 7-1).

Structure–Activity Relationship
Beta-lactam antibiotics contain a four-member beta-lactam 
ring as the active site. A second member ring establishes 
the drug as either a cephalosporin—one carbon larger—or 

a penicillin (Figure 7-2).5-9 Chemically, the beta-lactams are 
classified as weak acids (see Table 7-6). They include natural, 
and semisynthetic drugs (see Table 7-2). Penicillin is a natural 
drug derived from the molds of the genus Penicillium. Peni-
cillin serves as a base for the semisynthetic aminopenicillins 
(ampicillin, amoxicillin), the extended-spectrum penicillins 
(carbenicillin, ticarcillin, piperacillin), the carpabenems (imi-
penem, meropenem), and the monobactams (aztreonam). 
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Table 7-7  Dosing Regimens of Selected Antimicrobials*

Drug Dose Route of Administration Frequency (hr)
Amikacin 15-22 mg/kg IM, IV, SC 24 (consider monitoring)
Amoxicillin 20-30 mg/kg IM, IV, PO, SC 6-12
Amoxicillin–clavulanic acid 10-30 mg/kg PO 6-12

62.5 mg/cat PO 6-12
Ampicillin 20-60 mg/kg PO 6-8

10-50 mg/kg IV 6-8
Ampicillin sulbactam 10-50 mg/kg IM, IV 6-8
Ampicillin trihydrate 10-50 mg/kg IM, SC 6-8
Amprolium 100 mg/dog PO (on food or in water) 24 × 7-10 days
Azrithromycin 5-10 mg/kg (D) PO 12-24

5-15 mg/kg (C) PO 12-48
15 mg/kg loading dose PO

Aztreonam 12-25 mg/kg IM, IV 8-12
Baquiloprim-sulphadimethoxine or 

sulphadimidine
30 mg/kg PO 24 × 2 days then q 48 × 

10-21 days
Carbenicillin 15-110 mg/kg IM, IV, SC 6-8
Carbenicillin indanyl sodium 10-55 mg/kg PO 8
Cefaclor 4-20 mg/kg PO (in a fasted animal) 8
Cefadroxil 20-35 mg/kg PO 8-12
Cefamandole 6-40 mg/kg IM, IV 6-8
Cefazolin sodium 10-25 mg/kg IM, IV, SC 4-8

10-22 mg/kg IV 1-2 times during surgery
Cefepime 50 mg/kg IM, IV 8
Cefixime hydrochloride 5-12.5 mg/kg PO 12-24
Cefmetazole sodium 20 mg/kg IV 6-12
Cefoperazone sodium 22 mg/kg IV, IM 6-12
Cefotaxime sodium 20-80 mg/kg (D) IM, IV, SC 4-12
Cefotetan disodium 30 mg/kg IV, SC 8
Cefovecin 8 mg/kg SC 2-14 days based on  

organism MIC
Cefoxitin sodium 15-30 mg/kg (D) IM, IV, SC 6-8

6-40 mg/kg (D) IM, IV 6-8
Cefpodoxime proxetil 5-10 mg/kg PO 12-24
Ceftazidime 15-30 mg/kg IM, IV, SC 6-12
Ceftiofur 2.2-4.4 mg/kg SC 12-24
Ceftizoxime 25-50 mg/kg IM, IV 8-12
Ceftriaxone 15-50 mg/kg IM, IV 12

25 mg/kg IM, IV 1-2 times during surgery
Cefuroxime axetil or sodium 10-30 mg/kg IV, PO (with food) 8-12
Cephalexin 20-60 mg/kg PO 6-12
Cephaloridine 10 mg/kg IM, SC 8-12
Cephalothin 10-44 mg/kg IM, IV, SC 4-8
Cephamandole 6-40 mg/kg IM, IV 6-8
Cephapirin 10-30 mg/kg IM, IV, SC 4-8
Cephradine 10-40 mg/kg IM, IV, PO 6-8
Chloramphenicol palmitate 25-50 mg/kg (D) PO 8

50 mg/cat PO 12
Chloramphenicol sodium succinate 25-50 mg/kg (D) IV, SC, IM 6-8

50 mg/cat IV, SC, IM 12
Chlortetracycline 25 mg/kg PO 6-8
Ciprofloxacin 10-50 mg/kg (D) PO 12-24

5-20 mg/kg (D,C) IV 12-24
Continued
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Clarithromycin 2.5-10 mg/kg (D) PO 12-24
62.5 mg/cat PO 12 with clofazimine
7.5 mg/kg (C) PO 12 with metronidazole and 

amoxicillin
5-10 mg/kg PO 12 with rifampin and enro-

floxacin
Clindamycin 5-20 PO 12-24

25-50 PO 24 (for toxoplasmosis)
Clofazimine 4-8 PO 24
Cloxacillin 20-40 mg/kg IM, IV, PO 4-8
Dapson 1.1 PO 8-12
Dicloxacillin 30-50 mg/kg PO 6-8
Difloxacin 5-10 mg/kg PO 24
Dihydrostreptomycin 20-30 mg/kg IM, SC 24
Doxycyline 5-10 mg/kg IV, PO 12-24
Enrofloxacin 5-20 mg/kg (D) IM, IV, PO, SC 12-24

5 mg/kg (C) IM, IV, PO, SC 24
Erythromycin 10-22 mg/kg (D), maximum 

of 40 mg/kg
PO 8-12

10-22 mg/kg (C) IV, PO 8
3-5 mg/kg (C) IM 8

Ethambutol 15-25 mg/kg PO 24-72
Fosfomycin 40-80 mg/kg PO 12
Florfenicol 100-200 mg IM, PO, SC 8 (D), 12 (C)

25-50 mg/kg PO, SC 8
20 mg/kg (D) IM, PO 6
22 mg/kg (C) IM, PO 12

Gentamicin 6-8 mg/kg IV, IM, SC 24
4-8 mg/kg (D), apply light 

coating
Topical 24

Hetacillin 20-44 mg/kg PO on an empty stomach 8-12
Imipenem–cilastin 5-10 mg/kg IM (using IM preparation), 

IV (slow), SC
6-8

Isoniazid 10 mg/kg (D) PO 24
Kanamycin 10-20 mg/kg IM, IV, SC 24
Levofloxacin (Obtain MIC first)10 mg/kg IV, PO 24
Lincomycin 22-33 mg/kg IM, IV, PO 12-24
Linezolid 10-20 mg/kg IV, PO 12-24
Marbofloxacin 2.5-5.5 mg/kg PO 24
Meropenem 12-40 mg/kg IV, SC 8
Methanamine mandelate 16.5 mg/kg (D only?) PO 24 (safety not established in 

cats)
Methicillin 20 mg/kg IM, IV 6
Minocycline 12.5- 25 mg/kg (D) PO 12

5-12.5 mg/kg (D) IV 12
Neomycin 7-10.5 mg/kg IM, IV, SC 24, highly nephrotoxic

10-20 mg/kg (dilute in water) Per rectum 6
10-20 mg/kg PO 12

Novobiocin 10 mg/kg PO 8
Ofloxacin 20mg/kg PO 24
Orbifloxacin 2.5-7.5 mg/kg PO 24
Oxacillin 22-40 mg/kg IM, IV, PO 6-8

Table 7-7  Dosing Regimens of Selected Antimicrobials*—cont’d

Drug Dose Route of Administration Frequency (hr)
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Oxytetracycline 55-82.5 mg/kg PO 8
7-12 mg/kg IM, IV 12

Penicillin G, benzathine 50,000/kg IM 2 days
Penicillin G, phenoxymethyl   

potassium
20-30 mg/kg PO 6-8

Penicillin G, procaine 20,000-100,000 U/kg IM, SC 12-24
Penicillin V potassium 10 mg/kg PO 8
Piperacillin sodium 25-50 mg/kg IM, IV 8-12
Piperacillin–tazobactam 3400-4500 g (D) IV 6-8
Rifampin (in combination) 10-20 mg/kg PO 8-12 (D), 24 (C), com-

bined with a second 
 antimicrobial?

Roxithromycin 15 mg/kg PO 24
Spectinomycin 5-12 mg/kg IM 12
Spiramycin 12.5-23.4 mg/kg PO 24 × 5-10 days
Streptomycin 20-40 mg/kg IM 24
Sulfadiazine Initial dose: 220 mg/kg PO Once as loading dose 

(nocardiosis)
Followed by: 50-110 mg/kg PO 12 (nocardiosis)
Loading: 50-100 mg/kg PO Once as loading dose (toxo-

plasmosis)
Maintenance 7.5-25 mg/kg PO 12 (toxoplasmosis)
50 mg/kg IV, PO 12

Sulfadiazine/trimethoprim 30 mg/kg (C) PO,SC 12
30 mg/kg (D) IV, PO, SC 8-12

Sulfadimethoxine 25-100 mg/kg IM, IV, PO 12-24
Loading dose: 55 mg/kg PO Once as loading dose

Sulfadimethoxine/ormetoprim 27 mg/kg (D) PO 24 × 14 days
Loading dose: 55 mg/kg (D) PO Once as loading dose
Followed by: 27.5 mg/kg 

(D)
PO 24 for a maximum of 21 

days
Sulfaguanidine 100-200 mg/kg PO 8 × 5 days
Sulfamethazine/sulfamerazine Loading dose: 100 mg/kg PO Once as loading dose

Followed by: 50 mg/kg PO 12
Sulfamethoxazole Loading dose: 100 mg/kg PO Once as loading dose

Followed by: 50 mg/kg PO 12
Sulfamethoxazole/trimethoprim 15 mg/kg PO 12
Sulfasalazine 10-50 mg/kg (D), maximim 

of 3 g
PO 8-12, taper by 50% when 

response occurs
10 mg/kg (D) PO 8 until remission then taper 

to lowest effective dose
250 mg (C) PO 8 × 3 treatments then q24hr
10-20 mg/kg (C) PO 8-12 for 10 days then 24 hr

Sulfisoxazole 50 mg/kg PO 8
Teicoplanin 3-12 mg/kg (D) IM, IV 24
Tetracycline hydrochloride 10-33 mg/kg PO 8-12

7 mg/kg IM, IV 8-12
10-22 mg/kg (D) PO 8-12

Ticarcillin or ticarcillin–clavulanic acid 40-110 mg/kg IM, IV 4-8
Initial dose: 15-25 mg/kg IV (over 15 min) Once
Followed by: 7.5-15 mg/kg IV CRI —

Vancomycin 10-20 mg/kg (D) PO 6 (For GI infections only)
15 mg/kg IV (over 30 min) 6

IM, Intramuscular; IV, intravenous; SC, subcutaneous; D, dog; C, cat.; PO, by mouth; CRI, constant-rate infusion. 
*Dosing regimens ideally are based on the minimum inhibitory concentration of the infecting microbe and the appropriate PDI (e.g., Cmax: MIC>10 for concentration-dependent drugs 
and T >MIC of 25 to 100% depending on the drug 

Table 7-7  Dosing Regimens of Selected Antimicrobials*—cont’d

Drug Dose Route of Administration Frequency (hr)
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Penicillin G is the basis for the definition of the international 
unit (IU) of penicillin, which is equivalent to 0.6 mg of the 
international pure crystalline sodium penicillin (1.6 IU/mg).  
The conversion of USP units varies with the salt, with  
1 mg of penicillin G equivelant to the following units: sodium 
(1500-1750); potassium (1440-1680), and procaine (900-
1050).As a group the natural penicillins are unstable and sub-
ject to hydrolysis at the beta-lactam ring. Degradation can 
occur when combined with other solutions. Degradation also 
occurs for most penicillins exposed to gastric acidity, preclud-
ing oral absorption.9

The cephalosporins are derived from a chemical produced 
by the fungus Cephalosporium acremonium. The six-member 
ring of the cephalosporins renders them more stable; this 
increased stability also causes them to be less susceptible to 
resistance. More than 22 cephalosporins are approved for use 
in the United States, including the cephamycins (e.g., cefoxitin, 
cefotetan) and oxyimino-cephalosporins (e.g., ceftazidime, 
cefotoxime, ceftiofur, cefpodoxime, cefovecin) (see Figure 
7-2). The cephalosporins have been variably categorized, with 
the original “generation” designation being the most widely 
accepted (Table 7-8).8,10,11 The designations began as an indi-
cator of chronologic approval but have evolved such that each 
indicates relative resistance to beta-lactamase destruction; the 
first generation is most and the later generations least sus-
ceptible to destruction.10 The advent of extended-spectrum 
beta-lactamases renders the classification less clear in that 

these beta-lactams specifically target later-generation drugs. 
Spectrum and pharmacologic properties of drugs within the 
generations vary, particularly in the third or later generations. 
Reclassifying the cephalosporins into groups according to the 
route of administration, and spectrum has been proposed (see 
Table 7-8).

Mechanism of Action
The mechanism of action of beta-lactams reflects interference 
with bacterial cell wall synthesis (Figure 7-3). The bacterial 
cell wall comprises several layers of a peptidoglycan matrix. 
The peptidoglycan strands are composed of five repeating 
disaccharide units of N-acetylglucosamine and N-acetylmu-
ramate; these units are formed by the bacteria in stages. A 
pentapeptide, which ends with a D-Ala-D-Ala terminus, is 
attached to each of the repeating units of these disaccharides. 
The units are joined to form a chain or peptidoglycan strand. 
The resulting chains are then cross-linked to provide cell wall 
rigidity. Cross-linking between the D-Ala-D-Ala terminals is 
catalyzed by transpeptidase enzymes, one of several types of 
proteins that bind penicillin (referred to as penicillin-binding 
proteins [PBPs]) located in the cell wall (see Figure 7-3).12 The 
bacterial substrate for the transpeptidase enzyme is the pen-
tapeptide of the peptidoglycan and, specifically, the terminal 
amino acids D-Ala-D-Ala. The beta-lactam ring is the func-
tional (active) group of all drugs in this class. It is structur-
ally similar to the D-Ala-D-Ala terminus of the pentapeptide, 

Nucleic acids
  DNA replication
    Fluoroquinolones
  DNA-dependent RNA
  polymerase
    Rifamycins (Rifampin)
  Nitrofurantoins
  Metronidzole

Cell membrane
  Polymixin
  Bacitracin
  Colistin

Cell wall synthesis
  Beta-lactams
    Pencilillins
      Carbapenems
      Monobactams
    Cephalosporins
  Glycopeptides
      Vancomycin
  Teicoplanin
  Fosfomycin

Protein synthesis

30s
Tetracycline

50s
Phenicols (chlor/flor)

Clindamycin
Macrolides

Folic acid metabolism
  Diaminopyrmidines
  (e.g., trimetroprim)
  Sulfonamides

50s 50s 50s

30s
30s 30s

Both (70s)
Aminoglycosides

Oxazolindenones

Figure 7-1 Drug mechanisms of action determine drug efficacy, bactericidal or bacteriostatic effects, mechanisms of bacterial 
resistance, and appropriateness of combination therapy. Occasionally, the mechanism of drug action predicts the mechanism 
of host toxicity.
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Figure 7-2 Beta-lactam antibiotics include the penicillins and cephalosporins. The four membered beta-lactam ring of each 
drug mimics the substrate of the transpeptidase enzyme (a penicillin-binding protein), and specifically the terminal portion 
of p-D-Ala-Asp-D-Ala (boxed inset). This ring structure also is the target of beta-lactamase enzyme destruction. Penicillins 
have an adjacent five-member ring, cephalosporins a seven-member ring. The addition of larger structures to the basic ring 
structure may help reduce emerging resistance by beta-lactamase rings but will not avoid methicillin resistance.

acting as a substrate and subsequently inhibiting the D-D 
transpeptidase enzyme (see Figure 7-3). In an actively growing 
cell, as peptidoglycan precursors increase in response to inhi-
bition of synthesis, autolysins, particularly in gram- positive 
organisms, contribute to cell wall degradation. Degradation 
coupled with impaired cell wall synthesis causes the bacte-
rial cell wall to lose rigidity. The cell becomes permeable to 
the surrounding environment, which, although isotonic to 
the host, is hypotonic to the organism. Influx of surrounding 
fluid into the hypertonic bacterial cell results in cytolysis, or 

osmotic lysis, particularly in gram-negative organisms. Cell 
wall instability induces the secretion of autolysins, particularly 
in gram- positive organisms. Because organisms continually 
break down and rebuild cell walls, the efficacy of the beta-
lactam antibiotic ideally is constantly present and, as such, 
this class of drugs is considered time-dependent (see Chapter 
6). However, the duration that the plasma drug concentration 
(PDC) should be above the MIC varies with the drug, with the 
desired duration being 50% to 75% of the dosing interval for 
most drugs. However, T > MIC may be as little as 25% to 50% 
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Table 7-8  Cephalosporin Grouping Based on Generation, Route, and Spectrum

Group Drug Generation Route
Resistance to  
Beta-Lactamases

Potency 
(Dose) Spectrum

1 Cefazolin
Cephalothin

First Parenteral Staphylococcal, not 
enterobacterial

Moderate High activity against gram +

2 Cefadroxil
Cephalexin
Cephradine

First Oral Staphylococcal, some 
enterobacterial

Moderate High activity against gram +
Some gram –

3 Cefoxitin
Cefotetan
Cefuroxime
Cefamandole

Second Parenteral Many Moderate High activity against gram– and 
anaerobes

4 Ceftiofur, 
 Cefotaxime

Ceftriaxone

Third Parenteral Many High Gram –, Some gram +

5 Cefpodoxime
Cefixime

Third Oral Many High High activity against gram –, some 
gram +

6 Ceftazidime
Cefoperazone

Third Parenteral Many High High activity against  
gram–including Pseudomonas 
gram+

7 Cefepime 
 Cefpirome

Fourth Parenteral Many High High activity against gram–

+, Positive; –, negative.

Site of
cross-linkage
and    -lactam
action

Acetyl-muramic
acid

N-acetyl
glucosamine

L-ala
D-glu
L-lys
D-ala
D-ala

P
en

ta
pe

pt
id

e

Penicillin-binding proteins

Transpeptidase

Beta-lactamase

Cell wall

Cell membrane

Gram-positive organism

Figure 7-3 The antibacterial mechanism of action of the beta-lactams. The pentapeptide containing the D-Ala-D-Ala terminus 
(the structure mimicked and thus inhibited by beta-lactam antibiotics) provides the cross-linking of the strands of the cell wall, 
which are critical to rigidity. Two types of penicillin-binding proteins (PB) are located in the cell wall of bacteria. Transpeptidase 
enzymes are responsible for catalyzing the cross-bridging between the pentapeptides thus providing rigidity; changes in the 
structure of these proteins confers resistance to methicillin (PB-2) or other drugs. Beta-lactamase penicillin-binding proteins 
destroy susceptible beta-lactam antibiotics.
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for carbapenems because they are characterized by more rapid 
bacterial killing.13 A longer T > MIC is indicated to decrease 
the risk of resistance.

Although all PBPs are able to covalently bind beta- lactam 
antibiotics, the numbers bound and subsequent activity vary 
among organisms. Up to nine PBPs are encoded by the 
genome of Escherichia coli; each PBP generally has subgroups. 
The diversity of PBPs is responsible, in part, for differences in 
the spectrum of activity of the beta-lactams. High-molecular-
weight PBPs (1, 2, and 3) are essential for microbial growth 
and survival in Staphylocccocus spp., whereas only PBPs 1 and 
2 are critical for Streptococcus spp.; as such, these PBPs are the 
critical targets of antimicrobial therapy in these organisms.14 
In E. coli PBP-2 is essential for cell elongation and PBP-3 for 
cell division. Because PB-3 appears to complex with PBP-1, -4, 
and -7 as well as with other proteins,12 effective antimicrobial 
binding to PBP-3 might have a greater impact than binding 
to other PBPs in E. coli. The PBP targeted is known for some 
drugs (e.g, cefpodoxime targets PBP-1a and 1b and PBP-3 (see 
package insert).

Although beta-lactams are very effective antimicrobi-
als, their unique mechanism of action increases the risk 
of therapeutic failure in certain conditions, independent 
of bacterial resistance. Efficacy, particularly toward gram-
negatives, is reduced in a hypertonic environment (e.g., the 
renal intersitium of the normally functioning kidney, an 
abcess) because osmotic lysis may not occur. Slow growth 
impairs autolysin activity, which may result in the loss of 
the bactericidal effect of the beta-lactam antibiotic. Exam-
ples might include the combined use of a beta-lactam with 
a drug that slows growth of the organisms (i.e., a ribosomal 
inhibitor [see Figure 7-1]), or in a hypoxic environment 
(e.g., abscess).

Spectrum of Activity
The spectrum of activity of beta-lactam antibiotics varies (see 
Table 7-2). PD data are available for both the dog and cat for 
limited drugs (Table 7-9), with selected information provided 
on human pathogens associated with skin or soft tissue infec-
tions (Table 7-10). Penicillin G, a natural antibiotic, is effective 
against selected gram-positive cocci and both gram-negative 
and gram-positive anaerobes, but it is beta-lactamase sensi-
tive.5 Selected enterococci are not susceptible to penicillin, 
and most staphylococci produce beta-lactamases. The gram-
negative spectrum of penicillin G is limited but includes 
Pasteurella multocida. Penicillin V is an orally bioavailable 
natural penicillin, but its antimicrobial efficacy is reduced.9 
Beta-lactamase–resistant isoxazolyl-derivative penicillins 
include dicloxacillin, cloxacillin, methicillin, and oxacillin. 
These drugs are effective against gram-positive organisms, 
including Staphylococcus spp., and gram-negative and anaero-
bic organisms.

The spectrum of the beta-lactams was expanded with the 
production of the semisynthetic aminopenicillins. Amoxicil-
lin and ampicillin (aminopenicillins) are considered broad-
spectrum drugs; however, this classification has largely been 
muted by acquired resistance unless combined with clavu-
lanic acid or sulbactam. They target PBP-1a. The anaerobic 
and gram-positive spectrum of penicillin G is maintained 
(although the aminopenicillins are slightly less efficacious 
against anaerobes). The aminopenicillins are generally effec-
tive against enterococci, although Enterococcus faecium often 
expresses resistance. In addition, many gram-negative organ-
isms are added to the spectrum, including E. coli, Pasteurella, 
some Proteus species, Klebsiella, and selected others (e.g., Sal-
monella, Shigella). Serratia, Enterobacter, and Pseudomonas 
are not, however, included in the spectrum of the aminopeni-
cillins. The spectrum of ampicillin is generally similar to that 
of amoxicillin, and it serves as the model drug for amoxicillin 
on culture and susceptibility (C&S) testing whereas amoxicil-
lin–clavulanic acid indicates data for ampicillin–sulbactam. 
However, the potency of ampicillin generally is less than that 
of amoxicillin against enterococci and Salmonella but greater 
against Shigella and Enterobacter. The aminopenicillins are 
less effective compared with the penicillins against Bacteroi-
des fragilis, although efficacy remains good to excellent.9 Like 
penicillin, the aminopenicillins are beta-lactamase sensitive. 
Combination with a beta-lactamase protector (e.g., clavulanic 
acid or sulbactam) improves efficacy and thus broadens the 
spectrum against susceptible organisms that have acquired 
resistance through beta-lactamase production. This includes 
Staphylococcus, E. coli, Klebsiella spp., and some Proteus spp.15 
Pseudomonas spp. and other gram-negative organisms remain 
resistant.7,9 Further modifications led to the extended-spec-
trum penicillins characterized by a markedly enhanced spec-
trum, particularly against gram-negative organisms, including 
Pseudomonas aeruginosa, Serratia, Proteus spp., some Klebsi-
ella spp. Shigella spp., and Enterobacter spp. Examples include 
the carboxypenicillins carbenicillin and ticarcillin, with ticar-
cillin having two to four times higher activity toward Pseu-
domonas spp. than carbenicillin, and the ampicillin-derived 
ureidopenicillin piperacillin, which has the highest antipseu-
domonal activity.5,7,16,17 The extended-spectrum penicillins 
are effective against anaerobic organisms, although they may 
be less effective than the natural penicillins. They maintain, 
however, good to excellent activity against B. fragilis.9 The 
extended-spectrum penicillins are beta-lactamase sensitive; 
however, a ticarcillin/clavulanic acid combination product is 
available.

The carbapenems (imipenem and meropenem) and mono-
bactams (aztreonam) represent the most recent members of 
the beta-lactam penicillins.18 Imipenem targets PBP-1a, -1b, 
and -2, with its efficacy based on binding to PBP-2 and -1b. 
It is prepared in combination with cilastatin, which inhibits 
renal tubular degradation (metabolism by dehydropeptidase-1) 
of imipenem. As a result, drug half-life may be prolonged 
(although the clinical relevance of this effect in animals is ques-
tionable), and the formation of potentially nephrotoxic metabo-
lites is reduced. Imipenem and meropenem have the broadest 

KEY POINT 7-1 The mechanism of action of the beta-lactams 
necessitates the presence of the drug throughout most of 
the dosing interval.



206 Drugs Targeting Infections or Infestations SECTION 2

Table 7-9  Susceptibility Data for Selected Beta-Lactams and Selected Feline and Canine Pathogens
Amoxi-Clav Cefadroxyl Cefovecin Cefpodoxime Cephalexin

Acinetobacter Mode >32 16 >64
MIC50 16/8 >32 16 >64
MIC90 32/16 >32 32 >64
Range 2/1-64/32 16->32 8-32 32->64
n 16 16 16 16
Species D, C D, C D, C D, C
Source 1 1 1 1
CLSI Y Y Y Y

Bacteroides spp. Mode ≤0.5/0.25 0.5 0.25 ≤0.5
MIC50 ≤0.5/0.25 0.5 0.25 1
MIC90 ≤0.5/0.25 16 2 16
Range ≤0.5/0.25-8/4 ≤0.25->32 ≤0.06-8 ≤0.5-64
n 32 32 32 32
Species D, C D, C D,C D, C
CLSI Y Y Y Y

Bordetella 
bronchiseptica

Mode
MIC50 2
MIC90 4

Clostridum spp. Mode ≤0.5/0.25 2 0.25 ≤0.5
MIC50 ≤0.5/0.25 2 0.5 2
MIC90 ≤0.5/0.25 16 16 16
Range ≤0.5/0.25-1/0.5 ≤0.25->32 ≤0.06->32 ≤0.5->64
n 15 15 15 15
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Coagulase-
negative 
Staphylococcus 
spp.

Mode ≤0.5/0.25 1 0.12 1
MIC50 ≤0.5/0.25 1 0.12 1
MIC90 ≤0.5/0.25 4 2 4
Range ≤0.5/0.25-1/0.5 ≤0.25-8 ≤0.06-8 ≤0.5-16
n 89 89 89 89
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Coagulase-
positive 
Staphylococcus 
spp.

Mode ≤0.5/0.25 1 0.25 1
MIC50 ≤0.5/0.25 1 0.25 1
MIC90 ≤0.5/0.25 2 0.5 2
Range ≤0.5/0.25-16/8 0.5->32 0.12->32 ≤0.5->64
n 24 24 24 24
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Corynebacterium 
spp.

Mode ≤0.5/0.25 1 ≤0.5
MIC50 ≤0.5/0.25 2 1 2
MIC90 2/1 32 4 64
Range ≤0.5/0.25-4/2 ≤0.25->32 0.25->32 ≤0.5->64
n 11 11 11 11
Species D, C D, C D, C D, C
CLSI Y Y Y Y
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Table 7-9  Susceptibility Data for Selected Beta-Lactams and Selected Feline and Canine 
Pathogens—cont’d

Amoxi-Clav Cefadroxyl Cefovecin Cefpodoxime Cephalexin
Enterobacter spp. Mode 4/2 8 1 8

MIC50 4/2 16 1 8
MIC90 64/32 >32 32 >64
Range 1/0.5->64/32 8->32 0.12->32 4->64
n 39 39 39 39
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Enterobacter 
cloacae

Mode 64/32 >32 2 >64
MIC50 64/32 >32 1 >64
MIC90 64/32 >32 2 >64
Range 2/1->64/32 8->32 0.5-8 4->64
n 20 20 20 20
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Enterococcus spp. Mode 1/0.5 >32 >32 >64
MIC50 1/0.5 >32 >32 >64
MIC90 1/0.5 >32 >32 >64
Range ≤0.5/0.25-32/16 ≤0.25->32 ≤0.06->32 ≤0.5->64
n 45 45 45 45
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Enterococcus 
faecium

Mode
MIC50 0.5
MIC90 1
CLSI

Escherichia coli Mode 4/2 8 0.5 8
MIC50 4/2 8 0.5 0.25 8
MIC90 8/4 16 1 0.5 16
Range 1/0.5-64/32 4->32 0.12->32 0.12->32 2->64
n 223 223 223 41 223
Species D, C D, C D, C D D, C
CLSI Y Y Y Y Y

Fusobacterium 
spp.

Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 0.5 ≤0.06 ≤0.5
Range ≤0.5/0.25-2/1 ≤0.25-8 ≤0.06-1 ≤0.5-4
n 66 66 66 66
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Klebsiella 
pneumoniae

Mode 2/1 8 0.5 4
MIC50 2/1 8 0.5 4
MIC90 16/8 16 1 4
Range 2/1-64/32 8->32 0.25-2 4-64
n 16 16 16 16
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Continued
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Amoxi-Clav Cefadroxyl Cefovecin Cefpodoxime Cephalexin
Klebsiella spp. Mode 2/1 8 0.5 4

MIC50 2/1 8 0.5 4
MIC90 2/1 8 1 4
Range 1/0.5-4/2 8-16 0.25-1 2-4
n 11 11 11 11
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Pasteurella 
multocida

Mode ≤0.5/0.25 4 ≤0.06 2
MIC50 ≤0.5/0.25 4 ≤0.06 ≤0.03 2
MIC90 ≤0.5/0.25 4 ≤0.06 ≤0.03 2
Range ≤0.5/0.25-2/1 1-16 ≤0.06-0.12 ≤0.03-0.12 ≤0.5-8
n 188 188 188 32 188
Species D, C D, C D, C D D, C
CLSI Y Y Y Y Y

Peptostreptococcus 
spp. 

Mode ≤0.5/0.25 16 0.5 16
MIC50 ≤0.5/0.25 8 0.5 8
MIC90 ≤0.5/0.25 32 1 16
Range ≤0.5/0.25-2/1 ≤0.25->32 0.12-2 ≤0.5->64
n 21 21 21 21
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Porphyromonas 
spp.

Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 1 ≤0.06 ≤0.5
Range ≤0.5/0.25 ≤0.25-1 ≤0.06 ≤0.5-2
n 29 29 29 29
Species D,C D,C D,C D, C
CLSI Y Y Y Y

Prevotella spp. Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 4 0.25 ≤0.5
MIC90 ≤0.5/0.25 32 4 64
Range ≤0.5/0.25-1/0.5 ≤0.25-32 ≤0.06-8 ≤0.5->64
n 11 11 11 11
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Proteus mirabilis Mode 1/0.5 16 0.25 8
MIC50 1/0.5 16 0.25 ≤0.03 8
MIC90 1/0.5 16 0.5 0.06 16
Range ≤0.5/0.25-8/4 8->32 0.12-0.5 ≤0.03-0.06 8-32
n 110 110 110 14 110
Species D, C D, C D, C D D, C
CLSI Y Y Y Y Y

Proteus spp. Mode 1/0.5 16 0.25 16
MIC50 1/0.5 16 0.25 16
MIC90 2/1 16 0.25 16
Range ≤0.5/0.25-8/4 2->32 0.12-8 4/64
n 71 71 71 71
Species D, C D, C D, C D, C
Source 1 1 1 1
CLSI Y Y Y Y

Table 7-9  Susceptibility Data for Selected Beta-Lactams and Selected Feline and Canine 
Pathogens—cont’d
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Amoxi-Clav Cefadroxyl Cefovecin Cefpodoxime Cephalexin
Staphylocccocus 

aureus
Mode ≤0.5/0.25 2 1 2
MIC50 1/0.5 2 1 2 2
MIC90 4/2 8 2 2 8
Range ≤0.5/0.25-16/8 1->32 0.5->32 0.12-2 1->64
n 36 36 36 19 36
Species D, C D, C D, C D D, C
Source 1 1 1 P 1
CLSI Y Y Y Y Y

Staphylocccous 
intermedius

Mode ≤0.5/0.25 1 0.12 1
MIC50 ≤0.5/0.25 1 0.12 0.12 1
MIC90 ≤0.5/0.25 2 0.25 0.5 2
Range ≤0.5/0.25-16/8 0.5->32 ≤0.06->32 0.12->32 ≤0.5-64
n 231 231 231 118 231
Species D, C D, C D, C D D, C
Source 1 1 1 P 1
CLSI Y Y Y Y Y

Streptococcus spp. Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 2 0.5 4
Range ≤0.5/0.25-1/0.5 ≤0.25-8 ≤0.06-0.5 ≤0.5-16
n 27 27 27 27
Species D, C D, C D, C D, C
Source 1 1 1 1
CLSI Y Y Y Y

Streptococcus, 
beta-hemolytic

Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
Range ≤0.5/0.25 ≤0.25-1 ≤0.06-8 ≤0.5-2
n 22 22 22 22
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Streptococcus 
canis

Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
Range ≤0.5/0.25 ≤0.25-8 ≤0.06-≤0.06 ≤0.5-8
n 66 66 66 66
Species D, C D, C D, C D, C
CLSI Y Y Y Y

Amoxi-Clav, Amoxicillin–clavulanic acid; MIC, minimum inhibitory concentration; CLSI, Clinical and Laboratory Standards Institute; D, dog; C, cat; y, yes. All data (except cefpodoxime) 
is from Stegamenn et al 20; data for cepfodoxime is from the package insert. All MIC are in µg/mL. Data is from dogs and cats considered to be antimicrobial free20.

Table 7-9  Susceptibility Data for Selected Beta-Lactams and Selected Feline and Canine 
Pathogens—cont’d

antimicrobial spectrums available against bacterial organisms 
with cell walls, including Pseudomonas spp. Imipenem and 
meropenem are relatively resistant to beta-lactamase destruc-
tion. However, an extended beta-lactamase enzyme has recently 
been reported, particularly in Klebsiella pneumoniae,emerging 
as a nosocomial pathogen.19 An advantage of the carbopen-
ems has been their very low MICs (0.05 to 2 μg/mL) for most 

susceptible organisms. Meropenem is generally similar to imi-
penem for empirical treatment of serious infections.

Aztreonam is a monobactam (see Figure 7-2), with a high 
affinity for PBP-3 and lesser affinity for PBP-1a. It is par-
ticularly effective against gram-negative aerobes, including 
Pseudomonas spp. but is ineffective against gram-positive 
organisms and anaerobes.
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Table 7-10  Susceptibility Data for Selected Human Pathogens Associated with Skin and Soft 
Tissue Infections160

Organism Drug Penicillin Ampicillin Imipenem Meropenem Piperacillin Cefazolin Cefoxitin Ceftazidime
Enterobacter spp. MIC50 >16 0.25 ≤0.06 4(4) >32 0.25

MIC90 >16 0.5 0.12 128(64) >32 >16
Escherichia coli MIC50 4 0.12 ≤0.06 2(1) ≤2 4 ≤0.12

MIC90 >16 0.25 ≤0.06 >128(4) 16 16 0.5
Klebsiella 

 pneuomoniae
MIC50 >16 0.12 ≤0.06 8(2) ≤2 2 ≤0.12

MIC90 >16 0.25 ≤0.06 >128(16) ≥16 16 2
Proteus MIC50 2

MIC90 16
MIC50 1 1 8 (8)

Pseudomonas 
 aeruginosa

MIC90 8 8 128 (>64)

MIC50 8 16 ≤0.06 ≤2 8
Staphylococcus 

aureus
MIC90 >32 >16 4 >16 >16

MIC, Minimum inhibitory concentration.
Parantheses refer to the combination of piperacillin with tazobactam.

The spectrum of the cephalosporins is more diverse 
than that of the penicillins and is not as easily categorized. 
Although generalizations regarding the spectrum of activity 
of each successive generation might be made, variability in 
efficacy among the drugs within and certainly among genera-
tions may result in therapeutic failure if attention is not paid 
to differences.9 Thus either the package insert or C&S data 
should be consulted before selecting a cephalosporin, par-
ticularly beyond the first generation. In general, cephalospo-
rins are ineffective against enterococci. With each successive 
generation, the cephalosporins become increasingly more 
resistant to beta-lactamase destruction, and all generations 
are generally more resistant as a class than are the penicillins. 
As such, they are often chosen as empirical first-choice treat-
ment of Staphylococcus spp. Cephalothin (no longer commer-
cially available) has been the drug designated by the Clinical 
Laboratory Standards Institute (CLSI; previously National 
Committee for Clinical Laboratory Standards [NCCLS]) as 
the model indicator for susceptibility for the first-generation 
cephalosporins. However, it does not represent the class 
equally. The aerobic spectrum of the first-generation cepha-
losporins is similar to that of the aminopenicillins,9 although 
efficacy is more similar to amoxicillin–clavulanic acid com-
binations. First-generation cephalosporins such as cefazolin, 
cephalothin, and cephalexin are active (although not equally 
so) against gram-positive and gram-negative organisms such 
as E. coli, K. pneumoniae, and Proteus mirabilis. Among the 
first-generation drugs, cefazolin has better efficacy than 
cephalexin against gram-negative organisms (e.g., E. coli) but 
poorer efficacy against Staphylococcus spp.5,9 Efficacy of ceph-
alexin against E. coli is fair to poor. The anaerobic spectrum 
of the first-generation cephalosporins is fair but less than that 
of the aminopenicillins.

The second-generation cephalosporins, cefamandole, 
cefaclor, cefoxitin, and others, are characterized by enhanced 
activity toward Enterobacter spp., some Proteus spp., E. coli, 
and Klebsiella spp.5 Cefoxitin has an excellent anaerobic spec-
trum, particularly against Bacteroides spp.,5,8 although it is 
less effective than first-generation drugs against gram-positive 
organisms. Third- (cefotaxime, ceftazidime, cefpodoxime, 
cefoperazone, cefovecin, and the oxa-beta lactam moxalac-
tam) and fourth-generation (cefepime; not approved in the 
United States) cephalosporins are generally reserved for seri-
ous gram-positive or gram-negative infections (e.g., P. aerugi-
nosa, Enterobacter spp., and Serratia spp.). However, although 
the efficacy of most of the second-plus generation cephalospo-
rins against E. coli tends to be good to excellent, efficacy against 
P. aeruginosa9 is variable, and cross-efficacy among members 
of these generations to any organism should not be assumed. 
For example, cefoperazone and ceftazidime are among the 
most effective drugs against P. aeruginosa, although efficacy 
is less than that of the newer extended-spectrum penicillins. 
Cefpodoxime and cefovecin are generally effective against E. 
coli but not effective against Pseudomonas spp. Selected third-
generation cephalosporins (e.g., cefotaxime) are effective 
against anaerobic organisms, whereas others (e.g., ceftazidime, 
ceftriaxone, and cefpodoxime) are not. Ceftiofur is a third-
generation cephalosporin approved for use for canine uri-
nary tract infections. The antimicrobial spectrum of ceftiofur 
includes gram-positive (Streptococcus spp. and Corynebacte-
rium spp.), gram-negative (Pasteurella, E. coli, and Salmonella 
spp. but not Pseudomonas spp.), and anaerobic organisms. 
Ceftiofur is effective against many staphylococcal organisms; 
however, selection against Staphylococcus spp. should be based 
on C&S data.9 The first-generation drug cefazolin has been 
inappropriatly promoted as a generic version of ceftiofur.19a 
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The spectrum of the third-generation drugs cefpodoxime and 
cefovecin (the former approved in dogs and cats, the latter 
approved in dogs but used in cats) includes Staphylococcus spp.; 
cefovecin is also approved for use in the treatment of Strepto-
coccus spp. Both drugs are effective against a variety of gram-
negative organisms, including E. coli and Klebsiella, but are 
not generally effective toward Pseudomonas spp. Stegemann20 
has provided PD statistics for a large number of organisms 
for cefovecin, as well as selected other beta-lactams, some of 
which are provided in Table 7-9.

Resistance
Bacteria develop resistance to beta-lactams through four 
major mechanisms: altered or different PBPs such that anti-
biotic binding does not occur (e.g., staphylococcal organisms 
and penicillins; enterococcal organisms and cephalosporins); 
efflux through specific pumps; loss of or changes in porins 
(especially P. aeruginosa); and inactivation by beta-lactamases. 
Inactivation by beta-lactamases is most common. Staphylococ-
cus resistance to penicillin appeared as early as 1942; by the 
late 1960s, more than 80% of medically relevant isolates were 
resistant to penicillin as a result of beta-lactamase production. 
Today more than 90% of isolates (human) produce penicil-
linase.21 The approval of “protected” drugs (i.e., improved the 
efficacy of selected penicillins), but along with the cephalsopo-
rins, is likely to have contributed to the emergence of altered 
PBP. This most notorious mechanism of resistance has yielded 
methicillin-resistant Staphylococcus aureus (MRSA) and van-
comycin-resistant enterococci (VRE).

Beta-lactamases. Beta-lactamases are structurally and 
mechanistically similar to PBPs; indeed, certain PBPs are 
capable of beta-lactamase activity. Destruction of the beta-
lactam (amide) ring reflects its hydrolysis (see Figure 7-2).22 
Currently, more than 400 distinct beta-lactamase enzymes 
are produced by gram-negative, gram-positive, and anaerobic 
organisms.23,24 Selected examples are listed in Table 7-11. Altl-
hough clearly a major mechanism of resistance in gram-pos-
itive organisms, beta-lactamase production is also the major 
mechanism by which gram-negative organisms develop resis-
tance.22 Beta-lactamase production occurs as a result of either 
chromosomal mutations, particularly in gram-positive organ-
isms, or plasmid-mediated resistance in both gram- positive 
and gram-negative organisms. Beta-lactamases are either 
constitutive, already present in the cell wall (particularly in 
gram-negative organisms), or induced by the presence of the 
antimicrobial drug (in both gram-negative and gram-positive 
organisms).25 Gram-negative bacteria have the added advan-
tage of secreting beta-lactamases into the periplasmic space 
such that they are strategically placed before the antibiotic can 
penetrate the cell wall.9 The beta-lactams are variably suscepti-
ble to destruction by beta–lactamases; microbes vary in which 
enzyme they produce and whether the enzyme is constitutive 
or inducible (see Table 7-11).

Two major types of beta-lactamases exist: serine-based 
enzymes and the metallo-beta lactamases. The latter contain a 
zinc atom that activates water as the destructive site (see Table 
7-11).22 Several schemes have been proposed to classify beta-
lactamases.The most common scheme is based on the molec-
ular structure (Amber Classification); however, classification 
according to the target substrate (Bush–Jacoby Classification) 
may be easier to follow (see Table 7-11). According to the 
Amber system, Class B enzymes contain the metallo-beta lac-
tamases, but the other three classes are serine-based enzymes. 
These include classes A (TEM, SHV), C (ampC, targeting 
cephamycins [cefotetan, cefoxitin]), and D (OXA; target-
ing protected drugs, such as dicloxacillin, but also protectors 
such as clavulanic acid). The most prevalent beta-lactamases 
are class A penicillinases and cephalosporinases, including 
clinically relevant TEM-1 and 2 or SHV-1 enzymes found in 
E. coli and K. pneumoniae, and PC-1 enzymes produced by 
S. aureus.22

TEM-1 and SHV-1 confer high-level resistance to peni-
cillins and first generation cephalosporines but generally 
do not target the extended-spectrum (selected second- and 
third- or fourth-generation) cephalosporins or carbapen-
ems. As such, the cephalosporins (cephalosporin C) are gen-
erally less impacted by beta-lactamases, particularly those 
produced by Staphylococcus species.10 However, only a few 
cephalosporins are stable against anaerobic beta-lactamases. 
Selected semi-synthetic beta-lactams also are less impacted 
by beta- lactamases, including most third-generation cepha-
losporins and imipenem. The semisynthetic dicloxacillin 
(and oxacillin) is beta-lactamase resistant, with the excep-
tion of class D (group 2d). The combination of beta-lactam 
antibiotics with drugs that inhibit beta-lactamase activity 
(e.g., clavulanic acid, sulbactam, and tazobactam) increases 
the potency of the beta-lactam antibiotic, (but not the spec-
trum) toward susceptible organisms (see Tables 7-2, 7-9 
and 7-10). Clavulanic acid irreversibly binds to some but 
not all beta-lactamases (see Table 7-11).26 Combinations of 
beta-lactams with beta- lactamase inhibitors are particularly 
useful against mixed infections and have shown efficacy 
against selected multiresistant pathogens such as Acineto-
bacter spp. Aztreonam is generally resistant to beta-lac-
tamase destruction but is susceptible to extended-spectrum  
beta-lactamases (ESBLs). The presence and diversity of beta-
lactamases in canine and feline staphylococcal organisms has 
been described. As in other species, production is encoded by 
the blaZ gene, with all four classes of enzymes (A to D) repre-
sented genes for classes A, C, and D being plasmid mediated 
and class B chromosomally mediated.27

Microbes have adapted to each pharmaceutical manipula-
tion intended to combat emergent resistance resulting from 
beta-lactamase destruction. Third-generation cephalosporins 
such as cefotaxime and ceftazidime initially were considered 

KEY POINT 7-2 The spectrum of the penicillins becomes 
broader as the class “extends,” whereas the spectrum of the 
later-generation cephalosporins varies with the drug.

KEY POINT 7-3 Microbes have been able to adapt to each 
pharmaceutical manipulation intended to decrease beta-
lactamase activity.
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Table 7-11  Classification of Beta-Lactamases, the Enzymes, and Drugs Targeted5,37

Group Type Subgroup Class* Enzyme Type CA Example Enzymes
Producing 
Organism Target Drugs

1 Ser C Cephalosporinases R AmpC 1-6 6-8 > 1,5
CMY-2

2 Ser A,D TEM, SHV
a A Penicillinases
b A Penicillinases TEM-1 1, 2 1

SHV-1 2, 1 1
PC-1 7

Cephalosporinases
be A Extended cephalosporinases TEM, SHV variants 2, 5

SHV variants
br A Inhibitor resistant R TEM, SHV variants 1,2,3, others 5
c A Carbenicillinase PSE, CARB 4, vibrio 1 (carbenicillin)
d D Oxacillinase R ARI (OXA) 2,4, 10 4,5

Carbapenemases
e A Cephalosporinase Sus CTX-M 1, others

PER
f A Carbapenemases NCA 2, others 1,2,3,6

IMI
KPC
GES
SME

3 Met 
(ZN)

B Metalloenzymes R IMP 4, 5, 8, 9 1, 3, 5, 8

VIM
SIM
GIM

4 Ser NA Penicillinase R

Keys Example producers Target drugs Example drug

1 E. coli 1 Penicillins (e.g., Amp, Amox, Pip)
2 Klebsiella 2 Oxyimino monobactams Aztreonam
3 Proteus 3 Carbapenems
4 Pseudomonas 4 Oxazolylpenicillins Oxacillin
5 Enterobacter Cloxacillin
6 Serratia Dicloxacillin
7 Staphylococcus 5 Inhibitors Clavulanic acid
8 Bacillus Sulbactam
9 Bacteroides Tazobactam

10 Acinetobacter 6 First-generation cephalosporins
7 Oxyimino-cephalosporins (1) Ceftrixozime

Cefotaxime
Ceftriaxone
Ceftazidime
Cefpodoxime
Cefovecin

8 Cephamycins (7alphamethoxy) Cefoxitin
Cefotetan

*Amber Classification System. See text for abbreviations for enzyme types.
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indestructible by beta-lactamases.25 However, high-level use 
has been accompanied by induction and selection for ESBLs 
in multiple-resistant coliforms,28 particularly in those organ-
isms that produce TEM and SHV enzymes. The genes encod-
ing ESBLs are carried by large plasmids and are able to confer 
information between bacterial species and strains. The ESBLs 
are most commonly found in Klebsiella spp. (incidence in 
North America, 4.4%), E. coli (3.3% to 4.7%), or P. mirabilis 
(3.1-9.5%), but they also have been detected in other mem-
bers of the family Enterobacteriaceae and in P. aeruginosa iso-
lates.29-32 The resistant gene codes for mutations in one or more 
amino acid (serine) substitutions in class A enzymes (TEM 
or SHV). The resultant change in configuration allows the 
enzyme to gain access to the drug despite the large oxyimino 
side chain of these newer-generation drugs.24 Drugs amenable 
to destruction by ESBL include third-generation cefotaxime, 
ceftazidime and ceftriaxone, cefpodoxime, and (presum-
ably) cefovecin.22,33 Selected fourth-generation drugs are also 
susceptible, including cefepime (no longer marketed in the 
United States).28 Cephamycins (e.g., second-generation ceph-
alosporins cefoxitin, cefotetan) do not appear to be destroyed 
(although they are destroyed by ampC). Monobactams (i.e., 
aztreonam) are destroyed. Carbapenems are generally not 
destroyed by ESBL, nor are beta-lactamase protectors such as 
clavulanic acid. The use of beta-lactamase protectors appears 
to reduce the clinical emergence of ESBLs and may reduce the 
emergence of other resistant pathogens such as Clostridium 
difficile and vancomycin-resistant enterococci.34 However, the 
effect (e.g., of the beta-lactamase in the presence of ESBLs) is 
not always predictable. Decreasesd cephalosporin usage also 
reduces the advent of ESBLs.

Resistance to ESBLs often is incorporated in plasmids 
simultaneously conferring resistance to aminoglycosides and 
sulfonamides.22 Further, ESBL resistance may be associated 
with non–plasmid-mediated resistance mechanisms such as 
occurs for quinolones.22 An “inoculum effect” of ESBLs has 
been described for some drugs and may explain discrepan-
cies among studies: the MIC of the organisms toward cepha-
losporins increases with a larger (107) compared with smaller 
(105) inoculum. Because susceptibility may depend on the size 
of the inoculum at the site of infection,22 ESBLs may not be 
detected on routine C&S testing.31 Lack of detection of ESBLs 
may also reflect different levels of activity against the different 
cephalosporins.

Detection of ESBLs has been based on double disk diffu-
sion techniques. The susceptible cephalosporin (e.g., cefpo-
doxime, ceftazidime) is incubated with the isolate as the sole 
drug and in the presence of a beta-lactamase inhibitor; a sub-
stantial reduction in the MIC (e.g., fourfold to eightfold) with 
the combination drugs compared with the cephalosporin by 
itself indicates an ESBL.35,36 Not all clinical microbiology labo-
ratories have incorporated tests for ESBLs in routine testing 
procedures.22 The presence of an ESBL should be suspected 
with organisms resistant to or with high MIC to cefotaxime 
but susceptible to beta-lactam/beta-lactamase combinations.22 
The detection of an isolate with ESBL in a patient with a seri-
ous gram-negative bacillary infection should lead to the use of 

a carbapenem. However, a novel carbapenemase also has been 
described following isolation in Serratia spp., K. pneumoniae 
and Enterobacter cloacae.19,22,37 Alternatively, combination of 
the cephalosporin with clavulanic acid should be considered.

Altered pencillin-binding proteins. The advent of MRSA and 
multidrug-resistant Enterococcus spp. also has been associated 
with cephalosporins although it is likely that beta-lactamase 
inhibitors contributed to its emergence.25 The approval of the 
cephalosporins in the 1980s was followed by the first MRSA 
epidemics in the mid-1980s in the United Kingdom; the use 
of second- and third-generation cephalosporins also was 
associated with an outbreak of MRSA in Japan.25 In humans, 
mortality associated with S. aureus bacteremia is 20% to 40%; 
MRSA has become a leading cause of nosocomial infections 
in human medicine. The term MRSA was coined in the early 
1960s, when these penicillinase-resistant drugs were relatively 
new, and refers to resistance expressed in vitro to methicillin.21 
Although this discussion will focus on MRSA, increasingly, 
methicillin resistance is being recognized in other species and 
much of this information is relevant to all methicillin resis-
tant staphylococci (MRS). Over the 30 to 40 years since MRSA 
was identified, MRSA infections have led to increased mor-
tality and morbidity. The sequelae of MRSA are worse than 
those associated with beta-lactamase resistance because no 
alternative therapy remains that is predictably effective.21 In 
contrast to resistance resulting from penicillinase production 
which is generally considered low level, infection with MRSA 
is considered high-level resistance. Further, MRSA isolates are 
essentially multidrug resistant, that is, expressing resistance to 
classes other than beta-lactams.

MRSA and methicillin-resistant Staphylococcus pseudinter-
medius (MRSIG)38 are indicated by the presence of the mecA 
gene. This gene encodes a mutation in penicillin-binding pro-
tein 2a, thus reducing its affinity for the beta-lactam ring, ren-
dering the organism resistant to all beta-lactams. The mecA 
gene is carried on the staphylococcal chromosomal cassette 
(SCC); currently five SCCmec have been described.39 Protec-
tors such as clavulanic acid are also unable to bind and thus are 
ineffective.21 Detection of MRSA or MRSIG (or methicillin-
resistance in other staphylococci [MRS]) on C&S testing gen-
erally is based on resistance to oxacillin, which is more stable 
than methicillin in disks used for testing. However, variabil-
ity in testing methods can profoundly alter results; therefore, 
cefoxitin might be a more appropriate indicator of multidrug 
resistance in these organisms.40 Alternative procedures such 
as polymerase chain reaction or latex agglutination have been 
used to detect the gene responsible for the formation of penicil-
lin-binding protein 2a (mecA) of MRSA, and other techniques 
such as pulsed-field gel electrophoresis or multilocus sequence 
typing identify the specific strain of MRSA (e.g., USA100 or 
USA300). It is likely that this area of diagnostics will be refined 
in the next decade and will be applied to other MRS.

KEY POINT 7-4 Extended-spectrum beta-lactamases target 
later-generation cephalosporins but may be missed with 
susceptibility testing unless special tests are performed.
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Antimicrobials are associated with induction, selection, 
and propagation of MRSA. The wide use of cephalospo-
rins, in particular, may have contributed significantly to the 
advent of MRSA. MRSA in human patients has evolved from 
a hospital-acquired (HA-MRSA; nosocomial) infection (usu-
ally USA100) that occurs most commonly in patients whose 
immune systems are compromised by a community-acquired 
infection (CA-MRSA), in which otherwise healthy persons 
are infected, usually in the skin or soft tissue. Crowded con-
ditions, shared items, and poor hygiene increase the risk of 
CA-MRSA. It is CA-MRSA strain USA300 that appears to 
be most commonly associated with increased colonization in 
dogs and cats. In contrast, it is HA-MRSA (USA-100) that 
is most commonly associated with infections in dogs and 
cats.40a According to the Center for Disease Control, the inci-
dence of MRSA doubled in human medicine between 1999 
and 2006. The impact of MRSA (or other MRS) in veteri-
nary medicine is increasingly problematic, not only because 
of its impact on the patient but also because of public health 
considerations. The mec gene has been detected in MRSA 
organisms infecting dogs,40–42 and MRSA has been associ-
ated with infection in dogs.43 However, MRSA also has been 
found in up to 4% of healthy dogs, with identification com-
plicated by the need for multiple sampling sites (nasal and 
rectal or perineal). Risk factors for the presence of MRSA in 
pets or working dogs (e.g., detection and aid dogs) include 
contact with human hospitals (particularly if patients fed the 
dogs treats or were licked by the dogs) and children.42 Infec-
tions have been isolated to family members and pets in the 
same household, but this is likely to reflect original trans-
mission from humans to the pet.40–42,44 It is likely that colo-
nization is transient in animals. However, healthy pets have 
been demonstrated to be potential reservoirs for transmis-
sion of MRSA to healthy handlers and a potential health risk 
to immunocompromised patients (humans and presumably 
other animals in the household). According to the Ameri-
can Veterinary Medical Association, colonization by MRSA 
is suggested to be an occupational risk for veterinarians, 
although the frequency of infection associated with MRSA in 
veterinarians compared with other health professionals has 
not been documented.

MRSIG45 has a prevalence of 0.58% to 2% in healthy dogs 
and up to 4% in healthy cats,42,46 with the mec gene present 
in each canine MRSIG isolate in one study.47 Human coloni-
zation with MRSIG is unusual.42 However, MRSIG has been 
reported as a cause of infection in human patients,42 and 
transmission from pets with pyoderma to humans has been 
confirmed.48,49 Although the true public health significance of 
MRSA and MRSIG (or other multidrug-resistant organisms) 
in pets is not clear, the fear of infection may be as important 
as true risk, necessitating proper hygiene and other proactive 
measures such that human or animal health (including unnec-
essary euthanasia) is not risked.

The American Veterinary Medical Association offers a 
website that includes a discussion of MRSA zoonoses, includ-
ing sources of guidelines that might decrease the risk pre-
sented to susceptible humans.49a Among the more important 
actions that can be taken is establishment of infection control 
policies and guidelines in each veterinary practice. In general, 
common sense approaches should prevail (e.g., minimizing 
intimate contact, maintaining good personal and environ-
mental hygiene practices; see the three D’s approach described 
in Chapter 6). This includes cleansing of hands of handlers 
and the paws (or body) of animals that might be exposed to 
MRSA, including those visiting human health care facilities. 
Immunocompromised patients are at most risk for MRSA 
infection acquired from an animal. In such cases the carrier 
or infected animal should be removed from the environment 
until successfully treated for MRSA. For dogs with skin infec-
tions, cultures are indicated to detect MRSA, particularly in 
animals for which infection does not resolve. Successful res-
olution of colonized or infected animals may require both 
topical (for skin infections) and systemic therapy. Evidence 
of successful treatment might be based on skin swabs of the 
ear, nose, and perianal region. Care must be taken to ensure 
that the laboratory providing culture procedures is well-versed 
in the diagnosis of MRSA, including speciation of coagulase-
positive organisms.

The multidrug resistance associated with MRSA is now 
evolving toward other (non–beta-lactam) antimicrobials. 
This reflects, in part, other resistance genes in the gene cas-
sette carrying the mec gene.42 Drugs that are affected include 
fluorinated quinolones and aminoglycosides. Although newer 
fluorinated quinolones (e.g., levfloxacin) appear to be more 
effective than older drugs in vitro, particularly to Staphylo-
coccus, whether this translates to better clinical efficacy is 
unclear.21 Glycopeptides such as vancomycin are the initial 
drugs used to treat MRSA in humans, although increasingly 
vancomycin-resistant Staphylococcus aureus (VRSA) infec-
tions have emerged. Linezolid and rifampin are alternative 
drug choices.

Multidrug resistant Enterococcus spp. also is an emerg-
ing issue; its emergence also appears to be correlated to use 
of cephalosporins. Enterococcus faecalis more so than Entero-
coccus faecalis is likely to develop resistance, and speciating 
Enterococcus spp. susceptibility testing might be prudent. 
Resistance reflects a change in penicillin-binding protein 
(PB-V), and the risk is increased when drugs effective against 
Enterococcus spp. are used.

Pharmacokinetics
The beta-lactams are weak acids, which favor oral absorption. 
Many of the beta-lactam antibiotics, however, are destroyed 
by the acidity of the gastrointestinal tract and thus cannot 

KEY POINT 7-5 Changes in the penicillin-binding protein 
(PBP2) by Staphylococcus spp. renders the microbe 
 resistant to all beta-lactams.

KEY POINT 7-6 Methicillin-resistant Staphylococcus aureus 
likely originated with a human, whereas Methicillin-resistant 
Staphylococcus pseudintermedius likely originated from a 
dog or cat.
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be given orally. Penicillin exceptions include penicillin V, 
dicloxacillin, the aminopenicillins (ampicillin and amoxicil-
lin, including combinations with clavulanic acid), and car-
benicillin (indanyl form only; effective concentrations can be 
achieved only in urine). Lack of stability also may affect the 
shelf-life of reconstituted products; expiration dates should be 
adhered to as indicated for the reconstituted product. Orally 
bioavailable cephalosporins include cephalexin, cefadroxil, 
and cefpodoxime (third or fourth generation). The oral bio-
availability of the cephalosporins also varies among drugs and 
species.5,9

Many beta-lactams are available as intravenous or paren-
teral preparations. Absorption from parenteral sites tends to 
be rapid and complete, with the exception of products that 
are specifically formulated to allow slow release (e.g., esteri-
fied penicillins). Although drug concentrations may persist 
in circulation longer than non–slow-release preparations (an 
appealing aspect for time-dependent antimicrobials), older 
dosing regimens were designed for efficacy against organisms 
considerably more susceptible to drugs at the time of approval 
compared with current microorganisms. Thus consideration 
should be taken to design the dose of these products to com-
pensate for any increase in MIC that may have emerged since 
the approval of the labeled dose. Selected beta-lactams are 
highly bound to plasma proteins. Although binding limits dis-
tribution into tissues, it also contributes to a long disappear-
ance half-life. Cefpodoxime and, to a greater degree, cefovecin 
are example of beta-lactams whose long half-life reflects slow 
release from intravascular protein.20

Distribution of beta-lactams is limited to extracellular 
fluid (volume of distribution [Vd or Vdss] of unbound drug 
generally ≤0.3 L/kg), but, barring a marked host inflamma-
tory response, adequate concentrations of unbound drug can 
usually be achieved in the interstitial fluid (the site of most 
infections) in many tissues (see Table 7-5).5,9 Penicillins and 
cephalosporins are thus widely distributed throughout most 
extracellular body fluids, including kidneys, lungs, joints, 
bone, soft tissues, and bile5,8,11 Interstitial fluid concentra-
tions in normal tissues generally can be predicted by, but are 
not necessarily equivalent to, the concentration of (unbound) 
drug in plasma. Comparisons of AUC frequently reveal inter-
stitial fluids to be 30% or less than that in plasma. Among the 
first-generation cephalosporins, cefodroxil appears to have 
the better tissue-to-PDC ratio in humans (see Table 7-5). Nei-
ther penicillins nor cephalosporins traverse sanctuaries well, 
including mammary, prostatic, or blood–brain barriers. Imi-
penem, but generally not antipseudomonal penicillins such as 
ticarcillin and piperacillin, can reach effective concentrations 
in the brain. However, first- and second-generation cephalo-
sporins should not be used for central nervous system (CNS) 
infections because many are destroyed by local enzymes or 
transported out of the CNS. Beta-lactams in general achieve 

25% or less in bronchial secretions compared with PDCs 
(see Table 7-5).50–52 Inflammation increases the penetration 
of many beta-lactams. For example, cefuroxime, cefotaxime, 
ceftriaxone, and ceftazidime can reach therapeutic concentra-
tions when the cerebral spinal fluid (CSF) is inflamed.9 Acute 
inflammation may also increase beta-lactam penetration of 
abscesses and pleural, peritoneal, and synovial fluids because 
of changes in vascular permeability. However, those drugs 
characterized by high binding to plasma protein will likewise 
be bound to inflammatory proteins. As response to therapy 
decreases, resolution of inflammation may decrease distribu-
tion. Further, if inflammation does not resolve but progresses, 
efficacy of beta-lactams is likely to decrease as a result of poor 
penetrabiltity of lipid tissue. The beta-lactams do not signifi-
cantly accumulate in phagocytic cells (see Table 7-5). Beta-
lactams are concentrated in the urine, enhancing efficacy for 
cystitis; the clinician must not assume that the high concentra-
tion will be achevied in other tissues that also are infected (e.g, 
nephritis or other urinary tract sites, and even high urinary 
concentrations may be ineffective in the presence of biofilm 
(see Chapter 8).

The small Vd that characterizes the unbound beta-lactams 
contributes to their relatively short half-lives, which often are 
less than 1 to 4 hours (see Table 7-1). Slow release of highly-
protein bound drugs will prolong presence in the plasma. 
Because beta-lactams in general do not exhibit a long postan-
tibiotic effect, dosing intervals for such drugs may be incon-
venient; for critical patients, administering the drug as a 
constant-rate infusion may be appropriate. The attributes of 
constant-rate infusion for critical human patients receiving 
beta-lactams with short half-lives are well recognized and have 
been demonstrated in animal models.3 The advantages may 
reflect better steady-state concentrations of drugs in peripheral 
tissues. Exceptions occur for selected drugs that have a longer 
half-life, drugs characterized by metabolism to active metabo-
lites, or slowly absorbed or released preparations. The former 
includes cefpodoxime (4- to 5-hour half-life and 80% to 90% 
protein bound) and cefovecin (approximate 4- to 5-day half-
life and 90% to 99% bound to serum proteins in dogs or cats). 
Penicillins designed for slow release include slow-release esters 
(e.g., procaine or benzathine penicillins) or highly protein-
bound drugs that may be slowly released from plasma to tissue  
(e.g., cefovecin). For the latter, generally either absorption or 
distribution, rather than elimination, half-life is prolonged, 
resulting in a “flip-flop” model (see Chapter 1). The beta-lactam 
antibiotics are eliminated, in general, by active tubular secre-
tion in the renal tubules. Clavulanic acid, which is a beta-lactam 
antibiotic, albeit with poor efficacy by itself, is excreted primar-
ily in the urine of dogs.53 With the exception of hetacillin (no 
longer available), hepatic metabolism does not play a role in the 
elimination of the penicillins. Some cephalosporins are elimi-
nated in the urine after deacetylation by the liver, often generate 
no active metabolites. Examples include cephalothin, cephapi-
rin, cefotaxime, and ceftiofur. Imipenem is degraded to inactive 
metabolites in the kidney. Reabsorption from the urine is facili-
tated by an acid urinary pH. Deacetylation of ceftiofur results 
in an active metabolite; dosing regimens and C&S testing are 

KEY POINT 7-7 As water-soluble drugs, all beta-lactams 
distribute to extracellular fluid, do not penetrate sanctuary 
tissues well, and are renally excreted.
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based on ceftiofur bioactivity.54 Ceftriaxone and cefoperazone 
are eliminated in the bile in humans and appear to be at least 
partially eliminated in the bile in dogs.9

Disposition of selected beta-lactam antibiotics
Penicillins. Preparations of penicillin G intended for intra-

muscular use (e.g., procaine and benzathine) may be prepared 
as esters, which hydrolyze at variable rates and thus prolong 
absorption. Procaine penicillin is absorbed for at least 24 
hours and benzathine penicillin for approximately 120 hours 
in some species.9

For the aminopenicillins the oral bioavailability of amoxi-
cillin is greater than that of ampicillin and, unlike ampicil-
lin, is not impaired by the presence of food.5 Clavulanic acid 
appears to be about 30% to 65% orally bioavailable.15,53,55 The 
absorption of both amoxicillin and clavulanic acid appears to 
occur through a saturable process. As with humans, a maxi-
mum rate may be reached in dogs at 10 mg/kg and 5 mg/kg, 
respectively. As the oral dose of amoxicillin reaches 25 mg/kg  
and clavulanic acid 6.25 mg/kg, amoxicillin may interfere 
with oral absorption of clavulanic acid. Thus ratios that 
favor clavulanic acid might be preferred to ensure sufficient 
absorption.26 Other disposition paramenters of the amino-
penicillins are summarized in Table 7-1. The disposition of 
amoxicillin is such that care should be taken to ensure that 
underdosing does not occur. This is likely to require admin-
istration beyond the label dose (12.5 mg/kg, alone or as 
clavulanic acid). For treatment of S. pseudintermedius, Stege-
mann20 has reported an MIC90 of <0.5 μg/mL for amoxicil-
lin–clavulanic acid (see Table 7-9). The MIC50 and MIC90 for 
amoxicillin–clavulanic acid and E. coli are 2 and 8 μg/mL, 
respectively. Integration of PK–PD for these organisms indi-
cates that an alternative drug to amoxicillin with or with-
out clavulanic acid might be considered; an exception might 
occur with UTI because higher drug concentrations will be 
achieved in the target tissue (urine). However, precaution is 
also suggested with this approach (see Chapter 8). Note that 
CLSI has recently re-set breakpoint MIC’s such that many 
isolates considered susceptible before this change will now 
be considered resistant.

Carbepenems. Both imipenem and meropenem have been 
studied in dogs.56,57 Imipenem is minimally protein bound 
in dogs.56 Peak concentrations (see Table 7-1) occur at 30 
minutes for intramuscular and 50 minutes for subcutaneous 
administration. Extrapolated PDCs after intravenous admin-
istration appear to approximate 40 mg/L. The volume of distri-
bution of 0.32 L/kg indicates distribution to extracellular fluid; 
clearance (CL) is 0.26 L/hr/kg. The elimination half-life varies 
almost twofold with the route (see Table 7-1). Bioavailability 
is high after intramuscular or subcutaneous administration.56 
In dogs given 5 mg/kg subcutaneously, targeting a 12-hour 
interval and a T ≥ MIC- (25%) (acceptable for carbapenems), 

the highest MIC that might be treated is 2 μg/mL. The dose 
should be increased (approximately 30%) to adjust for ≤70% 
drug movement from plasma into normal interstitial fluid, 
particularly if the drug is given subcutaneously.

Meropenem has been studied in dogs after single dose58 
and constant-rate infusion.57 As with imipenem, it is mini-
mally (12%) protein bound in dogs. Clearance is 5.6 to 6.5 
mL/min/kg. After a dose of 20 mg/kg, mean meropenem (μg/
mL) in interstitial fluid (using ultrafiltration techniques) was 
24 ± 8 μg/mL. After subcutaneous administration, Cmax (μg/
mL) in plasma and interstitial fluid, respectively, were 25 and 
11 (ratio = 0.44), and AUCs were 63 and 43 μg * hr/mL, (ratio 
0.68) respectively. The better ratio for AUC reflects a longer 
mean residence time in intracellular fluid (ICF) compared 
with plasma (2, 4, and 0.9 hours, respectively). Although inter-
stitial fluid concentrations correlated very well with PDC, the 
doses based on plasma Cmax values might be increased at least 
40% when basing dosing on PDC to compensate for differen-
tial distribution to extracellular sites of infection. The AUC 
in interstitial fluid after 20 mg/kg administered intravenously 
or subcutaneously was 73 μg * hr/mL, and 43 μg * hr/mL, 
respectively, indicating that intravenous administration 
might be preferred to subcutaneous administration from a 
cost standpoint. Note that the time to maximum concentra-
tion in interstitial fluid after subcutaneous administration 
was 3.7 hours (2 hours for intravenous administration), indi-
cating a potential delay in response in the acute situation.58 
Based on plasma Cmax after 20 mg/kg administered subcu-
taneously in dogs, a 12-hour dosing interval, and T > MIC 
of 25%, the highest MIC that might be treated is 4 μg/mL. 
If concentrations are used to design the dosing regimen, the 
highest MIC that could be treated would be 1 μg/mL. Anuric 
renal failure in humans prolongs the half-life of meropenem  
fourfold.59

First-generation cephalosporins. Papich et al. described 
the tissue distribution of cephalexin.59a The ratio of cephalexin 
Cmax or AUC in plasma versus interstitial fluid were approxi-
mately 50% and 57%, respectively. The eliminaton half-life of 
cephalexin appears to be somewhat route dependent, being 
almost twice as long as after oral administration (150 minutes) 
compared with intramuscular or intravenous administration 
(80 minutes; see Table 7-1). However, Papich et al. reported a 
much longer half-life of 4.7 + 1 hours in dogs after oral admin-
istration of 25 mg/kg.59a Plasma clearance is 2.5 mL/min/kg.60 
Bioavailability approximates 60% after either oral or intramus-
cular administration.60 Oral bioavailability in dogs is affected 
by the time of day of administration, with Cmax 22% lower 
in the evening; however, this is more than offset (as a time-
dependent drug) by a prolongation of half-life by 50%.61 The 
oral bioavailability of cephalexin also is affected by pretreat-
ment with metaclopramide, which increases Cmax and AUC, 
respectively, by 17% and 25%.61 Based on the original half-life 
reported for cephalexin, targeting T > MIC (50%), the maxi-
mum MIC that can be treated using an oral dose of 20 mg/
kg is 1 μg/mL. This is equivalent to the MIC50 but less than 
the MIC90 (2 μg/mL) reported for S. intermedius and cepha-
lexin in dogs.20 A dose of 40 mg/kg is needed for twice-daily 

KEY POINT 7-8 The low Cmax achieved for amoxicillin at 
the labeled dose coupled with its short half-life  markedly 
increase the likelihood of therapeutic failure even for 
“ susceptible” isolates.
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 dosing, or the interval should be reduced to every 8 hours. 
Doses would need to be further increased to compensate for 
differential distribution to tissues or other host or microbial 
factors. However, if the half-life of 5 hours is used, then twice-
daily dosing of cephalexin will result in drug concentration in 
both plasma and interstitial fluid above the MIC90 for S. inter-
medius20 for 12 hours or more.59a Note that the MIC50 and 
MIC90, respectively, for E. coli and cephalexin are 8 and 16,20 
indicating that this drug should not be used to treat infections 
associated with E. coli, including urinary tract infections.

Cephalothin (no longer available in the United States, 
although it remains the model drug for first-generation cepha-
losporins at the time of publication) has been studied in dogs 
after oral administration at 30 mg/kg. Food affects its absorp-
tion: Cmax of 45 μg/mL is reduced to 28 μg/mL with food at a 
Tmax of 1.7 and 2.8 hours, respectively. Elimination half-life is 
1.8 and 2.6 hours without and with food, respectively.62

Cefadroxil achieves a Cmax of 35 μg/mL at a Tmax of 20 min-
utes after an oral dose of 30 mg/kg. Food minimally affects 
rate or extent of absorption according to one study, but it does 
increase half-life from 1.7 to 4 hours.

Cefazolin has been studied in two separate groups of canine 
patients undergoing elective orthopedic procedures. In one 
study63 clinical canine patients (n = 15) undergoing total hip 
replacement were administered 22 mg/kg intravenously over  
2 minutes at the time of surgical positioning; animals were 
dosed 2 more times.64 The distribution of the central compart-
ment (Vc; before distribution) was 0.083 ± 0.008 L/kg. The dis-
tribution half-life approximated 5 minutes, and the elimination 
half-life approximated 45 minutes. Tissues from the coxofem-
oral joint capsule, acetabulum, and femoral cancellous bone 
were collected from each patient as the site was approached 
surgically; serum samples were collected at the same general 
time for each patient. Peak serum concentrations after the first 
dose were 178 ± μg/mL; tissue (homogenate) concentrations 
and mean time of collection were as follows: joint capsule,  
58 + 5.7 μg/mL at 20 min, acetabulum 157 + 23 at 52 minutes 
and bone cancellous 227 + 29 at 68 minutes. Peak serum con-
centrations approximated 178 μg/mL (before distribution) and 
119 μg/mL (after distribution). Based on simulations, ideal 
dosing was suggested to be either 22 mg/kg every 2 hours 
or 8 mg/kg every hour, to ensure drug concentrations  
remained above the MIC of Staphylococcus spp. (reported at 
2 μg/mL).

Second- and third-generation cephalosporins. Cefurox-
ime is a second-generation cephalosporin approved for use in 
humans. Oral administration is in the form of the axetil ester; 
as a prodrug, desterification occurs before oral absorption. 
It has been studied both orally and parenterally in Beagles 
(n=6) as part of a toxicity study.64a Intravenous doses up to 
500 mg/kg every 24 hours were well tolerated for 1 week. 
Jung65  compared cefuroxime in serum to that in cortical 
tissues in dogs. At approximately 1.25 hours, after 10 and 
20  mg/ kg administered intravenously, serum concentrations 
were 12.5 and 28.7 μg/mL, respectively. The elimination half-
life was 2.9 hours. Spurling66 reported limited PDCs after oral 
administration in Beagles. Concentrations (μg/mL) after oral 

administration of the axetil form at 100 or 400 mg/kg were 
approximately 28.7 ± 5, and 77 ± 17, respectively.66,67

After a dose of 50 mg/kg ceftriaxone (third generation) 
was given to apparently healthy dogs, clearance was 3.61 ± 
0.8 mL/kg/hr; Tmax occurred at 30 minutes compared with 90 
minutes after subcutaneous administration. Pain occurred at 
the injection site after both intramuscular and subcutaneous 
administration, whereas intravenous administration was not 
associated with any adversity.68

Based on studies in dogs after an intravenous dose of 
14 mg/kg, cefepime was distributed to a volume of 0.14 l/kg, 
suggesting that the drug might be protein bound. However, 
both the elimination half-life and MRT were short at 60 min-
utes. Clearance was 0.13 ± 0.04 l/kg/hr. The dose necessary to 
maintain the breakpoint MIC of 8 μg/mL for at least two-thirds 
of the dosing interval (above 2 μg/mL for the entire interval) 
(for humans) in dogs was recommended by the author to be  
40 mg/kg every 6 hours.28

Ceftazidime is a third-generation drug characterized by an 
elimination half-life of 0.8 hours in dogs. After subcutaneous 
injection, Tmax occurs at 1 hour after administration of 30 mg/
kg. When given an initial dose of 4.4 mg/kg followed by a con-
stant-rate infusion of 4.1 mg/kg/hr for 36 hours, Cmax at steady 
state is 22.2 μg/mL. Total body clearance is 0.19 L/kg/hr.69 
The MIC90 for clinical isolates (n = 101) of P. aeruginosa was 
≤ 4 μg/mL.69 Using 4μg/mL as the basis for a subcutaneous dose 
of 30 mg/kg, only 3 half-lives can elapse for T = MIC, indicat-
ing a 6-hour dosing interval might be appropriate for Pseudo-
monas spp. Ceftazidime has been studied in cats (n = 5) after 
intravenous and intramuscular (30 mg/kg) administration.70 
After intravenous administration, the Vd was 18 ± 0.04 L/kg;  
protein binding was not described. Plasma clearance was  
0.19 ± 0.08 L/hr/kg, and elimination half-life was 0.77 ± 0.06 
hour. After intramuscular administration, bioavailability was 
82.47 ± 4.37%, resulting in a Cmax of 89.42 ± 12.15 μg/mL, at a 
Tmax of approximately 30 minutes. The authors indicated that 
for an 8- to 12-hour dosing interval, T > MIC would range 
from 35% to 52% of the dosing interval for intravenous and 
48% to 72% for intramuscular administration for isolates with 
an MIC ≤ 4 μg/mL.

Ceftiofur is a third-generation drug approved for use in 
dogs for treatment of urinary tract infections. It has been stud-
ied at 0.22, 2.2, and 4.4 mg/kg administered subcutaneously in 
dogs (n = 9).71 PDCs increase proportionately (see Table 7-1). 
It has a relatively long half-life compared with other cephalo-
sporins, reflecting, in part, its active metabolite. Accordingly, a 
longer dosing interval is likely to be more reasonable for ceft-
iofur compared with the first-generation drugs. When admin-
istered subcutaneously, peak PDCs (Cmax) were 1.66 ± 0.2, 8.91 
± 6.42, and 27 ± 1 μg/mL at 0.22, 2.2, and 4.4 mg/kg, respec-
tively.71 At the Cmax of approximately 9 μg/mL at a dose of 
2.2 mg/kg, targeting T > MIC of 50%, the highest MIC that can 

KEY POINT 7-9 The longer half-life of cefpodoxime renders 
it preferable to cephalothin for treatment of susceptible 
infections as long as a sufficiently high dose is used.
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be treated at 12-hour intervals is 4 μg/mL. At 4.4 mg/kg admin-
istered subcutaneously, the Cmax disproportionately increases 
to 29 μg/mL, and the highest MIC that could be treated using 
the same targets is 16 μg/mL, which actually exceeds the MICBP 
(≥8 μg/mL). Urine concentrations were also reported for ceft-
iofur bioactivity in the dog. At 24 hours, urine concentrations 
at 2.2 and 4.4 mg/kg were 8.1 and 29.6 μg/mL, respectively. 
These concentrations surpassed the the MIC90 for E. coli 
(4.0 μg/mL) and P. mirabilis (1.0 μg/mL).71

Cefpodoxime is a relatively new third-generation cephalo-
sporin to be approved in dogs for treatment of canine pyo-
derma. Orally, it is administered as a prodrug, cefpodoxime 
proxetil, which is desterified in the gastrointestinal tract such 
that it is absorbed as cefpodoxime. According to the package 
insert and technical mongraphs, oral bioavailability in dogs 
is 63% and food does not impair absorption. At 10 mg/kg 
administered orally, Cmax is variable at 16.4 ± 11 μg/mL, sug-
gesting that dosing should err on the high side for higher MIC; 
Tmax occurs at 2 to 3 hours. Plasma clearance is 23 mL/hr/kg. 
Cefpodoxime is excreted largely in the urine with more than 
75% excreted as the parent drug. The elimination half-life of 
5.6 hours (MRT 9 hours) is longer than that of many beta-
lactams; therefore a longer dosing interval is possible (i.e., 12 
to 24 hours, depending on the dose and MIC of the infecting 
microbe). PDCs after 10 mg/kg appear to approximate 1 μg/
mL at the end of a 24-hour dosing interval. Thus PDC will stay 
above the MIC90 for E. coli (0.5), and for S. pseudintermedius 
(0.5) well beyond the targeted T>MIC of 50% to 75%. (assum-
ing MIC does not change dramatically overtime). However, at  
5 mg/kg administered orally in dogs, the highest MIC that 
can be treated with a 12-hour dosing interval is 4 μg/mL, and 
with a 24-hour dosing interval, 2 μg/mL, both of which are still 
above the MIC90 of the approved pathogens. Cefpodoxime is 
well tolerated in dogs at doses as high as 400 mg/kg/day for  
6 months.

Tissue kinetics of cefpodoxime compared with cephalexin 
have been described in dogs.59a The free and thus diffusible 
fraction of drug in plasma ranged from 9% to 34%. Maxi-
mum drug concentrations after administration of 8.5 mg/kg  
(single dose) in dogs (n = 6) was (extrapolated from plot) 
approximately 10 μg/mL free drug (33±7 μg/mL total) in 
plasma compared with 4.3 +1.9 in interstitial fluid, suggesting 
less than 50% of the drug in plasma reaches interstitial tissues. 
Unbound AUC in plasma was not provided, but the disap-
pearance half-life of cefpodoxime from interstitial fluid was 
twice as long as that from plasma (10 + 3 hours versus 5.6 + 0.9 
hours, respectively). The reason for this difference is not clear, 
although factors that influence diffusibility from tissue into 
serum might also influence antibacterial activity potentially 
precluding drug efficacy. Nonetheless, on the basis of these 
data, interstitial concentrations of cefpodoxime exceeded the 
MIC90 of S. intermedius and E. coli as reported on the package 
insert for 24 hours.59a This is in contrast to cephalexin, which 
is <20% bound to plasma proteins and for which interstitial 
concentrations exceeded the MIC90 for S. pseudintermedius (as 
reported by Stegemann20) for 12 hours but did not achieve the 
MIC90 for E. coli.

Cefovecin (third-generation) is the newest cephalospo-
rin to be approved in dogs at the time of this publication. 
Its PD and PK have been very well described including 
either concentrations or bioactivity in interstitial fluid in 
dogs or cats in part because its disposition is complicated 
by extensive binding to plasma proteins.20,72,73 Accordingly, 
care must be taken when designing dosing regimens to base 
decisions on unbound, rather than total, drug. Based on 
protein-binding studies (microdialysis) at cefovecin con-
centrations ranging from 10 to 300 μg/mL in dog plasma, 
96% to 98% is bound at concentrations below 100 μg/mL, 
with the fraction increasing to 72% at 200 μg/mL and 56% 
at 300 μg/mL. Avid protein-binding results in a slow release 
and a long elimination half-life of 136 or 133 hours when 
given intravenously or subcutaneously, respectively. Protein-
binding also affects Tmax, which does not occur until 6 hours 
(based on total drug), and the apparent Vd (0.12 L/kg), which 
is higher than total blood volume but considerably lower 
than extraceullar fluid volume. Cmax of unbound, active 
drug approximates about 5 μg/mL. Predicted unbound con-
centrations suggest that T > MIC90 of, S. pseudintermedius 
(0.25 μg/mL) occurs at approximately day 12 after dosing 
8 mg/kg subcutaneously; however, this is reduced to day 
8 on the basis of the lowest unbound concentration pre-
dicted by the 95% confidence interval of 1 μg/mL, which 
is the more prudent statistic to follow (see package insert). 
For organisms with MIC ≥ 2 μg/mL (see Table 7-9) (e.g., 
S. aureus, not an approved indication), T > MIC of mean 
(predicted) unbound drug at approximately 1 to 2 days; 
however, if based on the lowest (95% confidence interval) 
predicted unbound concentrations, 2 μg/mL would not be 
reached in plasma. In contrast, the MIC90 of Streptococcus 
canis (an approved indication) is much lower (< 0.06 μg/
mL); thus T > MIC exceeds 14 days even when based on 
the lowest predicted unbound concentration in plasma. The 
same is true for Pasteurella, the approved indication in cats; 
the targeted T > MIC90 is not reached until 12 days after 
treatment.

Studies of unbound cefovecin in tissue have been pub-
lished using tissue cage models in dogs.72 The studies demon-
strate that unbound cefovecin effectively moves from plasma 
into tissues, as indicated by antibacterial activity against  
S. pseudintermedius across time). After 8 mg/kg adminis-
tered subcutaneously in dogs, cefovecin (total) Cmax (total, 
μg/mL) was 116, 32, and 40 in plasma, transudate, and exu-
date, respectively, with elimination half-life from transudate 
similar to that in plasma (147 hours and 136 hours, respec-
tively). Antibacterial activity was detectable in transudate at  
4 hours; however, Tmax of cefovecin antibacterial activity did 
not occur until approximately 2 days. Interestingly, antibac-
terial activity in transudate actually exceeded antibacterial 
activity in plasma at all time points after 8 hours and far 

KEY POINT 7-10 The high fraction of cefovecin binding to 
plasma proteins prolongs its half-life, but less than 10%  
of total drug is active.
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exceeded it from day 5 forward.  Peak antibacterial effects for 
S. pseudintermedius persisted in transudate until day 10 after 
injection, with log 2 reduction in CFUs still present at day 18; 
activity was gone by day 21.

Urine concentrations of cefovecin have been reported 
in dogs after subcutaneous administration of 8 mg/kg. Peak 
urine (presumably unbound) concentrations of 66 μg/mL were 
achieved at 54 hours and approximated 2.9 μg/mL at 18 days.

These data support the use of cefovecin for treatment of 
susceptible isolates causing urinary tract infections. Cefovecin 
also is approved for use in cats. Compared with the dog, cev-
ovecin at 8 mg/kg reaches a higher total plasma Cmax; however, 
it is 99% or more bound to plasma proteins in the cat. Although 
mean predicted unbound concentrations approximate 10 μg/
mL, the predicted variability is great, yielding as little as 0.2 
if based on the lower 95% confidence interval (see package 
insert). The elimination half-life in cats is slightly longer at 
166 hours (compared with 136 hours in dogs). The Tmax for 
plasma is only 2 hours in cats (compared with 6 hours in dog). 
Peak concentrations of cefovecin in transudate (occurring at 1 
day) were approximately 65 μg/mL (compared with approxi-
mately 30 μg/mL in dogs). However, 99% of the drug in tran-
sudate also was bound, despite the assumption that transudate 
is protein free. Antibacterial studies were not performed in 
the transudate of cats and it is not clear what impact, binding 
has on transudate bioactivity. The concentration of free drug 
in transudate in cats approximated or exceeded the MIC90 
(T > MIC90) P. multocida (0.012 μg/mL; the approved target 
organism in cats) for 10 days.

The percentage of a radiolabeled dose of cefovecin recov-
ered in urine of dogs (approximately 28%) was only slightly 
higher than that in feces (24%), indicating that the impact 
of cefovecin on normal gastrointestinal microbiota may not 
necessarily be less than that of orally administered drugs. 
Although urine contamination of feces may have occurred 
during the collection process, a second peak in PDCs occurs 
in cats, indicating that enteroheptic circulation may occur.

Stegemann20 has reported the PD activity of many anaero-
bic and aerobic gram-positive and gram-negative (potentially) 
pathogenic organisms collected from dogs and cats in the 
United States and Europe. Isolates were tested toward cefove-
cin, amoxicillin–clavulanic acid, cephalexin, and cefodroxil. 
The number of isolates in general for each organism exceeded 
25, although exceptions exist (e.g, Klebsiella, coryneforms). 
Acinetobacter and Enterococcus spp. (n ≥ 25) were characa-
terized by an MIC50 of 16 or higher, well above the Cmax of 
unbound drug; cefovecin should not be used to treat infec-
tions caused by these organisms. For the remaining isolates, 
integration of PD data with PK data (see Table 7-6) reveals 
that T > MIC for cefovecin that is superior to the other three 
drugs studied.

Several considerations should be made when selecting 
cefovecin as empirical choice for treatment of (presumed) 
susceptible infections in the dog or cat. First, recognizing the 
historical relationship between cephalosporins and MRSA 
might lead to judicious, if not limited, use. Second, not all 
organisms are equally susceptible to cefovecin. Caution is 
recommended when using cefovecin for treatment of organ-
isms whose MIC90 ≥ 2 μg/mL. Third, if the decision is made to 
redose cefovecin, doing so probably should be considered at 2 
to 4 days rather than 7 to 14 days for those organisms whose 
MIC is equal to or greater than 2 μg/mL. The need for redos-
ing might be limited to those patients at risk for persistent and 
thus resistant infections. A final consideration for cefovecin 
therapy is the time that must lapse to detectable (4 to 8 hours 
in plasma or transudate) and peak (2 to 3 days) antibacterial 
activity of cefovecin in interstitial fluid.72 Cefovecin may not 
be a wise choice if rapid antibacterial efficacy is needed. This 
includes the surgical patient. Because of its long time to onset 
and persistence, cefovecin should not be used for surgical pro-
phylaxis. Fourth, increasingly in human medicine, the dura-
tion of antimicrobial therapy is being shortened (e.g., to 5 days 
or less) for treatment of uncomplicated infections such that 
emergent resistance might be minimized (see Chapter 6); with 
cefovecin, “hit hard, get out quick” is not possible.

Drug interactions. The potential synergistic and antago-
nistic effects of beta-lactams with other antimicrobials was 
discussed in Chapter 6. Synergisim resulting from enhanced 
antimicrobial uptake associated with altered cell wall perme-
ability has been demonstrated for a number of antimicrobials. 
Antagonism should be anticipated with drugs whose impact 
slows organism growth (i.e., single subunit ribosomal inhibi-
tors); efficacy of beta-lactams may be reduced to bacteriostatic 
rather than bactericidal effects. An exception may occur for 
chloramphenicol and selected Enterobacteriaceae (see the 
discussion of chloramphenicol). As weak acids, the beta-
lactams may chemically interact with and inactivate weak 
bases (see the discussion of aminoglycosides). Inactivation 
occurs at high concentrations, as might occur with mixing 
of medications, or potentially, in urine. High protein bind-
ing of beta-lactams may result in drug intractions with other 
highly protein-bound drugs because of competition for pro-
tein-binding sites, as is exemplified for cefovecin. Drugs for 
which higher concentrations have been demonstrated when 
combined with cefovecin and include carprofen, furosemide, 
doxycycline, and ketoconazole (PI). It should be anticipated 
that concurrent use of cefovecin with other highly protein-
bound drugs will result in increased free drug concentra-
tions. Beta-lactams will compete for active tubular secretion 
proteins in the proximal tubule with other organic acids (e.g., 
penicillins, cephalosporins, nonsteroidal antiinflammatory 
drugs, sulfonamides, diuretics). The prototypic example drug 
is probenecid, the combination of which with penicillins was 
used therapeutically to prolong elimination before imple-
mentation of mass production technology. According to the 
package insert accompanying probenecid, combined use with 
penicillin results in a twofold to fourfold increase in penicillin 
drug concentrations.

KEY POINT 7-11 Indiscriminate use of cefovecin must be 
avoided such that emergence of methicillin-resistant Staph-
ylococcus aureus or methicillin-resistant Staphylococcus 
intermedius will not be facilitated.
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Adverse Effects
Mammalian cells lack a cell wall; therefore, the beta-lactam 
antibiotics are very safe. Diarrhea is a common side effect 
that may reflect altered intestinal microbial flora. Experi-
mentally, co-oral administration with a recombinant beta-
lactamase minimally altered fecal microflora but did not 
negatively influence PDCs.73a Increasing the ratio of amoxi-
cillin to clavulanic acid reduces gastrointestinal upset in 
humans (but may decrease the absorption of clavulanic 
acid; see previous discussion), but ratios less than 4:1 can 
only be accomplished using human-approved drugs, whose 
equivalent bioavailability has not been established in dogs 
and cats. The role of probiotics in preventing diarrhea has 
yet to be established but warrants consideration. Hypersen-
sitivity is an infrequent reaction and occurs less often with 
cephalosporins. Penicilloic acid (results from breakdown of 
the beta-lactam ring) is the more likely mediator of hyper-
sensitivity reactions; it is generated from the activity of sev-
eral beta-lactamase or other enzymes from various sources. 
Thrombocytopenia has been reported to occur with some 
members of this class. With the exception of the carbapen-
ems and selected later-generation cephalosporins, the beta-
lactams may cause endotoxin release (see Chapter 6), which 
may prove detrimental to the patient, although relevance 
to dogs and cats is not clear.74 Penicillins, including imipe-
nem, antagonize gamma-aminobutyric acid type A receptors 
and may thus lower the seizure threshold.75 The risk may be 
greater in patients with renal disease.76 Cephalexin can cause 
false glucosuria.77

Therapeutic Use
The broad spectrum and wide safety margin of the beta-lac-
tam antibiotics lead to their common use. Caution is recom-
mended, however, when they are used to treat complicated 
infections without the benefit of C&S data. For many drugs, 
because of the short half-life, Cmax achieved at recommended 
doses often is not sufficient to allow a convenient dosing 
interval. Exceptions occur for those cephalosporins with a 
long half-life or carpabenems for which T > MIC of 25% is 
acceptable. Resistance develops to beta-lactams relatively 
rapidly, and the drugs are not characterized by an excellent 
distribution pattern, with interstitial fluid concentrations of 
active drug often being 50% to 30% or less of plasma con-
centrations, depending on the tissue and the drug. Caution 
should be taken with third- and fourth-generation cephalo-
sporins despite indications of susceptibility on culture data 
because of inducible ESBLs that require special testing, espe-
cially in the presence of a high infecting inoculum. The spec-
trum of natural penicillins is relatively narrow, particularly 
when considered in the context of resistance that has emerged 
through decades of use. Resistance to aminopenicillins also 
limits their use as empirical drugs of choice. Exceptions 
might include anaerobic infections. Because the extended 
penicillins are susceptible to beta-lactamase destruction, 
combination with a beta-lactamase protector (e.g., ticarcil-
lin and clavulanic acid) or use of imipenem—which is inher-
ently more resistant to beta-lactamase destruction—should 

be considered. Imipenem or meropenem should be consid-
ered before other beta-lactams for treatment of infections 
associated with endotoxemia because either drug is associ-
ated with the least endotoxin release. Constant-rate infu-
sion should be considered for those penicillins with a short 
half-life to maintain effective concentrations in the critical 
patient; alternatively, and preferably, carbapenems should 
be considered in lieu of penicillins. Use of beta-lactamase–
protected products should be considered even in uncom-
plicated infections. Indiscriminate use of beta-lactams, and 
particularly cephalosporins, should be avoided to minimize 
the advent of MRSIG.

The first-generation cephalosporins have been excellent 
first-choice antimicrobials for many infections, including 
urinary, skin, and respiratory tract infections. Their relative 
resistance to beta-lactamases produced by Staphylococcus spp. 
leads to their frequent empirical selection for infections in 
which Staphylococcus spp. are assumed to be involved. How-
ever, their empirical use increasingly is being limited, par-
ticularly at dosing regimens currently recommended. Their 
efficacy against Staphylococcus spp. as well as against many 
gram-negative organisms leads to their selection for surgi-
cal prophylaxis. Cefovecin should not be included in this 
category because of its long time to antibacterial effect and 
time to maximum effect and the persistence of drug concen-
trations well beyond the immediate postoperative period. Of 
the second-generation cephalosporins, cefoxitin, which is 
not impacted by ESBL, might be more safely considered for 
empirical therapy requiring a broad-spectrum antimicrobial 
and for anaerobic infections. With the exception of P. aeru-
ginosa, cefoxitin is effective against most other organisms. 
The use of other second-generation and the third-generation 
cephalosporins is best based on C&S data because the spectra 
of these drugs are so variable. Caution should accompany use 
of second- through fourth-generation cephalosporins when 
based on in vitro data that may not reflect the production of 
ESBLs. Note also that the (over) use of cephalosporins has 
been associated with the emergence of multidrug-resistant 
microorganisms, including MRSA, Enterococcus spp., and 
P. aeruginosa.25

Beta-lactams should be the first drugs considered for com-
bination antimicrobial therapy (if used at appropriate dos-
ing regimens). Their unique mechanism of action facilitates 
movement of other drugs into bacteria, which should facilitate 
efficacy of other antimicrobials. The risk of resistance should 
also be reduced as antimicrobial movement into the cell is 
improved. Beta-lactams are combined with drugs effective 
against gram-negative organisms when broad-spectrum ther-
apy is needed, as in the case of life-threatening infections for 
which the causative organisms are not known, polymicrobial 
infections involving anaerobes and aerobes, or gram-positive 
and gram-negative organisms.

Vancomycin
Vancomycin has had an important role in the treatment of 
human patients infected with methicillin-resistant staphylo-
cocci (see Chapter 6), but the advent of penicillinase-resistant 
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beta-lactams and the incidence of adverse reactions have cur-
tailed its use. Vancomycin is a large glycopeptide with three 
components, each of which may be responsible for its anti-
microbial action on bacterial cell walls (Figure 7-4).78 The 
D-Ala-D-Alanine precursor of the pentapeptide fits into a 
pocket formed by the large molecule, sterically interfering 
with further cell wall elongation. The spectrum of activity 
of vancomycin is limited to Staphylococcus and Streptococ-
cus spp. and anaerobes (see Table 7-4). Selected Enterococ-
cus, Clostridium, and Corynebacterium spp. are also generally 
susceptible. With the exception of enterococcal organisms, 
the effects of vancomycin are generally bactericidal, although 
they act slowly. As with other cell wall–active antimicrobials, 
vancomycin exhibits time-dependent killing effects, with effi-
cacy also related to AUC. Resistance has been impeded by the 
high specificity of the drug. Multiple mutations are required to 
change the enzymes currently targeted by vancomycin. Resis-
tance that has developed by E. faecalis has resulted from syn-
thesis of a new protein that interferes with vancomycin. More 
recently, vancomycin-resistant staphylococci have emerged. A 
strain of vancomycin-intermediate S. aureus (VISA) has been 
described, the mechanism of which includes thickening of the 
cell wall, coupled with “clogging” of the cell wall by vancomy-
cin itself. 79

Although vancomycin is available as an oral preparation, 
this preparation is intended for topical (gastrointestinal) 
administration, most commonly indicated for pseudomem-
branous colitis caused by C. difficile. Systemic effects require 
intravenous administration. Vancomycin is distributed to 
most body tissues. The exception is the CNS, unless the menin-
ges are inflamed; even then only 30% or less will penetrate. It 
is renally eliminated; drug concentrations may become toxic 
if doses are not modified for the patient with renal disease. 

The risk of nephrotoxicity is increased dramatically if the 
drug is given in combination with another nephrotoxic drug. 
Hypersensitivity in human patients warrants slow (60-minute) 
intravenous infusion of drug diluted in fluid. Ototoxicity has 
been reported in humans when concentrations reach 60 to 
100 μg/mL.80 Its use for veterinary patients should be limited 
to  treatment of organisms resistant to other drugs as based on 
C&S data.

Teicoplanin
Teicoplanin is a mixture of several molecules (teicoplanins 
A2 1-5). The molecules compose a fused glycopeptide core 
ring structure (teicoplanin) to which are attached two car-
bohydrates (differing from those in vancomycin), mannose 
and n-acetylglycosamine, and an acyl (fatty acid). It is the 
latter structure that confers better lipid solubility compared 
with vancomyin. Its mechanism of action and impact on 
bacterial killing and spectrum is similar to those of vanco-
mycin. Its use has largely been replaced by vancomycin or 
daptomycin.

Fosfomycin
Fosfomycin is a phosphonic acid that contains a carbon–
phosphorous bond (see Figure 7-12). It is a natural anti-
biotic produced by Streptomyces fradiae. Its in vitro spec-
trum is broad, and it expresses potential efficacy against 
isolates expressing multidrug resistance, including E. coli 
and gram-positive organisms. As a phosphoenolpyruvate 
analog, fosfomycin irreversibly inhibits phosphoenol pyru-
vate transferase, an enzyme that catalyzes the first step of 
cell wall peptidoglycan synthesis of microbial cell walls.81 As 
a cell wall inhibitor, fosfomycin is bactericidal when pres-
ent at the site of infection at therapeutic concentrations. Its 
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irreversible nature contributes to a concentration-depen-
dent effect. Fosfomycin exhibits in vitro activity against a 
broad range of gram-positive and gram-negative aerobic 
microorganisms associated with uncomplicated urinary 
tract infections. The MIC breakpoints reported for humans 
are 64 (S), 28 Intermediate (I), and 256 (R). Although its 
mechanism of action is similar to that of the beta-lactams, 
fosfomycin is not susceptible to destruction by any class of 
beta-lactamases. Rather, resistance to fosfomycin, which is 
unusual, reflects the FosX or FosA enzyme, which hydro-
lyzes the drug in a manner similar to that of glutathione 
S-transferases. The gene for this protein is chromosomally 
mediated. Thus when resistance does occur, it is usually only 
toward fosfomycin (single drug resistance) with cross-resis-
tance not occurring between fosfomycin and other classes of 
antimicrobial agents. Therefore resistance is not associated 
with multidrug resistance.81 Further, compared with sus-
ceptible strains, fosfomycin-resistant mutants are impaired, 
exhibiting poorer growth rates and reduced adherence to 
uroepithelial cells. Fosfomycin appears to reduce bacterial 
adherence to uroepithelial cells, and decreased adherence 
is facilitated by N–acetylcystein82 and urinary catheters.83 
Studies in humans have demonstrated that fosfomycin 
distributes well to soft tissues, reaching therapeutic break-
points.84 Other attributes of fosfomycin that support its use 
for treatment of E. coli urinary tract infections include renal 
excretion, synergistic interaction with several other classes 
of antimicrobials,86 and preparation as a 3-g sachet (gran-
ules), which is mixed with water to orally deliver approxi-
mately 40 mg/kg (in humans).

The disposition of fosfomycin disodium (pure substrate) has 
been described in dogs (n = 8)88 after intravenous, intramus-
cular, subcutaneous, and oral administration at both 40 and  
80 mg/kg day for 3 days. Plasma protein binding was negli-
gible; drug concentrations increased in a dose-dependent 
manner and did not change during the study period, including 
across each 3-day treatment period. At 40 mg/kg, peak PDCs 
(µg/mL) were as follows: 51.8 ± 3.4 (extrapolated peak PDC; 
Co, intravenous) and 5.4 ± 0.04 (oral); and at 80 mg/kg, 113 ± 
12 (Co, intravenous) and 10.8 ± 0.5 (oral). Oral bioavailability 
(F) was 30%. Clearance was 14.9 ± 1.26 mL/kg/hr, elimination 
half-life was 1.3 ± 0.06 hours, and mean residence time was 
1.62 ± 0.4 and 5.2 ± 0.7 (oral).

The PD and PK of fosfomycin have also been studied by 
the author. The distribution MIC for fosfomycin for clinical 
E. coli isolates, regardless of the presence of multidrug resis-
tance, appears to be well below the susceptible breakpoint 
(≤ 64 μg/mL) for fosfomycin. In more than 100 clinical iso-
lates collected from dogs and cats, the MIC range was 0.25 
to 4 μg/mL; the MIC50 and MIC90 were, respectively, 1 and 
1.5 μg/mL. Fosfomycin tromethamine was administered 
as a single oral dose of 80 mg/kg. After oral administra-
tion, Cmax, elimination half-life and mean residence time 
were 66 ± 21 (μg/mL), 2.5 ± 1.09 hours and 5.1 ± 1.7, hours, 
respectively. Drug was detected at concentrations exceed-
ing the MIC90 of fosfomycin for multidrug-resistant E. coli 
(1.5 μg/mL) until 7 (2.5 μg/mL) and 12 hours (9 μg/mL) 

after intravenous and oral administration, respectively. 
Drug was present in urine at concentrations above 10 μcg/
mL at 24 hr post dosing. Gastrointestinal upset manifest-
ing as mild to moderate diarrhea was observed in 4 of the 
12 dogs. Food decreased oral bioavailability: without food, 
109 ± 31% (95% confidence interal CI: 84%-135%) and 
with food, 66 ± 16% (95% CI: 52%-79%). Gender had no 
impact on oral bioavailability. Kill studies in our labora-
tory indicate that for treatment of E. coli, the drug is not 
concentration dependent, as is suggested by other stud-
ies that indicate both time- and concentration-dependent 
effects.88,89 Further studies are warranted to establish effi-
cacy for treatment of multidrug- resistant–associated uri-
nary tract infections.

Although fosfomycin is appealing for treatment of uri-
nary tract infections and potentially other infections caused 
by multidrug-resistant isolates, differences in bioavailabil-
ity (oral) among different fosfomycin salts necessitates that 
PK be the basis, particularly of oral dosing regimens in the 
dog. Its efficacy appears to be both time and concentration 
dependent; if the latter, this should facilitate efficacy despite 
the short-half-life of the drug.88  The drug appears to interact 
in an additive to synergistic fashion with a number of other 
antimicrobials.

DRUGS THAT TARGET RIBOSOMES 
(BACTERICIDAL)

Aminoglycosides
Despite their potential nephrotoxicity, aminoglycosides remain 
the cornerstone of aerobic gram-negative therapy in many com-
plicated or serious infections. Minor differences in the chemi-
cal structures of these drugs lead to differences in efficacy and 
toxicity. Clinically useful aminoglycosides include neomycin, 
gentamicin, amikacin, netilimicin, streptomycin (or dihydro-
streptomycin), and tobramycin.

Structure–Activity Relationship
Aminoglycoside compounds are composed of an amino 
sugar linked through glycosidic bonds to an aminocycli-
tol.5,90 They vary in the amino sugar and the specific number 
and location of the amine groups (Figure 7-5). The different 
name endings indicate the microbe of origin for the natu-
ral antibiotic: The suffix “icin” (e.g., gentamicin) originates 
from Micromonospora sp., whereas the “mycin” suffix (e.g., 
tobramycin) derives from Streptomyces. Amikacin is a semi-
synthetic derivative of kanamycin, and netilmicin, a semi-
synthetic derivative of sisomicin. Tobramycin is most similar 
to gentamicin in both spectrum and toxicity. The aminogly-
cosides are polycationic, depending on the number of amine 
groups. Kanamycin and gentamicin have two amino sugars, 
whereas neomycin has three amino sugars. The amine group 
of gentamicins is variably methylated, yielding three differ-
ent gentamicins. Streptomycin has a different aminocyclitol 
sugar compared with the other drugs, whereas spectino-
mycin is an aminocyclitol that does not contain any amino 
sugars.
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Mechanism of Action
Aminoglycosides target bacterial ribosomes (Figure 7-6). The 
drugs enter gram-negative organisms initially through porins 
in the lipopolysaccharide layer. Subsequent penetration of 
aerobic bacteria at the level of the cell membrane appears 
to occur in three binding stages: the negatively charged 
moieties of phospholipids are first ionically attracted and 
bound by the positive moieties of the drug, followed by the 
lipopolysaccharides and finally membrane proteins. Energy-
dependent uptake follows binding to lipopolysaccharides. An 
acidic environment external to the cell membrane has been 
associated with increased transport, perhaps because of an 
increase in the membrane potential differential. However, a 
lower pH more commonly has been associated with increased 
membrane resistance; the disparity may reflect the different 
molecules of each aminoglycoside. An alkaline environment 
consistently appears to facilitate transport as does move-
ment of cations out of the cell membrane. Uptake depends 
on a membrane-bound respiratory protein that is lacking in 
anaerobic organisms, leading to inherent resistance. The sys-
tem also is deficient in facultative anaerobes such as Entero-
coccus spp. Active transport depends on a high oxygen tension 
in the environment rendering obligate anaerobes inherently 
resistant, and facultative anaerobes resistant in an anaerobic 
environment.91 Cations such as calcium and magnesium in 
the lipopolysaccharide covering and cell membrane repel the 

aminoglycosides, impairing transport into bacterial cells (and 
renal tubular cells). Removal of calcium (e.g., through use 
of chelating agents such as ethylenediaminetetraacetic acid 
[EDTA]) or a decrease in serum calcium (i.e., hypocalcemia) 
facilitates aminoglycoside movement into the cell.5,90 Hyper-
osmolarity and decreased pH also decrease drug movement 
into the cell.80

Once inside the cell, aminoglycosides bind to ribosomes 
(see Figure 7-6). Although their mechanism of action is not 
completely understood, aminoglycoside antimicrobials bind 
to the 30S ribosomal subunit, which, as the initiator of pro-
tein synthesis, plays a crucial role in providing high-fidelity 
translation of genetic material.92 Binding is so effective that 
polyribosome formation is prevented, and protein synthe-
sis is impaired because of altered synthesis and misreading. 
Thus, in contrast to most bacteriostatic drugs, which bind to 
50S ribosomes, the aminoglycosides are more likely to achieve 
bactericidal concentrations safely in animals. Although only 
a small amount of aminoglycoside appears to penetrate the 
cell membrane, the initial impact on ribosomes is sufficient  
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Figure 7-5 Chemical structures of ribosomal inhibitors.

KEY POINT 7-12 Effiacy of aminoglycosides is dependent on 
active transport. Accordingly, efficacy is markedly reduced 
to absent in an anaerobic environment, and anaerobes are 
not susceptible.
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to alter cell membrane proteins and permeability such that 
additional drug is able to penetrate the cell. Irreversible satura-
tion of the ribosomes results in cell death and accounts for the 
concentration-dependent killing effects of the drugs; the irre-
versible nature of binding contributes to bactericidal effects.92 
Aminoglycosides are rapidly bactericidal, with efficacy and 
the postantibiotic effect of aminoglycosides correlating to 
peak concentrations, which ideally should be at least 10 times 
the MIC of the target organism.93-97 Drugs that target the 50S 
ribosomal unit (e.g., chloramphenhicol, linezolid) may inter-
fere with intracellular movement and thus rapid killing effects 
of aminoglycosides.94 Because toxicity of aminoglycosides 
is correlated with trough concentrations (later discussed as 
adverse effects of aminoglycosides), treatment is implemented 
with once-daily therapy at high doses. This approach is both 
clinically85,97,98 and experimentally95,96,99 equal to or more effi-
cacious and safer than the traditional frequency of administra-
tion (i.e., two to three times daily). The appropriateness of this 
dosing method may vary with the organism and the immuno-
competence of the patient.

Spectrum of Activity
The spectrum of activity of aminoglycosides (see Tables 7-2 
through 7-4, 7-9 and 7-10) includes most aerobic gram- negative 
bacteria, particularly E. coli, K. pneumoniae, P. aeruginosa, Pro-
teus spp. and Serratia spp.5,16,80,91,101 Newer aminoglycosides 
such as gentamicin, tobramycin, amikacin, and netilmicin 
have a wider spectrum compared with older compounds such 
as streptomycin and kanamycin. These drugs are also effective 
against selective aerobic gram-positive organisms, most nota-
bly Staphylococcus spp. However, they generally should not be 
used as sole agents against gram-positive organisms. Syner-
gism against gram-positive isolates has been demonstrated 
when combined with penicillins or vancomycin.80 Aminogly-
coside activity against Enterococci spp. is adequate only when 
used synergistically with a cell wall–active antibiotic, such as 
beta-lactams or vancomycin.92 Among the aminoglyocsides, 
based on clinical isolates in humans, netilimicin has the lowest 
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Figure 7-6 The mechanism of action of ribosomal inhibitors. The bacterial ribosome is a complex structure, composed of three 
RNA molecules (peptidyl and aminoacyl tRNAs and mRNA) and more than 50 proteins. The ribosome is formed as two subunits, 
30S (including a 16S portion) and 50S (including a 5S portion; S referring to sedimentation rate), which join when protein synthe-
sis is initiated and separate when completed. The process of initiation begins by the formation of a functional ribosome. The 30S 
subunit complexes with mRNA (which codes tRNA synthesis) and forms an initiation complex consisting of tRNA, the first amino 
acid (methionine), and three initiation factors (IF 1-3), one of which is an energy source, GTP. The initiation complex joins the 50S 
subunit, forming the (mature) 70S ribosome; it is the mature 70S ribosome that initiates protein synthesis. The mature ribosome 
is composed of an “A” or amino acid site (30S), the “P” or peptidyl site (50S), which contains a peptidyl transferase center; and 
an E or exit site adjacent to the P site. The aminoacyl tRNA carrying the amino acid binds to the A site, which then complexes to 
an elongation factor. Release of energy by GTP causes a conformational change or contracting motion, and the the peptide form-
ing at the P site joins the amino acid at the A site. A nucleophilic attack initiated by the aminoacyl tRNA results in bonding of the 
amino acid to the growing peptide (transpeptidation); the growing peptide is then translocated to the P site. The elongation step 
is repeated until protein synthesis is completed.278 The aminoglycosides inhibit ribosomal initiation (as the 30S subunit becomes 
activated to 70S); binding is irreversible, contributing to a bactericidal effect. Tetracyclines bind to the 16S portion of the 30S 
subunit of ribosomes, preventing the translocation of the amino acid from transfer RNA (tRNA) to the codon of messenger RNA 
(mRNA). Chloramphenicol and erythromycin prevent the transfer of peptides by binding to the 50S subunit. Erythromycin and 
clindamycin prevent translocation of the peptide. Drugs that act at the same site should not be used in combination.

KEY POINT 7-13 The aminoglyosides exhibit a clinically 
important concentration-dependent postantibiotic effect.
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MIC90 toward Enterococcus spp. and, along with tobramycin, 
Staphylococcus spp. Of the aminoglycosides most commonly 
used in dogs and cats, gentamicin has a much lower MIC90 
than amikacin toward Staphylococcus spp., even accounting 
for differences in breakpoint MICs. Gentamicin is preferred 
to amikacin for treatment of Staphylococcus infections, based 
on a rabbit model of endocarditis.101 Further, a recent com-
parison of activity of 1000 isolates also found gentamicin to be 
more effective than amikacin toward Staphylococcus spp.102 In 
this same report, the authors noted that gentamicin also had 
lower MIC toward many enterobacteriacea but that amika-
cin achieved higher serum concentrations (and has a higher 
breakpoint MIC), thus negating this benefit.102 Gentamicin 
and tobramycin have a very similar spectrum toward gram-
negative aerobes. They and amikacin are effective against  
P. aeruginosa, Proteus spp. and Serratia spp. Gentamicin is the 
least effective of the three against P. aeruginosa but most effec-
tive against Serratia marcescens.92 Amikacin generally is most 
effective against P. aeruginosa. With the exception of Pseudo-
monas species (usually an obligate aerobe, although exceptions 
have been reported), these organisms are facultative anaerobes 
and, if cultured aerobically from an anaerobic environment, 
may fail to respond to aminoglycoside therapy in the patient. 
The aminoglycosides are also effective against Nocardia and 
selected atypical mycobacterial organisms.

Resistance
Besides the inherent resistance of anaerobic organisms (owing 
to decreased active transport), resistance to aminoglycosides 
is acquired as a result of decreased cell entry; altered porin 
size in the gram-negative organism is less important.90 Resis-
tance also includes altered ribosomal structure (uncommon 
except for Enterococcus spp.) and, more commonly, destruc-
tion by microbial enzymes inside the cell. Resistance to gen-
tamicin involving altered ribosomal structure by Enterococcus 
spp. generally affects all aminoglycosides, as well as penicil-
lins and vancomycin. An exception is streptomycin, which 
is destroyed by a different enzyme and may remain effective 
toward Enterococcus.90

Enzymatic destruction is the most important mechanism 
of acquired resistance in clinical isolates, in part because it 
is acquired through conjugative plasmids. Resistance reflects 
enzyme modification of the amino or hydroxyl groups of the 
drugs. The modified drug can no longer bind to ribosomes. 
Impact on efficacy varies among the different aminoglyco-
sides. For example, target sites of destruction by the enzymes 
are harder to reach with amikacin. Consequently, amikacin is 
less vulnerable to resistance than are other aminoglycosides 
and is frequently effective toward otherwise multidrug-resis-
tant isolates.5,80,90 At least three different enzyme classes exist, 
classified by phenotypes as to phosphotransferases, acetyl-
transferases, and nucleotidyltransferases. Among the amino-
glycosides used clinically in veterinary medicine, gentamicin 

and kanamycin more commonly act as substrates for phos-
photransferases and acetyltransferases, wheraeas amikacin 
and tobramycin are more common substrates for the nucleo-
tidyltransferases. Of the three enzymes, the phosphotransfer-
ases are more likely to be associated with high-level resistance.

Resistance to aminoglycosides by Staphylococcus spp. 
reflects chromosomal mutations in transmembrane potentials 
and thus drug uptake. Mutational resistance caused by changes 
in ribosome binding sites has been identified primarily against 
streptomycin, the use of which is limited. However, whereas 
the four gram-negative organisms most commonly causing 
(blood) infection in humans (Pseudomonas, Klebsiella, E. coli, 
and Enterobacter) remain susceptible (>95%) to the greatest 
number of aminoglycosides, up to 40% of S. aureus organ-
isms are resistant to gentamicin. Current investigations are 
attempting to identify the mechanism by which enzymatic 
destruction of aminoglycosides might be inhibited, much 
the same as beta-lactamases have been used to prevent beta- 
 lactam destruction.92 Low-level resistance caused by multi-
drug efflux mechanisms has been identified in P. aeruginosa, 
Burkholderia sp. (previously Pseudomonas), Acinetobacter, 
spp. and E. coli.92

Adaptive resistance has been described for the aminoglyco-
sides (see Chapter 6). In humans up to 40 hours may need to 
elapse between doses for full bacterial susceptibility to com-
mence.103 This phenomenon supports the once-daily use of 
the aminoglycosides.

Pharmacokinetics
The aminoglycosides are polar, water-soluble weak bases, and 
as such they are poorly absorbed from the gastrointestinal tract. 
An exception might occur in very young animals that are still 
absorbing colostrum or in the presence of inflammatory gas-
trointestinal disease.90,91 Kanamycin, which is structurally very 
similar to amikacin, behaves similarly to amikacin.91 Amino-
glycosides are administered topically (including aerosolization 
and incorporation in beads) or parenterally but can be used 
orally for local bacterial cleansing of the gastrointestinal tract. 
However, absorption from body cavities may be sufficiently 
rapid to cause neuromuscular blockade.90 Absorption will also 
occur when applied topically to large wounds with subcutane-
ous exposure; absorption may be sufficient to cause toxicity.104

Although aminoglycosides are distributed to extracellular 
fluids, their penetration into many tissues is considered poor 
(see Table 7-5). However, therapeutic concentrations can be 
attained in synovia and in pleural and peritoneal fluid, par-
ticularly if membranes are inflamed. Penetration of bronchial 
secretions is generally better than that of many beta-lactam 
antibiotics. However, therapeutic concentrations generally 
are not attained in CSF, ocular fluids, bile, milk, and pros-
tatic secretions. Further, killing of intracellular (e.g., Entero-
bacter spp.) spp.) organisms may be limited.94a Intrathecal 

KEY POINT 7-14 In general, gentamicin may be more 
 efficacious toward Staphylococus, spp. whereas amikacin 
may be more efficacious toward Pseudomonas spp.

KEY POINT 7-15 Enzymatic destruction of aminoglycosides 
is increasingly limiting efficacy, particularly for gentamicin 
toward Staphylococus spp.
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administration has been indicated for CNS infections, but the 
advent of third- and fourth-generation cephalsoporins and 
carbapenems has preempted this need.90 Aminoglycosides are 
actively accumulated by renal tubular cells, but this may be 
of more relevance to toxicity rather than efficacy. In addition 
to anaerobic environments, the efficacy of aminoglycosides is 
reduced in an acidic environment such as might occur in the 
urine, ascitic fluid, and abscesses.

Drug elimination half-life of the aminoglycosides is gener-
ally less than 2 to 4 hours (see Table 7-1). The aminoglycosides 
are eliminated by glomerular filtration, which is a relatively 
inefficient process. Drug accumulates in acidic urine, and 
alkaline urine pH facilitates reabsorption. Urine concen-
trations have been described for selected aminoglycosides 
in dogs.105 Dosing of gentamicin (6.6 mg/kg), tobramycin 
(3 mg/kg), and amikacin (15 mg/kg) subcutaneously in divided 
doses at 8-hour intervals (not recommended) for five consec-
utive doses and kanamycin at 11 mg/kg at 12-hour intervals 
(also not recommended) for 4 doses generated mean inter-
val urine concentrations (μg/mL) of 107 ± 33 for gentamicin: 
66 ± 39 for tobramycin, 342 ± 153 for amikacin, and 473 ± 306 
for kanamycin.105

The disposition of aminoglycosides varies somewhat 
among animals, primarily because of differences in glomer-
ular filtration rates. Elimination is slower in larger animals 
because glomerular filtration rate decreases with body size; 
this may be offset by differences in Vd. Dosing based on met-
abolic rate normalizes the rate of elimination and might be 
considered in patients predisposed to aminoglycoside nephro-
toxicity, although estimates of glomerular filtration rate based 
on extracellular fluid volume may be more accurate.106

A number of investigators have described the disposition 
of aminoglycosides in dogs or cats (Table 7-1). Gentamicin 
has been studied in dogs by multiple investigators. Riviere107 
described the disposition in 5-month-old Beagles (n = 11). 
Clearance was 4.1 ± 0.6 mL/min*kg and Vd (area) was 0.4 ± 
0.04L/kg. Elimination half-life was 61 ± 8 minutes. Wilson108 
studied gentamicin (3 mg/kg) in dogs (n = 6) after intrave-
nous, intramuscular, and subcutaneous administration. After 
intravenous administration, clearance was 2.29 ± 0.48 mL/
min*kg and Vdss was 0.172 ± 0.025. Bioavailability approxi-
mated 95% for both intramuscular and subcutaneous routes, 
yielding a Cmax of approximately 10 μg/mL for either route, 
with time to peak concentration for intramuscular adminis-
tration being 27 minutes compared with 43 minutes for subcu-
taneous administration. The elimination half-life was 54 ± 15 
minutes. Albarellos204 studied gentamicin after intramuscular 
administration of 6 mg/kg for 5 days. After day 1, assuming 
100% bioavailability, clearance was 1.24 ± 0.6 mL/min*kg 
(1.10 ± 0.4 by day 5), and Vd (area) was 0.084 L/kg (0.1 ± 0.05 
day 5). Mean residence time was 1.48 ± 0.54 hour (1.77 ± 0.48 

by day 5; significantly prolonged) and half-life ranged from 
0.55 to 1.46 hours. For IV administration, the Vdss after intra-
venous administration was 0.23±0.04 L/kg and clearance was 
2.64 ± 0.24 mL/min*kg.

Jernigan and coworkers100 have described the disposition 
of several aminoglycosides in cats (see Table 7-1). After intra-
venous administration of gentamicin (3 mg/kg) in cats (n = 
6), Vdss was 0.12 ± 0.02 l/kg and clearance was 1.1 ± 0.25 mL/
kg*min. Bioavailability after subcutaneous administration was 
83 ± 14.8%. Gentamicin was also studied in cats (n = 6) after 
intravenous, intramuscular, and subcutaneous administra-
tion of 5 mg/kg.110 After intravenous administration, Vdss was 
0.14 ± 0.02 L/kg and clearance was 1.38 ± 0.35 mL/min*kg; 
mean residence time was 1.8 ± 43 hour. Bioavailability after 
intramuscular and subcutaneous administration was 67.8 and 
76.2%, respectively. Tobramycin was studied in six cats after 
5 mg/kg.111 After intravenous administration, Vdss was 0.19 
± 0.03 l/kg and clearance was 2.21 ± 0.6 mL/min*kg; mean 
residence time was 90 ± 16 minutes. Bioavailability after intra-
muscular and subcutaneous administration was 103% and 
99% respectively; bioavailability was also measured at greater 
than 150% for both routes in one set of studies, perhaps indi-
cating decreased clearance owing to nephrotoxicity. Finally, 
amikacin (5 mg/kg) was studied in cats (n = 6) after intra-
venous, intramuscular, and subcutaneous administration.112 
After intravenous administration, Vdss was 0.17 ± 0.02 L/kg, 
and clearance was 1.46 ± 0.26 mL/min*kg; mean residence 
time was 118 ± 14 minutes. Bioavailability after intramuscular 
and subcutaneous administration was 95 ± 20% and 12.3 ± 
33%, respectively.

Disposition of the aminoglycosides appears to vary among 
breeds. Kukanich113 has compared the PK of amikacin (10 
mg/kg, administered intravenously) in Greyhounds and 
Beagles (n = 6 each). The volume of distribution (L/kg) was 
smaller (0.18 versus 0.23), but clearance was less (2.1 versus 
3.3 mL*kg/min) in Greyhounds, thus elimination half-life 
did not differ (0.8 and 0.9 hour for Greyhounds and Beagles, 
respectively). The bioavailability of amikacin in Greyhounds 
after subcutaneous administration was approximately 90%. 
Although extrapolated time 0 PDC was reported for both 
species after intravenous administration (86 and 70 μg/
mL, respectively, for Greyhounds and Beagles), this is not 
an appropriate target on which to base Cmax/MIC (i.e, the 
Cmax should be measured after distribution has occurred). 
However, compartmental analysis yielded concentrations 
extrapolated from the terminal curve (presumably reflecting 
postdistributional concentration; see Table 7-1). On the basis 
of these data and a target Cmax/MIC of 8 (rather than 10), the 
respective subcutaneous doses (mg/kg) of amikacin recom-
mended by the authors to target an MIC of 2, 4, and 8 μg/mL, 
respectively, were for the Greyhound 6, 12, and 24 and for the 
Beagle, 11.5, 22, and 40.

The influence of endotoxemia on gentamicin disposition 
has been described in cats.114,115 Elimination half-life was 
shorter (77 ± 13 minutes before and 65 ± 14 after), but this 
change is not likely to be significant, in part because neither 
Vdss nor clearance was significantly different.

KEY POINT 7-16 As water-soluble weak bases, aminoglyco-
sides are not orally absorbed, do not penetrate tissues well, 
and are excreted in proportion to the glomerular filtration 
rate.
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The disposition of aminoglycosides also differs among ages. 
PDCs are less in the neonate and pediatric patient because 
greater total body water and extracellular fluid compart-
ments increase the Vd of the drugs from 0.25 to 0.35 L/kg  
(see Table 7-1). Renal clearance of aminoglycosides is less. 
Thus for young animals the dose of aminoglycosides should 
be increased; although elimination half-life may be longer, the 
current use of a 24-hour interval should preclude the need to 
lengthen it further in the pediatric patient. Disposition is also 
altered by disease. Dehydration and obesity increase PDCs, 
which may be of benefit for these concentration-dependent 
drugs. Intensive fluid therapy or other syndromes associated 
with accumulation of fluid at a site to which aminoglycosides 
distribute and endotoxemia decrease plasma aminoglycoside 
concentrations.91 Ascites also will increase the Vd and half-
life of aminoglyocosides.116 Aminoglycosides may accumulate 
and cause nephrotoxicity in the fetus and should not be used 
during pregnancy.90 Elimination is impaired in the patient 
with renal disease; dosing regimens are usually modified by 
lengthening the interval on the basis of serum creatinine con-
centration (see the section on therapeutic use).

Adverse Effects
The aminoglycosides induce a glomerular and (principally) 
tubular nephrotoxicity; however, because of the regenerative 
capacity of the proximal tubule, toxicity is largely reversible 

unless allowed to progress to an irreversible state (i.e., destruc-
tion of basement membrane). Toxicity results from active 
uptake into the renal tubular cell and disruption of cellular 
lysosomes (Figure 7-7). Impaired cellular respiration and 
synthesis of protective vasodilatory renal prostaglandins by 
the aminoglycoside may be important in the development of 
nephrotoxicity.

Reversible renal impairment occurs in up to 25% to 55% 
of human patients receiving aminoglycosides for more than 
3 days, although the better-designed studies indicate a rate 
of 10% to 20%.90,117 In humans aminoglycoside-induced 
nephrotoxicity is defined as an increase in serum creatinine 
concentration of 0.5 mg/dL in patients for which baseline con-
centration is < 3 mg/dL, or an increase in 1 mg/dL if the base-
line is at or above 3 mg/dL.117

The exact mechanism of aminoglycoside-induced neph-
rotoxicity is not known. Toxicity begins as the anionic phos-
pholipids of the renal tubular cell membranes attract and bind 
the cationically charged drugs. The relative nephrotoxicity of 
the different aminoglycosides reflects differences in their renal 
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Figure 7-7 Nephrotoxicity of aminoglycosides occurs primarily in the proximal tubular cells. The cationic charge of the 
drugs is attracted to the anionic charge of the phosopholipids in the cell membrane. The drug is actively accumulated 
in the cell by pinocytosis. Inside the cell the drugs accumulate in lysozymes, causing lysosomal disruption and release 
of myeloid bodies. Intracellular movement into lysozymes also limits intracellular efficacy. Mitochondrial function is also 
impaired. The effects of prostaglandin on renal blood flow may contribute to the toxicity of aminoglycosides. A number 
of factors increase or decrease the risk of toxicity (see text).

KEY POINT 7-17 Aminoglycoside nephrotoxicity can be mini-
mized if kidneys are allowed a drug-free period such that 
drug that has been actively accumulated in the kidney can 
be eliminated.
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accumulation.90 Nephrotoxicity may be related to the num-
ber of positively charged amino groups on the drugs; hence, 
neomycin is expected to be among the most nephrotoxic of 
the drugs.5 An acidic local pH may enhance uptake by ion-
izing the aminoglycoside and thus increase the risk of toxicity. 
Of the clinically used aminoglycosides, neomycin is the most 
nephrotoxic and dihydrostreptomycin, the least. The neph-
rotoxicities of the other aminoglycosides are between these 
two extremes. Several studies have compared tobramycin and 
gentamicin (the latter is more concentrated), but controlled 
clinical trials in humans have failed to find a clinical difference 
in the nephrotoxicity potential between the two.90 Studies 
comparing the nephrotoxic potential of amikacin with other 
aminolgycosides (but not gentamicin) also have been incon-
clusive.90 A number of drugs increase the risk of nephrotoxic-
ity (see the section on drug interactions).

The attraction of aminoglycoside cations to the renal tubu-
lar cell membrane can be competitively inhibited by divalent 
(e.g., magnesium or calcium) cations (e.g., ethylenediamine-
tetraacetic acid [EDTA]) or decreased in an alkaline urine (un-
ionizing amine groups). Hypocalcemia or hypomagnesemia 
may increase the risk of aminoglycoside toxicity; in contrast, 
dietary calcium loading may protect against toxicity. Uptake 
of aminoglycosides also may be related to the amount of phos-
phatidylinositol in the cell membrane; the amount is dispro-
portionately higher in renal cortex and cochlear tissues.91

Once the renal tubular cells are entered, aminoglycosides 
are then actively accumulated in the cell by pinocytosis; intra-
cellular accumulation may result in concentrations greater 
than fiftyfold of that in plasma. Inside renal tubular cells, 
probably in part because of ion trapping, aminoglycosides are 
sequestered in lysosomes, which subsequently appear mor-
phologically as myeloid bodies. The drugs are slowly elimi-
nated in the urine as myeloid bodies, which contain drug, 
RNA, and DNA after the tubular cell dies.

The cause of tubular cell death induced by aminoglycosides 
remains unclear, although a number of cellular functions (in 
addition to lysosomal damage) are impaired; examples include 
phospholipases, sphingomyelinases, and ATPases. Mitochon-
drial respiration is decreased, impairing energy resources of 
the cell. Again, this may reflect interaction between the drug 
and mitochondrial cell membrane. Proximal tubular permea-
bility may be impaired both directly as drugs interact with the 
cell membrane and indirectly as a result of impaired Na+,K+-
ATPase activity. Aminoglycosides also alter glomerular func-
tion, perhaps by reducing the number and size of glomerular 
endothelial cells.91 Finally, phospholipases important for renal 
prostaglandin synthesis are among the enzymes impaired by 
aminoglycosides. The initial decrease in glomerular filtration 
that accompanies aminoglycoside therapy may reflect the 
inability of the kidney to vasodilate in response to vasocon-
strictor actions such as that signaled by angiotensin II.91 This 
may reflect altered prostaglandin synthesis. As glomerular fil-
tration declines, so may clearance of the aminoglycoside, thus 
increasing the risk of toxicity.90

The half-life of renal cortical aminoglycosides is 
approximately 100 hours. This and the fact that a critical 

aminoglycoside concentration must be reached before neph-
rotoxicity emerges generally preclude renal cortical nephro-
toxicity before the first 3 days of therapy (Box 7-1).117 No 
study has demonstrated a threshold of dosing or interval 
that ensures or predicts toxicity. Studies that have focused on 
aminoglycoside toxicity in dogs and cats have used dosing 
interval that ranges from 12 hours to constant intravenous 
infusion. Studies regarding aminoglycoside nephrotoxi-
city in cats have focused on doses of 35 mg/kg or more at 
intervals of 12 hours or less.91 A bimodal course of amino-
glycoside-induced nephrotoxicity has been described in the 
dog, with an initial subclinical phase characterized by a con-
centrating defect and an azotemic phase; different disease 
states might be predictable based on changes in pharmaco-
kinetics.108 Under experimental conditions, gentamicin at 
4 mg/kg every 12 hours in dogs changes urine osmolar-
ity within 7 days and an increase in serum creatinine by 
17 days. Urinary prostaglandin E activity decreases before 
azotemia, which may be responsible for the state of neph-
rogenic diabetes insipidus. Whereas a single dose of 15 mg/
kg gentamicin was associated with subclinical and mor-
phologic changes in the kidney of young Beagles,119 higher 
doses of 30 mg/kg administered at 8-hour intervals in dogs 
result in increases in urine gamma-glutamyltransferase 
within 2 days and serum creatinine within 9 to 12 days. 
Interestingly, a study that describes the disposition of gen-
tamicins C1, C1a, and C2 in dogs found clearance of C1 to 
be twice as fast and Vd to be twice as high as for the other 
two gentamicins.120 The investigators found that the renal 
binding of C1 is likely to be greater, suggesting that it is 
more likely to be nephrotoxic compared with C1a and C2. 

Minimization of Aminoglycoside Nephrotoxicity
 1.  Use once-daily therapy when appropriate.
 2.  Ensure adequate hydration status.If any doubt, or in a patient 

at risk, treat with sodium isotonic.
 3.  Maximize peak plasma drug concentration to ensure that 

Cmax/MIC >10 and trough plasma drug concentration is < 2 
μg/mL.

 4.  Monitor peak and trough concentration aminoglycoside con-
centration such that half-life and clearance can be followed.

 5.  Monitor urinary renal enzyme (γGT) to creatinine ratios, 
urine sediment, and serum creatinine.

 6.  Use the least nephrotoxic aminoglycoside (possible amikacin 
versus gentamicin).

 7.  Use the most effective aminoglycoside for the target organism 
(e.g., gentamicin for Staphyloccocus, amikacin for Pseudomo-
nas).

 8.  Use combination antimicrobial therapy, particularly with 
 synergistic antibiotics and always for gram-positive  organisms

 9.  Avoid use of other nephrotoxic or nephroactive drugs, 
 including antiprostaglandins, ACE inhibitors, and  furosemide.

 10.  Administer during periods of activity (e.g., early morning in 
dogs, possibly evening in cats).

 11.  Treat with N-acetylcysteine. 

Box 7-1
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Gentamicin (3 mg/kg) administered intravenously every  
8 hours for 5 days to cats (n = 6) was not associated with 
changes in serum or histologic indicators of renal or vestibu-
lar dysfunction.121 Endotoxemia appears to cause more gen-
tamicin renal medullary accumulation in cats but does not 
appear to be associated with increased renal pathology.115 
Tobramycin was associated with increased serum creatinine 
and/or BUN in 9 of 12 cats dosed twice with tobramycin 
despite washout periods,111 suggesting that it may be more 
nephrotoxic than other aminoglycosides, at least in cats.

No indicator of renal damage induced by the aminoglyco-
sides is sufficiently sensitive to prevent damage; indeed, dam-
age will continue beyond detection with current methods. 
Changes in urine osmolality or sodium fractional clearance 
typical of the initial subclinical phase may detect a concen-
trating defect. However, this should be preceded by a release 
of renal tubular enzymes such as gamma-glutamyltransferase 
into urine. Measurement of the enzyme has been used experi-
mentally to measure aminoglycoside toxicity. The enzymes 
increase within several days after damage has begun. How-
ever, 24-hour sample collection for these procedures is 
impractical. Measurement of the urine creatinine to gamma- 
glutamyltransferase ratio in spot samples of urine have proved 
useful in experimental models of aminoglycoside toxicity.123 
Ratios may not, however, change until several days after toxic-
ity has begun.91 A change in aminoglycoside clearance may 
be the most sensitive indicator of aminoglycoside toxicity (see 
Chapter 5.81,114,115 In humans serum creatitine may increase 
up to 1 week after therapy is discontinued, indicating the 
potential for continued damage once the drug is discontin-
ued,117 presumably because accumulated drug remains in the 
tubules. Accordingly, nephrotoxicity is best avoided (see Box 
7-1 and the section on therapeutic use).

The presence of renal disease is not a contraindication for 
aminoglycoside use, although it certainly raises the risk. Nor-
mograms have been designed in human medicine to reduce 
the risk of further damage (see the section on therapeutic 
use). The risk of nephrotoxicity is greater if any condition of 
the patient depends on renal prostaglandin formation, such 
as hypotension, shock, endotoxemia, renal or cardiac disease, 
or with concurrent drug therapy that impairs prostaglandin 
synthesis, such as nonsteroidal antiinflammatory drugs.5,126 
Metabolic acidosis (or an acidic urine pH) also predisposes 
the patient to aminoglycoside nephrotoxicity because drugs 
are ionized and attracted to the anionic changes of cell mem-
branes.127 Consequently, if the source of infection is in the 
urinary tract, maintaining an alkaline pH will enhance the 
efficacy of the aminoglycosides by facilitating their diffusion 
back into infected tissue (and bacteria), while decreasing renal 
tubular cell uptake of aminoglycosides, presumably because 
of decreased ionization of the drugs. Aminoglycoside toxicity 
was demonstrated to be temporal in rats,128 being worse when 
rats were resting and least when active. Accordingly, dosing in 
the morning may be prudent for dogs; dosing at night might 
be considered for cats. Some patients (e.g., pediatric dogs <14 
days of age, patients with diabetes mellitus or hypothyroidism) 
are protected against aminoglycoside- (gentamicin)-induced 

nephrotoxicity because renal accumulation in the cortical tis-
sues is limited.130,131 Symptomatic hypomagnesemia, hypocal-
cemia, and hypokalemia associated with inappropriate urinary 
excretion of potassium despite low serum concentrations has 
been reported in humans after gentamicin therapy.132 The mag-
nitude correlated with the total cumulative dose of gentamicin. 
Risk factors included older age and long duration of therapy.123 
Note that hypomagnesemia and hypocalcemia may increase 
the risk of aminoglycoside toxicity by increasing the ease with 
which drugs enter the renal tubular cell.

Studies have attempted to identify therapies that might 
treat or prevent aminoglycoside-induced nephrotoxicity. The 
role of prostaglandin analogs (e.g., misoprostol) in the pre-
vention or treatment of aminoglycoside toxicity has not yet 
been established. Melatonin administered simultaneously to 
rats receiving gentamicin was associated with reduced neph-
rotoxicity.124 Rate receiving l-Carnitine (40 to 200 mg/kg/day, 
injected) beginning 4 days before receiving doses of gentami-
cin ranging from 50 to 80 mg/kg had less nephroxicity (based 
on serum creatinine and histology) compared with untreated 
rats. Renal gentamicin concentrations were not different, 
suggesting that decreased aminoglycoside uptake by the 
renal tubular cell was not the mechanism of prevention. Pro-
posed mechanisms were promotion of fatty-acid oxidation, 
increased mitochondrial ATP, and decreased formation of 
oxygen radicals.135 Again, in rats, N–acetylcystein (10 mg/kg 
intraperitoneally [IP]) protected against gentamicin (100 mg/
kg subcutaneously/day × 5 days) induced nephrotoxicity.136 
This treatment apparently also has also been demonstrated 
to be otoprotective in human patients undergoing hemodi-
alysis that are treated with gentamicin.137 A federally funded 
human clinical trial is currently underway to validate the ben-
eficial effects of N–acetylcysteine in patients with or at risk to 
develop aminoglycoside nephrotoxicity.

Aminoglycosides can cause an irreversible ototoxicity, 
although this is not likely to occur at therapeutic doses as long 
as trough concentrations are lower than 2 to 5 μg/mL (lower 
should be targeted for gentamicin, higher for amikacin). How-
ever, a single dose of tobramycin was associated with ototox-
icy in humans.80 Like nephrotoxicity, ototoxicity reflects active 
uptake of the drug by hair cells of the cochlea. Both auditory 
and vestibular toxicity may occur. As with nephrotoxicity, 
the ototoxic potential of each drug varies. The drugs typically 
should not be given to a patient with a perforated eardrum. 
Aminoglycosides can cause neuromuscular blockade owing 
to impaired calcium release at myoneural junctions. The risk 
appears to be dose dependent and is greater with intravenous 
administration, in the presence of hypocalcemia, or when 
combined with other agents active at the myoneural junction 
(e.g., anesthetics, skeletal muscle relaxants). Neuromuscular 
blockade can be reversed by cholinesterase inhibitors and 
(cautiously) calcium.

KEY POINT 7-18 The presence of renal disease is not a con-
traindication for aminoglycoside use, although it certainly 
raises the risk of adverse effects.
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Drug Interactions
The risk of aminoglycoside ototoxicity and nephrotoxicity is 
increased when aminoglycosides are used in combination with 
one another or with nonsteroidal antiinflammatory drugs, 
diuretics (particularly loop-acting), angiotensin-converting 
enzyme inhibitors, amphotericin B, and other nephrotoxic 
(or nephroactive) or ototoxic drugs. The risk of neuromuscu-
lar blockade is increased with the combination of aminogly-
cosides and intravenous calcium, calcium channel blockers, 
and gas anesthetics and other neuromuscular blocking agents, 
including atacurium. Edrophonium will reverse the latter, 
whereas calcium supplementation can reverse any neuromus-
cular blockade.2

As weak bases, the aminoglycosides may chemically inactivate 
weak acids; inactivation has been documented in vitro138 and in 
vivo139 between tobramycin and extended-spectrum penicillins 
but not carbapenems.140 Tobramycin appears more amenable to 
inactivation than does amikacin.139 In vivo inactivation is more 
likely to occur in patients with renal disease for which PDC may 
be higher than in normal patients. Chemical inactivation might 
also occur in urine as higher concentrations are achieved. In 
general, the aminoglycoside is inactivated rather than the peni-
cillin simply because the penicillin is present at much higher 
concentrations compared with the aminoglycoside.

Synergism between aminoglycosides and cell wall–active 
antimicrobials has been documented against Enterococcus spp. 
as well as some strains of Enterobacteriaceae, P. aeruginosa, 
staphylococci (including MRSA), and other microorganisms. 
However, these organisms are not always inhibited by the com-
bination of aminoglycoside and cell wall–active compounds. 
Indeed, antagonism has been described between aminoglyco-
sides and beta-lactams against a MRSA, presumably owing to 
induction of an aminoglycoside-modifying enzyme.92

Therapeutic Use
Despite their ability to cause nephrotoxicity, the aminogly-
cosides remain the most effective drugs for the treatment 
of serious gram-negative infections. They are also effective 
(combination therapy recommended), against Staphylococcus, 
Nocardia, Mycoplasma, and selected Mycobacteria spp. Cau-
tion is recommended in their use for infections in tissues that 
are difficult to penetrate and infections that may be located in 
an anaerobic environment. Combination therapy and topical 
therapy (in concert with systemic therapy) should be consid-
ered whenever possible for serious or complicated infections 
or in the presence of intracellular infections. Aminoglycoside-
impregnated calcium hydroxyapatite or methyl methacrylate 
beads and methyl methacrylate cement have been used with 
apparent success in orthopedic procedures (see Chapter 6). 140a 
Aminoglycosides cannot be given orally with the intent of sys-
temic effects, and their use might be limited to hospitalized 
patients. However, once-daily therapy increases the conve-
nience and safety of outpatient aminoglycoside therapy.

The pharmacologic rationale for once-daily (also called 
extended-interval) dosing of aminoglycosides includes their 
concentration-dependent bacterial killing, minimization of 
the adaptive resistance, the presence of a postantibiotic effect, 

and avoidance of renal cortical drug accumulation (i.e., provid-
ing a drug-free period to facilitate excretion) such that trough 
concentrations reach a low target.117 As early as 1984,141 a 
fixed-dose, prolonged interval was known to be safer than a 
reduced dose and fixed interval in regard to nephrotoxicity in 
dogs. Recent studies in dogs, humans, and experimental mod-
els have supported a 24–hour dosing interval (administering 
the total daily dose once a day) for aminoglycoside therapy. 
The once-daily dose of an aminoglycoside necessary to impair 
renal function has not been determined, in part because differ-
ent drugs are studied at different doses and intervals. Because 
clinical patients are likely to be characterized by changes that 
predispose to toxicity, studies in normal animals may not be 
relevant. Once-daily administration of gentamicin was con-
cluded to be safe for 5 days in dogs at a single daily dose of  
6 mg/kg.108 Maximum concentration (Cmax (μg/mL), was 9.2 
at a Tmax of 0.48 hours. Mean trough gentamicin serum con-
centrations were 0.1 μg/mL. Although deemed safe, serum 
creatinine and urea nitrogen were increased and specific urine 
gravity decreased in one dog and granular casts were evident in 
two dogs.

Many clinical trials have been performed in humans to 
assess the safety and efficacy of once-versus multiple-daily 
dosing of aminoglycosides. Differences in objectives, patients, 
methodologies, and conclusions have led to confusion. Sev-
eral meta-analyses have been performed in humans that 
focuses on clinical efficacy and either nephrotoxicity or oto-
toxicity in patients treated with aminoglycosides once versus 
multiple times daily. The number of trials included in each 
meta-analysis ranged from 21 to 26; the number of persons 
studied by each meta-analysis was 2100 to more than 3000. 
Barza’s group142 found that once-daily administration of ami-
noglycosides in patients without preexisting renal failure was 
as effective as multiple-daily dosing and was associated with 
a lower risk of nephrotoxicity and no greater risk of ototox-
icity. Further, once-daily dosing was more convenient and 
less costly. A second (22 studies)143 and third meta-analy-
sis (26 studies)144 found the rates of efficacy and toxicitity 
were similar and convenience and reduced cost justified the 
once-daily approach. Another study found that gentami-
cin (once or multiple times daily) and ticarcillin- clavulanic 
acid, either alone or combined with gentamicin, was associ-
ated with the same efficacy and nephrotoxicity renal func-
tion was better preserved with either once-daily gentamicin 
combined with ticarcillin–clavulanic acid or ticarcillin– 
clavulanic acid alone.145 However, in humans, experts continue 
to advise that extended-interval aminoglycoside dosing not be 
used in patients with endocarditis, mycobacterial infections, 
or burns. Further, a simple once-daily approach to aminogly-
coside therapy should not be used if the patient’s creatinine 
clearance is less than 20 mL/min or in patients in hemodialysis 
because of marked alteration of PK in these patients. Rather, 
monitoring should be the basis of dosing in these patients.146 
Further, for obese patients (actual body weight > 20% above 
ideal body weight [IBW]), the dose should be reduced using the 
following formula that adjusts weight: obese dosing weight =  
IBW + 0.4 (actual weight − IBW).147 A number of normograms 
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have been developed for use in humans to support the design 
of aminoglycoside dosing regimens that will be effective yet 
safe in patients with renal disease. Generally, the normograms 
are based on creatinine clearance and other patient factors. 
However, in general, the normograms underestimate the dose 
necessary to achieve a therapeutic maximum drug concentra-
tion. Methods using probabilistic or deterministic methods 
are currently being investigated.148 However, therapeutic drug 
monitoring continues to be the preferred method to allow cal-
culation of individual patient PK.117,146 Indeed, a meta-anlysis 
that compared once-daily multiple-dosing therapy and dos-
ing based on PK found that basing doses on individual PK 
was the safest approach to dosing with aminoglycosides.117 
AUC based on two time points has enhanced prediction of 
dosing regimens for aminoglycosides in children with cystic 
fibrosis.149 However, the distribution phase of aminoglyco-
sides is sufficiently slow that the first sample probably should 
be collected no earlier than 1 hour after dosing is complete. 
Monitoring peak (no earlier than 1 hour, to ensure complete 
distribution) and detectable trough concentrations (no later 
than 2 to 3 half-lives after the peak to ensure concentrations 
are still detectable) will allow estimation of half-life, and (if 
given intravenously) Vd and clearance (see Chapter 5). Pre-
treatment and posttreatment comparisons may be useful in 
the early detection of significant changes in renal function, 
which will also help guide safe therapy. The clinical pharma-
cologist offering recommendations will be able to determine 
these parameters regardless of the actual timing (i.e., 1 ver-
sus 1.5 hours for peak, 4 versus 8 hours for trough); however, 
accuracy in reporting the time that samples were collected is 
critical for proper recommendations when the samples are 
collected for determination of half-life.

Maintaining hydration is probably the single most impor-
tant means by which the risk of aminoglycoside-induced 
nephrotoxicity can be minimized. Ototoxicity also can be 
minimized by hydration and avoidance of topical administra-
tion, particularly in the presence of a perforated tympanum. 
Although gentamicin is the most economical aminoglycoside, 
amikacin should be considered for serious infections because 
of its improved resistance to antimicrobial destruction and 
better efficacy against some organisms, including P. aerugi-
nosa. The aminoglycosides are often used in combination with 
other antimicrobials that have a less comprehensive gram-
negative spectrum. As with imipenem, the aminoglycosides 
cause minimal endotoxin release in patients suffering from 
gram-negative infections associated with a large inoculum.74

DRUGS THAT TARGET NUCLEIC ACIDS

Fluorinated Quinolones
The fluorinated quinolones (FQs) are among the most recent 
classes of antimicrobials to be developed for treatment of bac-
terial infections. These synthetic drugs are minimally toxic yet 
have been effective in the treatment of many aerobic gram-
negative organisms and selected gram-positive organisms. The 
desire to expand their spectrum of activity and the advent of 
resistance has led to innovated structural changes.

Structure–Activity Relationship
A review of the development of FQs is worthwhile, not only 
to facilitate understanding of their actions but also to provide 
insight regarding the advantages of so-called designer drugs. 
Two decades elapsed between the development of nalidixic 
acid, the progenitor of the FQs, and norfloxacin, the first of 
the FQs to be approved for use. Among the FQs currently used 
for treatment of susceptible infections in dogs and cats, cip-
rofloxacin was first approved for use in humans in 1986, with 
its veterinary counterpart, enrofloxacin, rapidly following in 
1991. Extensive use of these drugs has exposed the need for 
improvements and newer clinical indications; pharmaceutical 
companies have been attentive to addressing these needs.

Nalidixic acid is the progenitor of the FQs (Figure 7-8). Syn-
thetic manipulations, including but not limited to the addition 
of a fluorine atom, have broadened the antibacterial spectrum; 
enhanced tissue penetrability; reduced (some) side effects (per-
haps while contributing to others); and, most recently, decreased 
the risk of resistance. Currently marketed FQs generally consist 
of a quinolone ring nucleus, the target of most initial structural 
manipulations (Figure 7-9), or a napthyridone ring structure, 
which replaces the nitrogen at carbon 8 on the quinolone struc-
ture (enoxacin, tosufloxacin, trovafloxacin, and gemifloxacin). 
The quinolone nucleus contains a carboxylic acid group at posi-
tion 3 and an exocyclic oxygen at position 4 (hence the term 
“4-quinolones”); these are the active DNA gyrase binding sites, 
and thus these sites generally are not chemically manipulated. 
The structures yield two pKas for most FQs, rendering them 
amphoteric; they can act as weak bases, weak acids, or neutral 
compounds. For example, the carboxylic acid of enrofloxacin 
has a pKa of 6 and the amine group a pKa of 8.8. The side chain 
attached to the nitrogen at position 1 affects potency. The ethyl 
group at this position on nalidixic acid and the first of the clini-
cally used FQs, norfloxacin, was replaced with a bulkier group 
(e.g., the cyclopropyl group of ciprofloxacin), which enhanced 
both gram-negative and - positive spectra. Substitution at posi-
tion 5 also improved the gram-positive spectrum; however, 
it was the addition of a fluorine atom at position 6 that pro-
foundly enhanced the gram-positive spectrum. The addition 
of a piperazyl ring, containing a heterocyclic nitrogen, at posi-
tion 7 also was a critical improvement. This addition improved 
bacterial penetration (potency) and added P. aeruginosa to 
the gram-negative spectrum. The combination of the fluorine 
atom with a piperanyl ring produced the “breakthrough” class 
of FQs used today; norfloxacin was the first of these FQs to be 
approved in the United States.

Chemical manipulations continue to improve the FQs in 
terms of spectrum, potency, and avoidance of resistance. Substi-
tutions on the piperazyl (e.g., ofloxacin, its L isomer, levofloxa-
cin, and sparfloxacin) enhance the gram-positive penetration, 
whereas substitutions at position 8 enhance anaerobic activ-
ity (e.g., sparfloxacin, pradofloxacin, moxifloxacin). Substitu-
tions at these sites with halogens such as chlorine or fluorine 
(e.g., 8-chloroquinolones or 8-fluoroquinolones [sparfloxa-
cin]) result in ultraviolet unstable compounds (particularly 
the chloro substitution), which can cause phototoxicity. In 
contrast, substitution of a methoxy-group at the 8 position  
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(e.g., moxifloxacin, gatifloxacin) confers good anaerobic activ-
ity but without risk of phototoxicity. Recent improvements 
(in human medicine) focus on increasing the efficacy of FQs 
toward pneumococci and MRSA, as well as other gram-pos-
itive cocci, Enterobacteriaceae, Pseudomonas, and anaerobes, 
and methods by which resistance might be minimized.

Four drugs are currently approved for oral use in small 
animals in the United States: enrofloxacin (the first approved, 
for both dogs and cats, also approved for injectable [SC] use 
in dogs), followed rapidly by orbifloxacin (dogs and cats), 
difloxacin (dogs), and marbofloxacin (dogs and cats) (see 
Figure 7-8). Pradofloxacin may be undergoing consideration 
for approval for use in dogs in the United States. Variations in 
the chemical structures of these drugs may result in subtle dif-
ferences in potency, efficacy, and tissue distribution. Human-
marketed FQs, particularly ciprofloxacin and increasingly 

levofloxacin, continue to be prescribed by veterinarians. 
Care should be taken to ensure that differences in disposi-
tion between humans and dogs or cats are considered when 
using these drugs. In their guidance to industry, the FQs have 
been indicated by the Food and Drug Administration (FDA) 
as “drugs of interest”; as such, veterinary use of these or newer 
FQs approved for use in humans is likely to draw scrutiny by 
allied health professions, including regulatory agencies. Note 
that use of drugs intended for human use (including cheaper 
generic drugs) instead of veterinary drugs solely because the 
former are less expensive is likely to be a disincentive for veter-
inary manufacturers with regard to future approvals of drugs  
for animals. Further, Animal Medical Drug Use Clarification 
Act stipulates that the conditions underwhich extra-label drug 
use is allowed include the lack of availability of a veterinary 
approved drug that meets the patient’s needs. Extra precau-
tions should be taken when prescribing human-medicine 
drugs to ensure judicious use.

Because enrofloxacin was the first of the veterinary FQs 
to be approved for use in dogs and cats, it often is the gold 
standard on which subsequent drug approvals are based and 

KEY POINT 7-19 Chemical manipulations of fluorinated 
quinolones improve potency, broaden the spectrum, and 
decrease resistance.
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carboxylic acid at position 3 (necessary for inhibition of DNA gyrase). The combination of the fluorine at position 6 (which mark-
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pradofloxacin). The addition of larger side chains may impair microbial resistance mechanisms.
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upon which clinical trials evaluating FQ efficacy are based. 
Because it is structurally similar to ciprofloxacin and because 
it is metabolized (up to 50% of the AUC of bioactivity) to cip-
rofloxacin in many species, much of the PD information in the 
human literature regarding efficacy for ciprofloxacin is appli-
cable to enrofloxacin. However, exceptions occur, particularly 
with regard to PK considerations. Further, some differences 
exist in regard to pharmacodynamics between ciprofloxacin 
and enrofloxacin. Although marbofloxacin has been approved 
for a shorter period in the United States compared with 
enrofloxacin, it has been used since 1994 in Europe, and  
a considerable amount of information is available regarding 
this drug. In contrast, less information is available for orbi-
floxacin and particularly difloxacin.

Mechanism of Action
The FQs currently are the only veterinary-approved antimi-
crobials that directly inhibit DNA synthesis. Bacterial DNA, is 
circular and can be up to 1.3 mm long, necessitating a nega-
tively supercoiled state surrounding the RNA core (see Figure 
7-9).150,151 During DNA synthesis, the double strands of DNA 
must be uncoiled or “unzipped” to allow either messenger 
RNA to interpret or a new DNA strand to be synthesized. The 
unzipping of the double strands induces positive supercoiling, 
which leads to undue stress in the individual strands. Accord-
ingly, DNA gyrase (topoisomerase II), directs double-stranded 
breaks in the DNA, thus inducing a negative supercoil con-
figuration, balancing the positive supercoils. Once DNA 
polymerase passes through a break in the strand, the break is 

repaired. Topoisomerase IV separates the daughter DNA mol-
ecules produced by DNA replication.152 Both DNA gyrase and 
topoisomerase IV are essential to bacteria replication; both are 
targeted by FQs either individually or sequentially, depending 
on the drug and organism.151

Bacterial topoisomerases are ATPase-dependent enzymes. 
Each exists as a tetramer consisting of two A and two B 
subunits. For DNA gyrase, the subunits are encoded by the 
genes gyrA (2517 bp) and gyrB (2060 bp), respectively, and 
for topoisomerase parC and parA, respectively. The primary 
enzyme responsible for activity varies with the organism and 
influences the target of the FQ. DNA gyrase is the primary 
target in E. coli, other gram-negative organisms, and Mycobac-
terium tuberculosis, whereas topoisomerase IV is the primary 
target of S. aureus and (probably) other gram-positive organ-
isms.151,153 The efficacy of the FQs against various microbes 
can be explained, in part, by the presence or absence of the tar-
get enzymes, as well as drug preference for different enzymes 
(which in turn can be related to chemical structure [see 
above]). For example, unlike most other bacteria, M. tubercu-
losis lacks topoisomerase IV and might be less susceptible than 
other microbes that have both targets. Ciprofloxacin prefers 
topoisomerase IV, whereas moxifloxacin prefers DNA gyrase. 
Accordingly, bactericidal activity of moxifloxacin might be 
(and clinically appears to be) better compared with ciprofloxa-
cin against M. tuberculosis. Efficacy of FQs is related to the 
number of molecules that interfere with the target topoisom-
erase; interference is irreversible, resulting in concentration-
dependent effects.

Bacterial DNA
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RNA core

Replication

DNA gyrase

DNA strands are cut,
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Figure 7-9 The mechanism of action of fluorinated quinolones. During DNA synthesis, the double strands of circular bacterial DNA 
are in a tightly (negatively) coiled state (negative referring to the direction of the coils). The DNA strands are “unzipped” to allow 
either messenger RNA or a new DNA strand to be synthesized. The unzipping induces stress and the subsequent formation of 
positive supercoils, that ultimately must be removed. DNA gyrase, a topoisomerase, directs double-stranded breaks in the DNA. 
After DNA synthesis, the daughter chromosomes are unlinked by topoisomerase IV. Both DNA gyrase and topoisomerase IV are 
essential to bacteria and either or both are targeted by the fluorinated quinolones. Drugs that target both enzymes may require 
multiple mutations for resistance to emerge.
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The MICs of the FQ for susceptible organisms tend to be low 
compared with most other antimicrobial drugs. DNA gyrase 
actions are inhibited at concentrations of 0.1 to 10 μg/mL. 
The precise mechanisms by which FQs kill are not fully 
understood, but strand breakage, autolysis associated with  
SOS DNA repair systems, and blockade of replication by the 
gyrase FQ complex may cause bacterial inhibition without 
bacterial killing.154 However, the concentration of FQs neces-
sary to inhibit the growth of organisms (MIC) is very close to 
that necessary to kill the organism (MBC). Although mammal 
DNA replication also depends on a topoisomerase, its function 
is somewhat different. More important, affinity of host topoi-
somerases is less than 0.001 of that of bacterial DNA gyrase. 
Thus the unique mechanism of action of the FQs renders rapid 
bactericidal activity with minimal effects on the host. The time 
to effect for FQs is very short (30 minutes); their rapidity of 
action often is the reason for preference of these drugs com-
pared with other equally but more slowly effective antimicro-
bials (e.g., amoxicillin–clavulanic acid combinations for the 
treatment of selected pyodermas). Interestingly, cellular fac-
tors such as intracellular magnesium concentration, salt, and 
ATP may influence the affinity of FQs for their target enzymes; 
the clinical implications of this observation are not clear.151

The efficacy of the FQs occurs, in part, because of a long 
postantibiotic effect, which also is concentration dependent. 
Depending on the organisms, drug, and concentration, the 
postantibiotic effects can approximate 5 to 8 hours.155-159 The 
efficacy of the FQs appears to correlate more closely with 
peak concentrations (i.e., concentration dependent) than with 
duration of PDC above the MIC.160,161 Consequently, efficacy 
is more likely when Cmax/MIC exceeds 10 or more. However, 
duration of time that PDCs are above the MIC (AUC/MIC) 
also is an effective predictor of efficacy, and may be better 
than Cmax/MIC for selected organisms.162 Analysis of multiple 
studies focusing on the best predictor of successful bacte-
rial killing indicated that the area under the inhibitory curve 
(AUIC), an index that is similar to AUC/MIC (see Chapter 6) 
was the best predictor of efficacy. If AUIC is greater than 100 
but less than 250, bacterial killing is slow (evident by day 7 of 
therapy), whereas an AUIC greater than 250 produced rapid 
killing, with eradication occurring within 24 hours. The effect 
occurred for both gram-negative and gram-positive organ-
isms.153 These data suggest that the most effective use of the 
FQs is to administer at a dose that will achieve rapid killing. 
A comparison of Cmax/MIC or AUC/MIC may be helpful in 
comparing relative efficacy among the FQs used to treat feline 
or canine pathogens164 (see Table 7-12).

Spectrum of Activity
The (human-medicine) FQs have been categorized into 3 to 
4 generations based on their spectrum of activity (see Figure 
7-8).165 Athough not often used, the classification is helpful for 
perspective on the development of the FQs. The spectrum of 
nalidixic acid, the first-generation drug, is narrow. However, it 
was improved through pharmaceutical manipulation, yielding 
the second-generation drugs. This generation is exemplified by 
the human-marketed drug ciprofloxacin and the current vet-
erinary FQs approved for use in dogs and cats. Their spectrum 
includes a broad gram-negative and less broad gram-positive 
spectrum. Third-generation drugs include levofloxacin, the 
L-isomer of ofloxacin, sparfloxacin, gatifloxacin, and moxi-
floxacin. This generation is characterized by enhanced potency, 
improved spectrum (which includes anaerobes), and reduced 
resistance. The fourth-generation drugs are characterized by 
the broadest spectrum and are exemplified by trovafloxacin. 
Each generation has been designed such that drug molecules 
target specific molecules of the target enzymes, thus increasing 
efficacy, and for some reducing the emergence of resistance.

The second-generation veterinary FQs have been referred 
to as broad in spectrum, but this term is appropriate only 
when referring to the gram-negative spectrum; the term broad 
is more appropriate for third-generation drugs, for which 
their currently is no veterinary approved example in the 
United States. The gram-positive spectrum is more selective, 
and anaerobes, in general, are not susceptible. However, other 
microbes are targeted, including cell wall–deficient microbes 
and mycobacterium. Organisms particularly susceptible to 
FQs include Pasteurella (among the lowest MICs), E. coli, 
Klebsiella spp. E. cloacae, P. mirabilis, Citrobacter freundii, and 
S. marcescens. Pseudomonas spp. also is included in the spec-
trum but generally is characterized by the highest MICs, with 
efficacy toward Pseudomonas spp. varying with the individual 
drugs (Table 7-12; see also Tables 7-3 and 7-4).154 Among the 
drugs used in dogs or cats, ciprofloxacin, enrofloxacin, and 
marbofloxacin tend to have the lowest MICs. Ciprofloxacin 
is most potent toward gram-negative isolates, particularly for 
E. coli and P. aeruginosa.164,166 The gram-positive spectrum 
includes Staphylococcus spp. and some Corynebacterium. The 
FQs have exhibited variable efficacy against Streptococcus spe-
cies and E. faecalis.156,167 Other susceptible organisms gener-
ally include Campylobacter, Salmonella, Shigella, and Yersinia. 
Efficacy of the FQs toward leptospirosis is supported by lim-
ited studies. Some rickettsial organisms may be susceptible; in 
vitro data and limited in vivo data indicate potential efficacy 
against organisms causing ehrlichiosis and Rocky Mountain 
spotted fever.168

Integration of PK and PD of the FQs reveals some differ-
ences in predicted efficacy among the FQs used in cats and 
dogs toward organisms within the spectrum (see Table 7-12). 

KEY POINT 7-20 Differences in efficacy of the fluorinated 
quinolones reflects, in part, the preferred topoisomerase 
targeted by the drug.

KEY POINT 7-21 The irreversible interaction between drug 
and topoisomerase results in a concentration-dependent 
effect for the fluorinated quinolone.

KEY POINT 7-22 The second-generation fluorinated quino-
lones have a broad gram-negative spectrum and a more 
limited gram-positive spectrum and are generally not effec-
tive toward anaerobes.
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Table 7-12  Pharmacodynamic Data for Selected Fluoroquinolones and Selected Feline and Canine Pathogens(164, 180)

Enrofloxacin Orbifloxacin Difloxacin Marbofloxacin Pradofloxacin Ciprofloxacin

Organism n MIC50 MIC90 n MIC50 MIC90 n MIC50 MIC90 n MIC50 MIC90 n MIC50 MIC90 n MIC50 MIC90

Bordetella 25/54 0.25 0.5 54 0.5 2 54 2 4 54 0.25 0.5 54 0.12 0.25
Enterococcus 40/41 1 1 41 4 4 41 2 4 41 2 2 94 0.12 0.25
Escherichia 

coli
61 0.0625 ≥64 28/155 0.12 0.39/0.25 61 0.0625 ≥64 61/45 0.06/≥64 155 ≤0.015 0.03

Klebsiella 32/58 0.06 0.12/0.06 58 0.12 0.25 8/58 0.25 0.11/5 11/58 0.03 0.06 58 0.06 0.06 51 0.0625
Mycoplasma 32/70 0.12 0.5/0.25 70 0.25 0.5 70 0.25 0.5 70 0.12 0.5 70 0.03 0.06
Pasteurella 32 ≤0.03 0.03 32 ≤0.06 ≤0.06 32 ≤0.06 <0.05 32 ≤0.03 0.06 ≤0.03 ≤0.015 ≤0.015
Proteus 

mirabilis
88/28 0.125 0.25/1 15 1 8 28 0.0625 0.5 35/18 0.125 0.125/1 93 0.125 0.25 28 0.0625 0.5

Pseudomonas 
aeruginosa

94/58 1/0.5 >2/8 94/34 4 >8/16 94/58 2/0.125 >4/2 94/38 1/0.5 1/4 94 1 >2 58 0.125 2

Staphylococcus 
intermedius

119/200 0.12 0.25/0.12 51/15 0.5 0.39/0.5 19 0.25 0.25/2 135/200 0.25 0.25 200 0.06 0.06 19 0.125 0.125

Salmonella 15 ≤0.03 0.25 14 0.12 0.12 14 0.25 0.25 14 0.25 0.25 14 0.06 0.12
Staphylococcus 120/16 0.5 ≥64 8 1 ND 193/16 ND/ 

0.25
0.46/32 14 0.5 0.25/64 0.06 0.12 16 0.25 32

Streptococcus 33/20 05/0.25 1 33/10 1/0.25 2/≥64 33/20 0.5/ 
0.125

1 33/13 0.5 1/4 33 0.12 0.12 20 0.125 1

MIC MPC MIC MPC MIC MPC MIC MPC MIC MPC MIC MPC
E.coli ATCC8739* 0.03-0.06 0.3-0.35 0.25 1-1.25 0.125- 

0.5
1.5-1.6 0.03 0.25-0.3 0.014-0.03 0.2-0.25 0.015-

0.03
0.1-0.15

S. aureus ATCC 
6538

0.06-0.125 0.5-0.61 0.5 8-9 0.125 16-18 0.15-0.5 3-3.5 0.03-0.06 0.5-0.6 0.25-0.5 5

Staphylococcus 
intermedius 
ATCC 29663

0.06-0.125 1 ND ND ND ND 0.05 ND 0.03 0.15 0.125 ND

MIC, Minimum inhibitory concentration; MPC, mutant prevention concentration.
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Based on PK reported either in the literature or on the package 
insert, two PDIs were determined: the Cmax/MIC (target 10) 
or AUC/MIC (target 125). The PDIs were compared among 
drugs for the susceptible isolates of each organism at the low-
est and highest labeled dose for each drug. In general, at the 
low dose the only organism for which the target PDIs were 
reached for all drugs was E. coli. For all other organisms, even 
at the high dose, targets were reached consistently only for cip-
rofloxacin, enrofloxacin, and marbofloxacin.154 The authors 
concluded that the highest dose of the FQ is generally recom-
mended when possible and that enrofloxacin, marbofloxacin, 
and ciprofloxacin performed in vitro better than difloxacin 
and marbofloxacin.

Levofloxacin is a human-marketed third-generation FQ 
that increasingly is being used in dogs and cats. It is twice 
as potent against gram-positive isolates (topoisomerase IV) 
and equally potent against gram-negative isolates (DNA 
gyrase) compared with ciprofloxacin, although more recent 
data suggest that this is not consistent (see Table 7-4).169 For 
example, the MIC50/90 (μg/mL) for human organisms isolated 
from skin or soft tissue infections are as follows: S. aureus 
(0.25, > 4), E. coli (≤0.03, 4), or P. aeruginosa (0.5, >4).170 The 
potential efficacy of levofloxacin cannot be assessed for dogs 
because PK have not been established and neither Cmax nor 
AUC is available. Kinetics have been reported for levofloxacin 
in the cat, but at 10 mg/kg, the Cmax does not reach the MIC90 
for Staphylococcus or Pseudomonas spp. The Cmax/MIC90 is 
only 1 (rather than the target ≥10) for E. coli. The target ≥10 
would be reached based on the MIC50 for Staphylococcus spp. 
and E. coli but not for Pseudomonas spp. The safety of levo-
floxacin in cats at doses that will be necessary to reach the 
target PDI has not been established. These data suggest that 
PK and PD studies are needed in the dog before levofloxacin 
is used and that the organisms against which levofloxacin is 
used in cats at the dose of 10 mg/kg should be characterized 
by an MIC of 0.5 μg/mL or less. Once-daily administration 
was demonstrated to be more effective against Staphyloccus 
spp., including an MRSA isolate, compared with twice-daily 
dosing.169

Anaerobic organisms have been considered generally resis-
tant to the FQs. However, the spectrum of the newer drugs, 
particularly those substituted at position 8, has been expanded 
to include anaerobes. Levofloxacin, sparfloxacin, grepafloxa-
cin, and pradofloxacin each has greater activity against anaer-
obes compared with older drugs. This includes the B. fragilis 
group, as well as Clostridium, Peptostreptococcus, Prevotella, 
and Fusobacterium spp.171

The FQs are effective against mycobaterial organisms. How-
ever, using M. tuberculosis as an example, the MIC (μg/mL) for 
the newer FQs are lower compared with the second-generation 
drugs: 1 μg/mL for levofloxacin, 0.1 to 0.5 for sparfloxacin, 
0.2 to 0.25 for gatifloxacin, and 0.12 to 0.5 for moxifloxacin, 
compared with 0.5 to 4 for ciprofloxacin.154 Of the FQs, gati-
floxacin and moxifloxacin have been demonstrated to exceed 
the mutant potential concentration (MPC; see Chapter 8) for 
M. tuberculosis. Like other organisms, and despite their slow 
growth, the activity of FQs against Mycobacterium spp. is 

concentration dependent. However, tubercular organisms are 
able to enter a dormant, persistant, and antimicrobial-resistant 
phase, necessitating long-term therapy.

Each of the veterinary FQs has been approved with a “flex-
ible” dosing regimen, indicating low to high doses, with the 
choice depending on the MIC of the infecting organism. How-
ever, as previously discussed, increasing evidence suggests that 
the highest concentration should be targeted whenever possi-
ble. The concept of the MPC emerged in the context of emerg-
ing FQ resistance in mycobacteria. Targeting simply the MIC 
is likely to select for stepwise mutants (see Chapter 6).162 Flex-
ibility also occurs for the interval: for enrofloxacin and orbi-
floxacin, the label allows once- or twice-daily dosing, whereas 
for marbofloxacin and difloxacin, the dose is limited to once 
a day. Because FQs are concentration dependent, administra-
tion of the total daily dose as a once-daily dose is generally 
preferred, as has been demonstrated for ciprofloxacin173 and 
levofloxacin.169 P. aeruginosa is an example of an organism 
whose tendency toward resistance suggests the higher, once-
daily dose.174 Because efficacy of an FQ is based on AUC/MIC 
as well as Cmax/MIC, a second dose (not half the dose twice) 
might be considered, particularly for selected organisms (e.g., 
S. aureus).

The amphoteric nature of the FQs complicates the impact 
of pH on efficacy. For example, difloxacin was shown to be 
most potent (based on MIC differences) at a pH of 7.1 com-
pared with 5.9 or 7.9, with a fourfold increase in the MIC at 
the alkaline pH occurring for E. coli, K. pneumoniae, P. mirabi-
lis, and S. intermedius.159

Resistance
A major advantage of the FQs promoted during marketing, 
was the lack of clinically relevant plasmid-mediated quinolone 
resistance. Rather, the major mechanism of resistance reflects 
genetic mutations in the target topoisomerase enzymes (e.g., 
DNA gyrase [topoisomerase II] and topoisomerase IV). How-
ever, several observations dampen the importance of the 
predominance of mutational, rather than plasmid-mediated, 
resistance. First, history has demonstrated that resistance of 
any antimicrobial (plasmid or otherwise) may take several 
decades of intense antimicrobial use, suggesting that, as with 
other antimicrobials, the use of FQs ultimately was to be lim-
ited by resistance. Secondly, resistance to norfloxacin emerged 
as little as 3 years after its approval, regardless of the mecha-
nism. This rapid development of resistance foretold a similar 
problem with other second-generation FQs. Thus, as the med-
ical community enters the third decade of ciprofloxacin use 
in human medicine and the second decade of FQ use in vet-
erinary medicine, increasing resistance, albeit not necessarily 
plasmid mediated, has emerged and is limiting the widespread 
effective use of these drugs in both human and veterinary 
medicine. Finally, plasmid-mediated resistance has appeared 

KEY POINT 7-23 Failure to achieve the mutant prevention 
concentration (MPC) may allow emergence of multistep 
mutants.
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and plays a role in horizontal transmission of FQ resistance.165 
The development of FQ resistance by human bacterial organ-
isms has influenced the decision to ban extralabel use of FQs 
in food animals or use as food additives (i.e., growth promo-
tants). Clinically, the increasing pattern of resistance for vet-
erinary FQs and ciprofloxacin has emerged toward several 
organisms, including S. aureus, P. aeruginosa, E. coli, and other 
gram-negative organisms (see Chapter 6). In chronic otitis of 
dogs, 14% of S. pseudintermedius cultured from the middle 
ear and more than 65% of Pseudomonas spp. cultured from 
the external and middle ear were resistant to enrofloxacin.175 
A prospective study of more than 300 organisms submitted 
to commercial laboratories found nearly 30% of E. coli resis-
tant to all veterinary FQs, as well as ciprofloxacin.The MIC90 
for Pseudomonas surpassed the CLSI MIC breakpoint for all 
drugs except ciprofloxacin, and for E. coli and Staphylococcus 
spp. (not including S. intermedius) exceeding it for all drugs 
by fourfold to eightfold.154 A subsequent prospective study of 
more than 350 E. coli isolates (collected from all body tissues, 
with the vast majority associated with urinary tract infections) 
found that 30% demonstrated an MIC90 greater than 32 μg/
mL (MIC breakpoint ≥ 4 μg/mL), with regional geographical 
differences demonstrated.166 Resistance to FQs is associated 
with FQ use; in humans a single dose of ciprofloxacin lead to 
FQ-resistant microorganisms.167 That FQ resistance can be 
associated with FQ use in dogs was demonstrated by Deba-
valya et al.:178 Close to 100% of fecal E. coli developed high 
level resistance to FQs (associated with multi-drug resistance) 
within 3 to 9 days of therapy of enrofloxacin in dogs (5 mg/kg 
every 24 hours).

Susceptibility data from laboratories that test both cipro-
floxacin and enrofloxacin may report susceptibility to cipro-
floxacin but resistance to enrofloxacin. Interpretive standards 
on culture reports for ciprofloxacin are based on human data 
and may not take into account differences in oral bioavailabil-
ity, just as standards for enrofloxacin do not include bioactivity 
contributed by ciprofloxacin. Although ciprofloxacin is more 
potent toward E. coli and Pseudomonas aeruginosa compared 
to enrofloxacin, the difference is usually within 1 tube dilution. 
A prospective study compared the proportion of resistance 
and the relative susceptibility (efficacy) among ciprofloxacin, 
difloxacin, enrofloxacin (alone or with ciprofloxacin), marbo-
floxacin, and orbifloxacin FQs toward six organisms collected 
from canine and feline patients.154 The proportion of resistant 
isolates, which was based on CLSI interpretive criteria, did not 
differ among drugs, suggesting that expression of resistance 
by an isolate to one (second-generation) FQ might be pru-
dently interpreted as resistance to all, despite the not uncom-
mon finding of susceptibility to ciprofloxacin and resistance to 
another FQ (e.g., enrofloxacin).

Three major mechanisms of FQ resistance have been 
identified,55,167 with the most studied being changes in the 
structure of the target topoisomerase enzymes. However, 
mutations, which impart resistance within the FQ class of 
drugs, are often accompanied by decreased expression of 
porin membranes and increased activity of efflux pumps, 
which imparts multidrug resistance.155,169 Thus far, resistance 

to FQs acquired through changes in DNA gyrase has been 
documented clinically only after chromosomal point muta-
tions; at least 10 different mutations have been identified so 
far. Resistance is stepwise, with the first step occurring pri-
marily through mutations that reduce FQ affinity for the 
preferred topoisomerase target, which varies with the organ-
ism. Gram-negative bacteria tend to more commonly target 
DNA gyrase; changes occur more often in the GyrA subunit 
compared with GyrB.141 The primary target of gram-positive 
organisms tends to be changes in topoisomerase IV, targeting 
parC and parE followed by changes in DNA gyrase. Recent 
evidence suggests that the drug (and its primary target) select 
for the mechanism of resistance.141 High-level resistance gen-
erally reflects a second step mutation that leads to additional 
changes in the amino acid sequence of either (the alternate) 
topoisomerase target, thus further decreasing affinity, or 
the generation of efflux pump mechanisms. The MIC of the 
organisms progressively increases with each step. The role 
of reduced porin membranes and efflux pumps in FQ resis-
tance was more recently discovered. Gram-negative isolates 
are associated with both mechanisms of reduced drug accu-
mulation (i.e., porins and pumps), as well as decreased lipids 
in the lipopolysaccharide covering, impeding drug transport; 
gram-positive isolates (S. aureus) have been associated with 
increased drug efflux.145,147,167 The efflux pumps affect mul-
tiple drugs, contributing to multidrug resistance, including 
resistance to drugs structurally unrelated to FQs.167,169, 169a 
These include tetracyclines, phenicols, and macrolides. Beta-
lactams may also be involved; resistance to antiseptics and 
disinfectants may occur. Expression of the pump is chro-
mosomally mediated. For example, mutations in the mar 
operon may induce the acrAB proteins of a stress-induced 
efflux pump, resulting in high-level resistance, even for iso-
lates with no or single mutations in topoisomerase.155 Plas-
mid-mediated quinolone resistance (PMQR), associated with 
the qnr gene, has recently been identified in clinical bacterial 
isolates, generally associated with class I integrons. However, 
while initially rare, in 2003, several strains of E. coli and Kleb-
siella spp. were found to transmit qnr resistance, and isolates 
have since been identified in the United States. The author 
has reported a high incidence of PMQR in clinical canine and 
feline E. coli isolates.165a Resistance mediated by PMQR and 
qnr tends to be low level and thus may be difficult to detect 
on C&S testing. Mechanisms include production of a protein 
that prevents quinolone binding to the target, and enzymatic 
destruction of the drug. Its impact appears to be related to its 
ability to increase the incidence of spontaneous mutations and 
facilitation of altered porin or efflux protein activity. Despite 
its low level, PMQR resistance associated with qnr appears to 
affect other drug classes, including cephalosporins (including 
second- and third-generation), aminoglycosides, and potenti-
ated sulfonamides.

The emergence of stepwise resistance is generally indicated 
by an increase in the MIC of the organism toward the drug. 
In human medicine, isolates characterized by an MIC greater 
than 0.125 μg/mL for ciprofloxacin are treated as “reduced 
susceptibility,” indicating that a first step toward mutation (or 
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resistance) has occurred, whereas isolates greater than 2 μg/
mL are considered to have “high-level” resistance.165 These 
reports are likely, in part, to be the basis of “susceptible” MIC 
breakpoint promulgated by CLSI. However, it is important 
to note that despite a susceptible designation for some iso-
lates, reduced susceptibility is an indication that resistance 
has begun and use of a FQ should be done cautiously and 
judiciously. Actions such as using a second dose or using the 
drug in combination with a second, synergistic drug should 
be strongly considered. Current clinical microbiology labora-
tories often do not perform susceptibility testing at concen-
trations below 0.125 to 0.25 μg/mL for FQs, thus precluding 
the identification of isolates that are characterized by reduced 
susceptibility. Thus it is important to note that reduced suscep-
tibility to an FQ of intererest may characterize a “susceptible” 
isolate, and use of FQs should be done judiciously.

The term MPC was coined after substantial evidence 
emerged that resistance to FQs reflects multistep or stepwise 
selection of mutants when the FQ is used therapeutically at a 
dose that targets the MIC of a cultured infecting microble (see 
Chapter 6).172 At drug concentrations below the MPC, first 
step mutants will continue to grow in the absence of effective 
host response, and may replace the wild-type (nonmutant) 
population.180 Consequently, the MPC, rather than the MIC, 
ideally is targeted with drug therapy. Predicting the MPC on 
the basis of MIC is not possible; the relationship between the 
two appears to be larger for gram-positive than gram-negative 
isolates, and varies among the FQs (see Table 7-12).180 Among 
the veterinary FQs, using quality assurance isolates, the ratio 
of MPC to MIC seems to be similar for gram-negative isolates, 
being less than 10, and the MPC might be reasonably targeted 
with doses that are within recommendations based on a Cmax/
MIC ratio of 10. However, Pasquali181 demonstrated that the 
MPC/MIC for E. coli was fourfold to sixteenfold higher for 
enrofloxacin compared with ciprofloxacin. In this study the 
authors found that targeting the MPC for P. aeruginosa was 
not effective, postulating that the reason reflects efflux pump 
activity rather than point mutation (the basis of the MPC 
theory) as the major mechanism of resistance. Enrofloxacin 
and pradofloxacin have the lowest MPC/MIC ratio for gram-
positive isolates; concentrations necessary to target the MPC 
for gram-positive isolates may be achievable with these drugs 
but may not be achievable at recommended doses, particu-
larly for difloxacin and orbifloxacin. Use of the highest dose 
of any FQ is recommended because of the risk of resistance. If 
reduced susceptibility is suspected (e.g., MIC > 0.25 μg/mL), 
then the addition of a second dose or use as part of combi-
nation therapy might be prudent. Combination therapy has 
been described as a mechanism to reduce emergent resistance 
to FQs. For example, in an in vitro model, rifampin prevented 
emergence of resistance to ciprofloxacin.169 The addition of 
a FQ decreased the advent of resistance to cephalosporins in 
another study.182

Newer drugs, including gemifloxacin, trovafloxacin, gati-
floxacin, and pradofloxacin, may target both DNA gyrase and 
topoisomerase IV. Thus for these drugs, multistep resistance 
may be necessary to neutralize their antibacterial effects. 

Newer FQs appear to avoid resistance because their stereo-
chemistry interferes with altered porin sizes and efflux mecha-
nism. For example, for pradofloxacin the cyclopropyl ring at 
N1 provides bacterial killing, but the diazabicyclononyl moi-
ety at C7 appears to physically block porins.154 Wetzstein180 
compared the MPCs for older and newer FQs. That resistance 
may be more likely with older compared with newer drugs was 
suggested by an in vitro study,169 in which resistance could be 
induced for ciprofloxacin but not levofloxacin. However, sur-
veillance studies in humans infected with Streptoccocus spp. as 
well as other isolates, report variable findings, including lower, 
similar, or higher rates of resistance for levofloxacin, com-
pared with ciprofloxacin.169,183,184 Because resistance is likely 
to emerge even to the newer FQs, use based on C&S testing 
and design of a dosing regimen that targets the MPC as much 
as possible is prudent.

FQ resistance by Mycobacterium spp. occurs primarily as 
part of multidrug-resistant tuberculosis, which develops when 
an FQ is used as the only active agent in a failing multidrug 
regimen.154 Thus combination with traditional antitubercular 
drugs (isoniazid, rifampin) enhances antimicrobial efficacy.154

Pharmacokinetics
The PK of the veterinary FQs are largely comparable among 
the drugs, particularly if structurally similar, although indi-
vidual differences may become important for some infections. 
Maximum drug concentrations of the FQs do not always 
increase linearly with dose (see Table 7-1) This may reflect, 
for some drugs, variability in peak concentrations measured 
among different investigators, including different analytical 
methods. In particular, attention must be paid to the method 
of drug detection, with those based on bioactivity (i.e., bio-
assay) frequently yielding higher concentrations if an active 
metabolite is present (e.g., enrofloxacin and ciprofloxacin).

The only injectable preparation approved for dogs is for 
enrofloxacin, although an injectable preparation is available 
for human FQs, including ciprofloxacin. All remaining vet-
erinary FQs approved in dogs or cats are available for oral 
administration. Enrofloxacin is available as a topical com-
bination preparation. Marbofloxacin, enrofloxacin, difloxa-
cin, and orbifloxacin are characterized by close to 100% oral 
bioavailability in young adult animals. A number of factors, 
however, influence absorption of FQs in general, and several 
drugs specifically. Magnesium and aluminum decrease oral 
absorption, and food may also, which may be undesirable 
for  concentration-dependent drugs. The oral bioavailiabity of 
FQs may not be predictable, with extrapolation among species 
not recommended. For example, norfloxacin is characterized 
by 60% or less oral bioavailability in dog, and ciprofloxacin, 
generally less than 60%. Extrapolation of levofloxacin between 
humans and cats appears to be more appropriate than that of 

KEY POINT 7-24 The fluorinated quinolones are characterized 
by good to excellent tissue distribution because of their 
lipid solubility and accumulation in phagocytic white blood 
cells.
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ciprofloxacin. Oral absorption also may be impaired in neo-
nates, as has been demonstrated for enrofloxacin.185

As a class, the FQs are well distributed to most body tis-
sues (see Table 7-5). Protein binding of enrofloxacin, cipro-
floxacin, and marbofloxacin in dogs is 34 ± 2%, 18.5 ± 2%, 
and 21 ± 6%, respectively.176 Although the Vd of the drugs 
ranges from a low of 1.12 (marbofloxacin) to a high of 3.2 
(difloxacin), the clinical relevance of these differences is not 
likely to be a sufficient cause to select one over another. The 
respective PCs for selected FQs have been variably reported, 
with enrofloxacin characterized by the highest lipophilicity of 
the three: 2.4, 0.02, and 0.11;187 and 3.54, 0.07, and 0.08, for 
enrofloxacin, ciprofloxacin, and marbofloxacin, respectively 
(Figure 7-10).176 However, as with Vd, predicting tissue distri-
bution based on PC is difficult. This reflects, in part, the com-
mon use of homogenate data for solid tissues. Homogenate 
data include both interstitial fluid and ICF. As such, drugs that 
penetrate cell membranes and accumulate in cells, not nec-
essarily in active form, may be characterized by higher con-
centrations compared with drugs that distribute to interstitial 
fluid only. Intracellular trapping of drugs may limit access to 
microbes in interstitial fluid, although movement from the cell 
back into interstitial fluid may prolong the presence of drug 
in interstitial fluid by slow release from the cell. The relevance 
of the data is then influenced by the location of the infection 
(i.e., intracellular versus extracellular) and host (e.g., inflam-
mation) or microbial (e.g., biofilm) factors that might affect 
efficacy. Fluid tissue concentrations (based on homogenate 
data) are generally greater in organs of elimination compared 
with plasma for all FQs. Solid tissue concentrations are often 
higher (e.g., if drug is trapped in the cells), particularly for 

the liver and kidney (organs of elimination) but also spleen 
and lung (perhaps reflecting phagocytic cell accumulation), 
prostate (perhaps reflecting ion trapping), and muscle161,188 
Homogenate tissue data are available on the package inserts of 
several of the veterinary approved FQs. Interestingly, the con-
centration of difloxacin in cortical bone (but not bone mar-
row), exceeds that in plasma by threefold, but did not change 
across a 24-hour period. This might suggest that FQs (or 
difloxacin) bind to bone, which may preclude activity. Frazier 
and coworkers189 compared the disposition and homogenate 
tissue concentrations of difloxacin (5 mg/kg), enrofloxacin  
(5 mg/kg; ciprofloxacin also measured), and marbofloxacin 
(2.75 mg/kg) after multiple dosing (5 days) in the same dogs 
using a randomized crossover design (21 day washout period); 
drugs were detected using HPLC. Their studies demonstrate 
that the FQs accumulate in tissues with multiple dosing. Con-
centrations increased in the skin to reach a 4-day peak that 
exceeded the 1-day concentration by at least threefold. The 
concentrations in skin (μg/mL) at 1 and 4 days were, respec-
tively, as follows: marbofloxacin (1.87 and 4.9), enrofloxacin 
(1.38 and 5.99), ciprofloxacin (0.2 and 0.5 for a total bioactiv-
ity of 1.59 and 6.9), and difloxacin (1 and 3.8). Urine concen-
trations also were higher at day 4 compared to day 1, with the 
magnitude varying for each drug. The concentrations in urine 
(μg/mL) were at 24 and 98 hours, respectively: marbofloxacin 
(14 and 50), enrofloxacin (0.14 and 1.83) plus ciprofloxacin 
(5.61 and 33.3 for a total bioactivity of 5.9 and 39), and difloxa-
cin (0.56 and 1.8).

Homgenate data has been reported for enrofloxacin in 
anesthestized dogs (n = 4) receiving 20 mg/kg of enroflxo-
acin IV dogs.188 The 1- and 2-hour serum concentrations 
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were 8.2 and 6.4 μg/mL (ciprofloxacin 3.1 and 2.8 μg/mL), 
respectively. Homogenate tissue to plasma ratios at 2 hours 
from lowest to highest were, in order, tracheal cartilage (0.2), 
aqueous humor (0.3), synovial fluid and subcutaneous tissue 
(0.4), peritonenal fluid and CSF (0.5), and brain (0.6).178 For 
fluids located in sanctuaries, at 1 hour aqueous humor (n = 2) 
achieved 2.5 μg/mL enrofloxacin and 0.5 μg/mL ciprofloxa-
cin; peak CSF concentration of 5.3 μg/mL occurred at 2 hours 
(one dog). For aqueous humor a second study documented, 
0.23 μg/mL of enrofloxacin and 0.064 μg/mL of ciprofloxacin 
3 hours after 4 days of oral and 1 day of intravenous dosing at 
5 mg/kg.180 The ratio of tissue to plasma concentrations were 
similar for ciprofloxacin and enrofloxacin (see Table 7-13).
Another study documented that marbofloxacin (2 mg/kg,  
administered intravenously) achieves 0.41 μg/mL in aque-
ous humor at 3.5 hours in dogs.191 Other ratios of plasma 
to tissue enrofloxacin after 20 mg/kg administered intrave-
nously192 included ligament (0.6), ear cartilage (0.7), and 
bone marrow (0.8). Concentrations in the prostate were 2.5-
fold higher and urine 4.5-fold higher than in plasma (urine 
concentration of 45 μg/mL). Interstitial fluid concentrations 
of enrofloxacin (and formed ciprofloxacin) and marbofloxa-
cin have also been measured using ultrafiltration. After 10 
mg/kg enrofloxacin administered intravenously, the ratio of 
Cmax in interstitial fluid (2.41 μg/mL) compared with plasma 
(5.54 μg/mL) was 0.47; the ratio for AUC, however, was 1.3, 
indicating that the drug appears to stay longer in interstitial 
fluid compared with plasma.177 A second study176 determined 
plasma to interstitial fluid ratios after 5 mg/kg, administered 
orally, for marbofloxacin (approximating the highest labeled 
dose) and enrofloxacin (the lowest once-daily dose). Plasma 
to interstitial fluid Cmax ratio was 0.75 for marbofloxacin and 
0.7 for enrofloxacin plus ciprofloxacin and for AUC was 1.11, 
for marbofloxacin and 1.3 for enrofloxacin and ciprofloxa-
cin. The higher AUC for marbofloxacin reflected in part the 
higher Cmax but also a longer elimination half-life (8.5 hours) 
compared with enrofloxacin (3 hours). All FQs that have been 
studied thus far (enrofloxacin, marbofloxacin, pradofloxacin, 
and ciprofloxacin) accumulate in phagocytic WBCs; concen-
trations may be up to 140-fold higher compared with plasma 

(see Table 7-5).164,193–196 Drug in phagocytes will be distrib-
uted to sites of inflammation, thus increasing concentrations 
at the site of infection.196 Impact on intracellular killing is 
controversial. Whereas some studies have demonstrated that 
FQs retain intracellular killing effects compared with macro-
lides,197 another in vitro study demonstrated reduced intra-
cellular killing ability for a variety of FQs.184

The organ of elimination varies among the FQs. Difloxacin 
is eliminated almost exclusively by hepatic metabolism to inac-
tive metabolites. Orbifloxacin is 40% eliminated unchanged in 
the urine. Marbofloxacin (clearance of 1.6 L/min) is largely 
excreted into the urine. However, up to 15% is metabolized 
in the liver to inactive metabolites,198 with the proportion 
changing in the presence of renal disease.198 Enrofloxacin also 
is eliminated in the urine as the unchanged drug, although 
approximately 25% of the drug is metabolized to ciprofloxa-
cin, which subsequently achieves concentrations severalfold 
higher than enrofloxacin (Figure 7-11; see also Figure 7-8 and 
Table 7-13). Therapeutic concentrations of ciprofloxacin can 
be achieved in other tissues after administration of enrofloxa-
cin, depending on the target organism.161,193,199 The parent and 
metabolite should act in an additive fashion.160 Because cipro-
floxacin is characterized by a longer half-life than enrofloxa-
cin in dogs (see Table 7-1), as a metabolite, ciprofloxacin can 
double the AUC of enrofloxacin bioactivity (see Table 7-1 and 
Figure 7-11).193 Longer elimination half-lives also character-
ize difloxacin and marbofloxacin compared with orbifloxacin 
and enrofloxacin, contributing to higher AUC for these drugs 
(see Table 7-1). Elimination half-lives are somewhat dose 

Table 7-13  Concentrations and Tissue to 
Serum Ratio for Enrofloxacin and 
Ciprofloxacin*

Tissue
Enrofloxacin 
(μg/mL) Ratio

Ciprofloxacin 
(μg/mL) Ratio

Cerebrospinal 
fluid

785.8 0.5 59 0.3

Joint fluid 650 0.5 170 0.7
Urine 2827 2.0 21806 94
Aqueous  

humor
226 0.2 64 0.3

Bile 136182 95.0 50008 216
Serum 1433 1.0 230.85 1.0

*3 hours after 4 days of oral and 1 day of intravenous 5 mg/kg enrofloxacin.
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Figure 7-11 Enrofloxacin is metabolized by de-ethylation to 
ciprofloxacin. The two compounds will act in an additive fash-
ion. The dotted line in the top graph indicates the predicted 
amount of bioactivity resulting from both enrofloxacin and 
its active metabolite, ciprofloxacin, after administration of 10 
mg/kg. The longer half-life of ciprofloxacin can contribute to 
a longer duration. The graph demonstrates the accumulation 
of both enrofloxacin and ciprofloxacin in white blood cells (top 
two plots).

KEY POINT 7-25 The bioactivity of enrofloxacin can be 
doubled by formation of its more potent metabolite, 
 ciprofloxacin.
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dependent,193 at least for enrofloxacin and ciprofloxacin (see 
Table 7-1). Alkaline urine increases the passive reabsorption of 
FQs from the renal tubules and may also prolong the elimina-
tion half-life. The longer half-lives should increase efficacy by 
increasing the likelihood that the drug will achieve the target 
AUC/MIC. Heinen200 compared PDIs among the FQs after oral 
administration, using a bioassay that detects both parent com-
pound and active metabolites (see Table 7-1). Based on MIC90 
determined for E. coli and Staphyloccoccus spp. (from isolates 
before 1999), for no drug was the targeted AUC/MIC achieved 
for Staphylococcus spp. and only enrofloxacin achieved the 
Cmax/MIC for Staphylococcus spp. Enrofloxacin (5 mg/kg) 
had the highest Cmax/MIC toward E. coli, followed by marbo-
floxacin (2 mg/kg) and orbifloxacin (2.5 mg/kg); difloxacin 
(5 mg/kg) did not reach the targeted Cmax/MIC or AUC/MIC 
for either organism. A similar pattern of efficacy was found 
among the veterinary FQs by Boothe using isolate MIC and  
reported Cmax,164 with enrofloxacin plus ciprofloxacin > 
 ciprofloxacin > marbofloxacin > orbifloxacin > difloxacin 
being the general pattern of magnitude in PDI. However, the 
higher dose was generally needed to reach desired targets for 
PK/PD indices; isolates had been collected from 1998 to 2000 
suggesting the likelihood of achieving targeted PDI with cur-
rent isolates is less likely.

The disposition of enrofloxacin in neonatal kittens differs 
from that in adults, appearing to be age dependent even in 
the pediatric patient.185 Administration of 5 mg/kg to 2- to 
8-week-old kittens185 revealed a shorter half-life at all ages but 
a Vdss that was less at 2 to 4 weeks and greater at 6 to 8 weeks 
compared with that of adults. Accordingly, Cmax was lower 
in the 6- to 8-week-old kittens. Enrofloxacin was generally 
poorly bioavailable at all ages.

Pradofloxacin. Pradofloxacin is a newer-generation FQ 
that may be undergoing approval in animals in the United 
States and the European Union. Structurally, it is charac-
terized by a cyclopropyl ring at N1 (see Figure 7-8) that 
increases bacterial killing. A diazabicyclononyl moiety at 
C7 appears to physically block drug efflux through porins 
and targets both topoisomerases such that mutation must be 
multistep.154 Its spectrum includes P. aeruginosa. However, 
many anaerobes also will be effectively targeted. At 3 mg/kg 
orally for 5 days in dogs, Cmax was 1.7 ± 0.9 μg/mL and 6.2 ± 
2.3 μg/mL in dogs (n = 6); half-life was 10 ± 7 hr at 3 mg/kg 
and 5.9 ± 1.5 hr at 12 mg/kg.190 The long half-life results in 
an AUC/MIC that is favorable compared with the other FQs. 
Pradofloxacin also has been studied in anesthetized dogs. It 
appears to be well distributed among the tissues.190 Aque-
ous humor concentrations achieved 0.32 μg/mL after 5 days 
of administration (4 oral followed by 1 IV) at 5 mg/kg of 
pradofloxacin.

Ciprofloxacin. Although ciprofloxacin has been studied in 
dogs following intravenous and oral202 administration (Table 
7.1), the studies used different animals, and limited informa-
tion is available on its oral bioavailability in dogs. However, 
reports provided by the manufacturer indicate that cip-
rofloxacin is only 33% to 40% bioavailable in dogs203 com-
pared with nearly 80% to 100% in humans. Oral absorption 

of ciprofloxacin in dogs involves a dose-dependent nonlinear 
component that may affect its oral absorption.202 Oral and 
bioavailability of ciprofloxacin in cats (using pure powder in 
gelatin capsules) appears to be less than that in dogs, being 
20% ± 11% following single dosing and 33% ± 12% after mul-
tiple dosing.205 Oral absorption was characterized by marked 
interanimal variability, suggesting that oral absorption may 
be minimal in some cats.205 This suggests that oral ciprofloxa-
cin should be avoided in cats, and oral dosing in both cats 
and dogs should err on the side of higher doses to compen-
sate for unpredictable oral bioavailability. More than several 
human-marketed generic preparations of oral ciprofloxacin 
are now available at a greatly reduced cost compared with oral 
enrofloxacin. However, whereas bioequivalence of a generic 
product must be proved to the pioneer product, this proof is 
generated only in the species in which the drug is approved. 
That the PK behavior of an orally administered generic drug 
will behave the same way in a nonapproved species should not 
be assumed.

The disposition of ciprofloxacin has been described in cats 
after intravenous administration of 10 mg/kg (see Table 7-1). 
In cats Vdss of ciprofloxacin is 3.85 ± 1.34 L/k, and plasma 
clearance is 0.64 ± 0.28 L/hr/kg, which exceeds the normal 
feline glomerular filtration rate (0.15-0.25 L/h/kg), suggest-
ing that active tubular secretion occurs.206 AUCs after intra-
venous and oral administration are 17 ± 5 and 3 ± 1.2 μg*hr/
mL, respectively, in cats. Drug accumulation was not sig-
nificant after seven oral administrations.205 Ciprofloxacin is 
metabolized into active (in humans) and inactive metabolites 
(N-oxide [the primary metabolite in dogs] and N-desmethyl). 
However, high concentrations of unchanged drug are achieved 
in urine, as is demonstrated after administration of enrofloxa-
cin (see Figure 7-10).

Levofloxacin. Levofloxacin is the optical S-isomer of the 
racemic drug substance ofloxacin (see Figure 7-8). Compared 
with older FQs, its spectrum includes mycoplasma and gram-
negative organisms, but the spectrum is broader toward gram-
positive organisms and includes anaerobes.207 Ofloxacin is 
marketed as the levo isomer (i.e., levofloxacin) rather than the 
racemic mixture because the L-isomer is much more active 
against bacterial pathogens than the R-isomer. In humans 
levofloxacin is well absorbed orally, is distributed to a volume 
of 1.1 L/kg, and is renally excreted. Concentrations in the CSF 
approximate 16% of that in plasma, suggesting that the drug 
may not be well distributed into sanctuaries. Excretion is cor-
related with creatinine clearance, and half-life is prolonged 
with renal disease, requiring dose adjustments in patients with 
significant renal dysfunction.208

Because of its spectrum and improved antibacterial activ-
ity compared with veterinary FQs, levofloxacin has been used 
anecdotally in dogs but does not appear to have been studied in 
dogs. However, ofloxacin (but not its isomers) has been stud-
ied after oral administration in young and mature Beagles.209 
Peak concentrations (measured by HPLC) at 20 mg/kg were 
14.2 ± 0.4 μg/mL. The dispositions of the L-and D- isomer are 
likely to differ, precluding prediction of the proportion of the 
Cmax represented by levofloxacin. However, even if 100% of 
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the drug is the L-isomer, concentrations are still well below 
the MIC90 of levofloxacin. The disposition of levofloxacin has 
been well described in cats on the basis of a bioassay after 
intravenous and oral administration,210 and it does not appear 
to be substantially different from that in humans. In cats the 
drug is well, albeit slowly, absorbed orally (Tmax 1.6 hours), 
with bioavailability at 87%. The drug is rapidly distributed, 
reaching a Vdss of 1.75 L/kg; clearance is 0.14 L*hr/kg, and 
mean residence time is 13 hours (see Table 7-1). The Cmax fol-
lowing oral administration was 4.7 μg/mL, indicating that the 
drug should be used in cats only for organisms with an MIC 
of 0.5 μg/mL or less.

Drug Interactions
The FQs inhibit selected hepatic drug-metabolizing enzymes 
and are known to prolong the elimination of selected drugs. 
Theophylline toxicity has been documented in humans and 
dogs (see Chapter 2) simultaneously receiving theophyl-
line and ciprofloxacin or enrofloxacin.211 Marbofloxacin 
also impairs the elimination of theophylline in dogs, but the 
effect is dose dependent, being absent at 2 mg/kg. However, 
at 5 mg/kg, theophylline clearance is decreased by 26% (com-
pared with 50% reduction by enrofloxacin at 5 mg/kg IV once 
a day for 5 days), resulting in a change in theophylline half-
life from 3.6 to 5.4 hours and a change in Cmax from 32 (no 
marbofloxacin) to 44 μg/mL (5 mg/kg marbofloxacin).212 Cip-
rofloxacin has been associated with increased cyclosporine 
concentrations, prolonged anticoagulant effects of warfarin, 
and enhanced hypoglycemic effects of oral hypoglycemics 
and insulin. Presumably, enrofloxacin and other FQs might 
have similar effects. Because of chelation by magnesium, cal-
cium, and other cations, drugs such as antacids, sucralfate, 
and multiple vitamins should not be administered orally at 
the same time as a FQ. Because FQs competitively inhibit 
gamma-aminobutyric acid receptor binding, drugs that act 
similarly (e.g., selected nonsteroidal antiinflammatory drugs) 
when used in combination may increase the risk of seizural or 
other CNS activity. Enrofloxacin has been associated with false 
glucosuria.77

The use of FQs in combination with other antimicrobi-
als may result in synergistic activity (e.g., aminoglycosides 
for gram-negative organisms; beta-lactams for gram-positive  
or gram–negative organisms) (see Chapter 6) or antagonistic 
(e.g., ribosomal inhibitors).

Adverse Effects
Adverse reactions to the FQs do not reflect interaction with 
mammalian topoisomerases. Most adverse reactions are pre-
dictable and can be prevented with proper administration. 
Gastrointestinal upset manifested by vomiting, nausea, and 
possibly diarrhea may occur after any route of administra-
tion but particularly oral administration. The intramuscu-
lar administration of enrofloxacin frequently causes pain on 

injection. Nausea and vomiting have been reported when 
the intramuscular solution is given intravenously and may 
reflect mast cell degranulation and histamine release. The 
intramuscular solution also is very alkaline (pH 10). Dilut-
ing the drug in saline and administering it over a 30-minute 
period may reduce nausea and clinical signs consistent with 
an anaphylactoid response. FQs have been associated with 
allergic reactions; however, the lack of previous exposure in 
some (human) patients (and in the author’s experience with 
ciprofloxacin) suggests an anaphylactoid rather than anaphy-
lactic reaction.213Acute cardiovascular toxicity (hypotension, 
decreased left ventricular function) has been described for 
levofloxacin (Freedom of Information [FOI]) after an intra-
venous bolus (≥6 mg/kg) or intravenous infusion (≥20 mg/kg, 
but not ≤10 mg/kg). Increased circulating histamine concen-
trations accompanied the high-dose intravenous infusion, 
indicating a potential anaphylactoid reaction at 10, 15, 30, and 
60 mg/kg intravenous bolus. Death occurred in dogs in associ-
ation with neurologic and cardiac signs at 200 mg/kg, admin-
istered intravenously. Enrofloxacin also is available as a more 
concentrated solution (100 mg/mL) approved for use in cattle. 
However, it is prepared an an arganine-based vehicle, which 
is painful on injection and will cause perivascular inflamma-
tion if given parenterally by any route other than intravenous. 
Ulcers may occur if the large animal prepration is given orally.

Cartilage deformities and ligament and tendon repair. The 
FQs are associated with cartilage damage in dogs (and other 
species) (see package inserts). Enrofloxacin’s original pack-
age insert cited clinical signs indicative of cartilage damage 
in Beagle puppies within 3 days of treatment at 12.5 mg/kg. 
Lesions have been documented in dogs treated with other 
FQs. For levofloxacin, arthropathies occurred in juvenile 
dogs at ≥10 mg/kg/day for 7 days (FOI). Lesions in adult dogs 
require much higher concentrations, as was demonstrated for 
levofloxacin: the no-observed-effect level was 3 mg/kg/day in 
normal 7- to 8-month-old dogs compared with 30 mg/kg/day 
in normal 18-month-old dogs. The arthropathic potential of 
ofloxacin (the racemic mixture of levo and the R-isomer of 
ofloxacin) also has been studied in dogs.209 At 20 mg/kg for 
8 days, eight out of eight 3-month-old animals developed his-
tologic lesions, whereas only two developed clinical signs; the 
associated serum ofloxacin concentration was 14 μg/mL. The 
mechanism of cartilage damage is not known, although the 
most likely mechanism appears to be chelation of magnesium 
ions leading to dysfunction of integrins. These cell membrane 
proteins regulate a variety of cellular functions, including 
chondrocyte adherence to extracellular matrix and proteo-
glycan synthesis.215 Magnesium-deficient diets in juvenile 
rats led to cartilage damage similar to that caused by FQs.216 
Indeed, magnesium supplementation may reverse the effects 
of FQs on canine chondrocytes.217 Dogs may be among the 
most sensitive and the most likely to exhibit clinical lameness 
caused by FQ-induced cartilage damage.204 Note that cartilage 
lesions as a result of FQs might be considered when FQs are 
used in any situation that involves growing or repairing carti-
lage, such as septic or immune-mediated arthritis and poten-
tially osteoarthritis. Lesions have also been reported in other 

KEY POINT 7-26 Fluorinated quinolones can impair the 
metabolism of selected drugs.
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species, including humans.218 Use of chondroprotectants (i.e., 
polysulfated glycosaminoglycans) might be considered if FQ 
therapy must be instituted in growing dogs or other situations 
involving cartilage growth or repair.

The FQs appear to negatively affect healing in damaged lig-
aments.219 Connective tissue proteins decreased by up to 73% 
in dogs treated with as little as 30 to 200 mg/kg ciprofloxacin 
orally. Lesions were similar to those produced in magnesium-
deficient dogs, suggesting that FQs induce tendon or ligament 
damage by antagonizing magnesium effects in the affected 
tissues.

The impact of FQs on bone repair also may be of con-
cern. Based on experimental fracture healing in rats receiv-
ing placebo, cefazolin, or ciprofloxacin (50 mg/kg every  
12 hours subcutaneously for any of the aforementioned drugs), 
fracture callus healing appeared to be impaired by FQs.218 In 
vivo studies in dogs of the effects of ciprofloxacin at 30 to 200 
mg/kg/day orally (equivalent to approximately 15 to 65 mg/kg 
bioavailable drug) in dogs on either a normal or magnesium-
deficient diet found a number of proteins were decreased in 
both groups at all doses, including collagen, elastin, and fibro-
nectin.219 Of these effects, the authors concluded that magne-
sium deficiency increases the risk of impaired healing in the 
presence of FQs.

Seizures and other central nervous system disorders. Sei-
zures and other CNS disorders have been precipitated in 
human and veterinary patients220 and animal models receiv-
ing FQs;221 predisposing factors include a preepileptic state, 
high doses, and concurrent use of nonsteroida1 antiinflamma-
tory drugs.220 Newer drugs may be more likely to cause CNS 
side effects.222 FQs (and imipenem) inhibit GABA release, 
leading to hyperexcitability;76 inhibition of N-methyl-d-as-
partate or adenosine may also be involved.143 FQs also lower 
seizure threshold and impede neuromuscular transmission. 
Peripheral neuropathies are a recognized side effect of FQs in 
humans.13,223 Clinical signs in humans have been described 
as severe, involving multiple organs. Onset is described as 
rapid (within 24 hours of onset of therapy; 84% afflicted 
within 1 week) and long term in duration, with symptoms 
lasting more than 3 months in 71% of afflicted patients and 
more than 1 year in 58%. The majority of cases involved levo-
floxacin (64%), despite ciprofloxacin (21%) being the most 
commonly prescribed drug. The most frequent complaints 
included both sensory (tingling, burning, or numbness) and 
motor (musculoskletal, cardiovascular, skin, gastrointesti-
nal [cramping]) abnormalities; symptoms were described as 
severe in 80% of the patients.

Dose-dependent retinal degeneration. Dose-dependent reti-
nal degeneration has been associated with use of FQs in cats. 
The incidence of ocular toxicity is very rare, occurring in 1 
of 125,000 cats receiving enrofloxacin. The incidence at high 
doses is sufficiently low that toxicity was not detected in preap-
proval toxicity studies. During preapproval in cats, 25 mg/kg/
day for 30 days and 125 mg/kg for 5 days were not associated 
with detectable toxicity. It is not clear whether ocular toxic-
specific outcomes were addressed. Doses in clinical reports224 
in which ocular toxicity occurred (retrospective study) ranged 

from 4.6 to 54 mg/kg/day, with duration of dosing ranging 
fom 4 to 120 days. Clinical signs began with mydriasis, rap-
idly followed by acute blindness. Age may be a factor, with cats 
younger than 9 years seemingly requiring a higher (>20 mg/
kg) dose. Diseases associated with changes in disposition that 
might result in high plasma enrofloxacin concentrations (e.g., 
renal disease, heart disease) may also increase the risk. Intra-
venous administration may increase the risk, further support-
ing the concentration dependence of toxicity.

Experimental studies by Bayer Animal Health in young, 
apparently healthy cats at 5, 20, and 50 mg/kg/day for 21 
days found electroretinography changes in one of six cats 
at 20 mg/kg and severe changes in six of six cats within 1 
week at 50 mg/kg. Manufacturers of other veterinary FQs 
have likewise performed follow-up ocular toxicity studies. 
Marbofloxacin was not associated with lesions in young cats 
treated with up to 27 mg/kg/day for 6 weeks or 55 mg/kg/day 
for 14 days. Orbifloxacin was not associated with lesions at 
15 mg/kg/day orally for 30 days, but changes occurred at 45 
and 75 mg/kg.225

The mechanism of ocular toxicity appears to reflect a muta-
tion in four amino acids of an efflux protein in the blood-ret-
ina barrier, rendering it ineffective. Effective protein activity 
is absent in all cats. (personal communication, Dr. Katrina 
Mealey, Washington State University). The FQs are struc-
turally similar to compounds known to cause accumulation 
in lysosomes of retinal pigment cells and subsequent ocular 
toxicity. Additionally, FQs have a predilection for pigmented 
cells of the eye. The FQs also have been associated with pho-
totoxicity. The combination of FQs with ultraviolet radiation 
produces both a time- and concentration-dependent ocular 
toxicity, with a methyl group at position 8 of the quinolone 
ring reducing the risk.226 Reducing exposure to sunlight (dos-
ing at night, or keeping cats indoors) might be prudent for 
cats receiving FQs.

Induction of bacteriophage supergenes. Induction of bacte-
riophage supergenes has been associated with the use of FQs, 
and in dog bacterial isolates, specifically enrofloxacin. Shortly 
after approval of enrofloxacin in Canada, seven canine cases 
of streptococcal toxic shock syndrome (STSS) and/or necro-
tizing fasciitis (NF) were reported; four of the dogs had been 
treated with enrofloxacin in the early stages of infection. Treat-
ment was not only ineffective, but the syndrome appeared to 
be worsened by the antimicrobial therapy.227 Further investi-
gation has provided some insight into the possible relation-
ships between STSS and NF and bacteriophage supergenes in 
S. canis. Using polymerase chain reaction analysis, 22 of 23 
S. canis isolates in one study exhibited a bacteriophage-
encoded streptococcal superantigen gene. Under culture 
conditions, induction of the bacteriophage by enrofloxacin at 
therapeutic concentrations resulted in a 58-fold enhancement 

KEY POINT 7-27 Among the fluorinated quinolones currently 
approved for use in cats in the United States, marbofloxa-
cin appears to be the least likely to cause retinal degenera-
tion in cats.
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of expression of the gene.228 Apparently, the FQ stimulates 
autoingestion of a repressor protein that otherwise would pre-
vent the bacteriophage from becoming lytic. FQs apparently 
also can induce bacteriophage lysis and enhanced Shiga toxin 
production in E. coli. For example, ciprofloxacin-treated mice 
experimentally colonized by Shiga-toxigenic E. coli died while 
their untreated colonized cohorts did not; increased Shiga 
toxin was demonstrated in their feces. However, induction 
requires ideal conditions, being dependent in part on stage 
and rate of growth and ideal drug concentration; conditions 
favoring bacteriophage induction in clinical patients have not 
yet been described.

Therapeutic Use
The FQs originated from nalidixic acid, itself a by product 
of chloroquine.150 Nalidixic acid is characterized by a nar-
row spectrum, and its use was limited to treatment of uri-
nary tract infections. Modifications of chemical structures 
increasingly have improved the drugs, yielding drugs that 
have among the broadest of antibacterial spectrums. How-
ever, caution should be exercised with selected drugs because 
efficacy toward specific organisms (e.g., Pseudomonas, spp. 
anaerobes) varies. The FQs also are characterized as a class 
among those with the greatest tissue and antimicrobial dis-
tribution patterns. However, differences in tissue distribution 
(e.g., enrofloxacin versus ciprofloxacin, bone distribution of 
difloxacin) does indicate prudence when comparing FQ use. 
The rapid bactericidal effect of FQs is of clinical benefit in 
life-threatening situations or immune-suppressed patients; 
concentration dependence allows once-daily dosing that 
improves owner compliance. Intracellular accumulation of 
these drugs supports use for recurrent infections caused by 
intracellular organisms or at sites characterized by marked 
inflammation. Plasmid-mediated resistance has been slow 
to develop, although increasingly resistance, particularly that 
associated with multidrug resistance, is limiting FQ use. Oral 
bioavailability allows prolonged administration on an outpa-
tient basis. However, bioavailability of the different drugs var-
ies among the species, and good oral bioavailability should 
not be assumed. Rather, extrapolation of oral doses should be 
based on scientific studies. The unique mechanism of action 
of these drugs renders them appealing for combination anti-
microbial therapy.

However appealing these numerous attributes of the FQs, 
common use of these drugs is discouraged. Widespread use—
and abuse—of these drugs in the past 2 decades has proved 
that antimicrobial resistance can and will occur. Resistance, 
when it does occur, is often associated with multidrug resis-
tance affecting chemically unrelated drugs. The emergence of 
of MDR with newer FQs needs to be assessed. Confirmation 
of the need for the drug and attention to MPCs (see Chapter 
6) in the design of the dosing regimen should be two hurdles 
that are consciously addressed each time these drugs are con-
sidered. The metabolism of enrofloxacin to ciprofloxacin and 
the reduced oral bioavailability of ciprofloxacin in dogs and 
cats coupled with the importance of ciprofloxacin as a human-
medicine drug call for extra caution to be taken. Once the 

decision is made to use an FQ, strict adherence to the prin-
ciples of antimicrobial therapy, with a special focus on proper 
dosing regimens, is paramount to protecting this class of anti-
microbial drugs, which is so critical to the medical community.

Rifamycins
Rifamycins are macrocylic antibiotics produced by Amy-
colatopsis mediterranei. Several semisynthetic derivatives) 
of natural rifamycins (rifamycin SV, Rifampin, rifampicin, 
rifamiderifamide) have been used as extended-spectrum anti-
biotics.150 Rifampin is among them. A large molecule (MW 
823; see Figure 7-4) as with all rifamycins, it inhibits the B 
subunit of DNA-dependent RNA polymerase, suppressing 
RNA synthesis. Because mammalian RNA polymerase does 
not bind to rifamycins, its inhibition requires much higher 
concentrations. Rifampin can achieve bactericidal concentra-
tions in some tissues. Effects are concentration-dependent for 
mycobacterium but unclear for other organisms. However, 
resistance develops very rapidly, markedly curtailing its use, 
and in general, rifampin should be used only in combination 
with other effective antimicrobials. Resistance may develop in 
as little as 2 days when it is used as the sole antimicrobial; 
rifampin is used experimentally to study mutation frequen-
cies in some organisms. The use of rifampin as sole agent 
for treating pyoderma is addressed in Chapter 8. Resistance 
generally reflects a single mutation that changes the affinity 
of the target enzyme for the drug. Resistance (and efficacy) 
can be decreased with combination therapy with a number 
of drugs, including erythromycin, most beta-lactam antibi-
otics, chloramphenicol, doxycycline, and selected aminogly-
cosides. Rifampin has shown some efficacy against fungal 
microorganisms.

Spectrum
The spectrum of activity of rifampin includes primarily gram-
positive (especially Staphylococcus spp.) organisms (see Table 
7-4). However, it also is effective against Mycobacterium, 
Neisseria, and Chlamydia spp. and has been used to treat 
Clostridium and Bacteroides species. Rifampin has limited 
activity against gram-negative organisms (including Brucella). 
Resistant gram-negative organisms include E. coli, Entero-
bacter spp. K. pneumoniae, Proteus spp. Salmonella spp., and 
P. aeruginosa. However, an Internet search reveals a number of 
papers that indicate efficacy toward P. aeruginosa when com-
bined with a number of other drugs. Highly susceptible gram-
positive organisms are considered to have an MIC of 0.25 μg/
mL or less; MICs are often less than 0.1 μg/mL. In contrast, the 
MIC of gram-negative organisms is generally 8 to 32 μg/mL; 
the higher MICs reflect limited penetration of gram-negative 
organisms. A dose of 10 mg/kg in the dog achieves a Cmax of 
40 μg/mL (see Table 7-1); accordingly, its use for gram-nega-
tive isolates (and ideally, all isolates) should be based on C&S 
testing.

KEY POINT 7-28 Rapid resistance to rifampin limits its use to 
combination therapy only.
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Pharmacokinetics
Rifampin may be administered intramuscularly, intrave-
nously, or orally with systemic effects. Oral absorption of 
rifampin is incomplete in humans (∼40%) with peak plasma 
concentrations occurring in 2 to 4 hours. Concurrent feed-
ing may reduce or delay absorption. Because it is a substrate 
for P-glycoprotein,229 oral absorption may be much higher 
in dogs exhibiting P-glycoprotein deficiency. Approximately 
75% to 80% of rifampin is bound to plasma proteins. Rifampin 
is very lipid soluble, distributing well to most body tissues. 
It concentrates in white blood cells and is characterized by 
immunmodulation.230 Because rifamycins penetrate tissues 
and cells to a substantial degree, they are particularly effective 
against intracellular organisms. Rifampin is rapidly eliminated 
after acetylation to a metabolite (desacetyl rifampin) that is 
equal in efficacy to the parent compound. Whether the dog 
is a deficient acetylator of rifampin is unclear. Both the parent 
and metabolite are excreted in the bile (supporting its use for 
cholangitis in humans); the parent compound and metabolite 
undergo enterohepatic circulation. The elimination half-life of 
rifampin is dose dependent, being about 8 hours in dogs.

Adverse Effects
Rifampin is usually well tolerated and produces few side 
effects. However, gastrointestinal disturbances and abnormali-
ties in liver function (icterus) have been reported in humans 
and may lead to discontinuation of therapy. Hypersensitivity 
reactions can also result from rifampin administration, and 
renal failure is a possible consequence when intermittent dos-
age schedules are followed. Partial, reversible immunosup-
pression of lymphocytes occurs. Urine, feces, saliva, sputum, 
sweat, and tears are often colored red-orange by rifampin and 
its metabolites; urine may stain. Plasma will also be orange and 
may be misinterpreted as hemoglobinemia. CNS depression 
after intravenous administration and temporary inappetence 
may occur. Interestingly, intermittent administration (less 
than twice weekly) increases the risk of side effects in humans, 
resulting in a flulike syndrome that is associated with clinical 
signs indicative of a drug reaction (eosinophilia, thrombocy-
topenia, hemolytic anemia [note potential for orange discol-
oration of plasma] and renal disease).150 In a limited number 
of dogs, marked increases in serum alkaline phosphatase have 
been observed by the author. No other liver enzyme or func-
tion tests were affected, and dogs did not become clinically ill. 
The increase may reflect induction of the enzymes (much the 
same as glucocorticoids or phenobarbital), but monitoring 
of hepatic function may be prudent in at-risk dogs receiving 
rifampin.

Drug Interactions
Rifampin is a broad, potent inducer of microsomal enzymes, 
including CYP1A2, 2C9, 2C19, and 3A4;150 as such, it will 
shorten the elimination half-life of a number of drugs and 
may increase the risk of toxicity associated with drug metabo-
lism.229 Therapeutic failure may occur for other drugs metab-
olized by the liver if modifications in dosing regimens are not 
made. Rifampin PDCs will decrease after multiple dosing 

because of induction, with plasma elimination half-life of 
rifampin progressively shortening by approximately 40% dur-
ing the first 2 weeks of treatment in humans. Other affected 
drugs include the imidazoles, cyclosporine, digoxin, and sev-
eral sodium channel– and beta receptor–blocking cardiac 
antiarrhythmics. Endogenous substrates of hepatic metabo-
lism also may be affected; several steroids will be more rapidly 
catabolized.150 Withdrawal syndromes have been reported in 
humans receiving opioid analgesics.150 Because rifampin is 
a substrate for P-glycoprotein, dogs with the MDR-1 (ABC) 
deletion will have an increased risk of adverse reactions; the 
risk is increased if rifampin is used in combination with other 
drugs that interact with this protein. Finally, rifampin also 
has decreased biliary secretion of some compounds, notably 
contrast imaging media.150 Rifampin has been used in com-
bination with a number of drugs to enhance efficacy (and 
reduce resistance; see the section on resistance) for treatment 
of MRSA, VRE, and Mycobacterium spp. and others. Use in 
combination with doxycycline has been recommended for 
canine brucellosis, although clinical efficacy has not been 
demonstrated.2

Two other rifamycins are approved for use in humans. 
Rifabutin is a derivative of rifampin that is characterized by 
less induction of drug-metabolizing enzymes. Used for the 
treatment of Mycobacterium spp., it is characterized by unique 
side effects, including polymyalgia, anterior uveitis, and oth-
ers. Rifapentine is used to treat tuberculosis associated with 
human immunodeficiency virus infections in humans. Its 
longer half-life allows once-weekly dosing, and its impact on 
drug-metabolizing enzymes has been described as intermedi-
ate.150 Rifaximin is a semisynthetic derivative of rifamycin that 
is not orally absorbed. It is indicated for treatment of enteric 
pathogens, including Campylobacter, C. difficile, E. coli, Heli-
cobacter pylori, and Salmonella and Shigella.231 A potential 
advantage of rifaximin is an apparent minimal long-term 
effect on the gastrointestinal flora: both E. coli and Enterocococ-
cus spp. were minimally affected after 3 to 14 days of therapy. 
Resistance to rifaximin seems to emerge only slowly, com-
pared with systemic use of rifampin.231 Indications in humans 
have been a variety of (nonbloody) diarrheas, including small 
bowel overgrowth, intestinal gas, and inflammatory bowel  
disease.

Metronidazole
Metronidazole is deriviative of the antibiotic azomycin (2 
nitro-imidazole) secreted by a streptomycete (Figure 7-12).232 
A number of other nitroimidazoles were developed from azo-
mycin.232 Among the other closely related imadazoles used 
outside the United States are tinidazole, and benznidazole, 
the latter being used to treat acute Chagas disease. Metroni-
dazole impairs microbial RNA and DNA synthesis but must 
first undergo nitrous reduction in the organism. As such, 
metronidazole is a prodrug, with efficacy depending on the 

KEY POINT 7-29 Rifampin is a potent inducer of drug- 
metabolizing enzymes.
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nitrous group and a low redox potential that can be achieved 
only in an anaerobic environment.233 Only organisms that 
live in a low-oxygen environment have developed anaerobic 
energy or electron-generating pathways (e.g., ferredoxins) 
capable of generating single electrons. Transfer of the elec-
tron to the nitrous group of metronidazole results in a highly 
reactive nitro radical ion. Although DNA is the primary tar-
get, other macromolecular structures may be targeted. Met-
ronidazole will be regenerated on death of the microbe, thus 
facilitating its efficacy. Efficacy appears to be predominantly 
bactericidal, although actions may be bacteriostatic toward 
some organisms (e.g., Eubacterium spp.). Metronidazole acts 
as a concentration-dependent drug against trichomoniasis, 
and, although this is not always clear, it also appears to be con-
centration dependent when treating other microbes. However, 
time dependence has also been ascribed234 (e.g., Clostridium 
and its efficacy appear to be similar if administered once or 
twice daily).235

Spectrum
Metronidazole is rapidly bactericidal against all gram-nega-
tive (e.g., B. fragilis) and most gram-positive (e.g., Clostridium 
spp.) anaerobic bacilli, generally at MIC equal to or less than 
8 μg/mL. Microaerophilic microbes such as Helicobacter and 
Campylobacter spp. are susceptible. Metronidazole is effective 
toward a number of protozoa, with efficacy dependent on the 
nitro group at position 5 and enhanced with substitutions at 
the 2 position.236 Susceptible infections include trichomonia-
sis (MIC of 0.05 μg/mL if anaerobic conditions), amebiasis, 
and giardiasis (1 to 50 μg/mL).

Resistance
Aerobes and facultative anaerobic bacteria lack electron 
 transport systems necessary to generate single electrons and 
thus are resistant to metronidazole. Further, in higher oxygen 
environments, oxygen will compete for the electrons generated 
by anaerobic organisms, thus decreasing efficacy of metroni-
dazole. Higher doses are necessary if the infection occurs in 
an environment of 1% or more oxygen.232 Interestingly, proto-
zoa may develop resistance ot metronidazole in patients with 
impaired oxygen-radical scavenging abilities.232 Microbes 
also acquire resistance by decreasing proteins that gener-
ate the electrons (e.g., ferredoxin). The mechanism of bacte-
rial resistance is not totally clear, but increased production of 

interfering enzymes is likely. Resistance by Helicobacter spp. 
can be rapid.

Pharmacokinetics
Metronidazole is well distributed to all body tissues and can 
penetrate the blood–brain barrier. It is minimally protein bound 
(in humans). Elimination is dose dependent and occurs pri-
marily by hepatic metabolism. At least one metabolite has 50% 
of the activity of the parent compound toward trichomonads. 
Intestinal microbes can produce a small amount of the reduced 
(active) metabolites. Peak concentrations in dogs after 44 mg/kg  
reached 42 μg/mL. Vd is 0.95 ± 0.1 L/kg, and clearance is 
2.5 ± 0.54 mL/kg/min.237 Oral bioavailability is variable, rang-
ing from 59% to 100%. Elimination half-life in one study was 
4.5 ± 9 hours (see Table 7-1). Metronidazole disposition has 
been described in the cat after single intraveous (5 mg/kg) 
administration as the salt-free product and then at 20 mg/kg 
orally of the benzoate salt (12.4 mg/kg active drug).238 Extrapo-
lated plasma concentration after intravenous administration at  
time 0 averaged 7.8 ± 2 μg/mL; Vd was 0.7 ± 0.3 L/kg, and 
plasma clearance was 91 mL/kg/hr. Elimination half-life and 
mean residence time were 5.3 ± 0.7 and 7.6 ± 1 hours, respec-
tively. The benzoate salt was fairly well absorbed but was charac-
terized by clinically significant variability, with a bioavailability 
of 65% ± 27% (range 28% to 80%). The Cmax also varied, with a 
mean of 8.8 + 5.4, reflecting a range of 4.9 to 17.8 μg/mL; Tmax 
also varied from 1 to 8 hours (mean 3.6 ± 2.9 hours). Elimina-
tion half-life and mean residence time after oral administra-
tion were 5.2 ± 0.5 and 8.7 ± 1.3 hours, respectively.

Adverse Effects
Metronidazole may discolor urine (red-brown).232 More 
problematic adverse reactions include gastrointestinal upset 
(including hepatotoxicity when given at high doses) and CNS 
adversities, including seizures.237,239 The risk of neurotoxic-
ity is increased with intravenous administration; as such, oral 
administration is the preferred route whenever possible. The 
caustic nature of the intravenous solution also necessitates 
slow intravenous administration. The mechanism of neuro-
toxicity is not known, but in mice degenerative lesions have 
been demonstrated in the Purkinje cells, vestibular tracts, 
and several nuclei associated with equilibrium and fine 
motor control. These areas are also the site of the majority of 
gamma- aminobutyric acid–minergic receptors. In humans, 
characteristic lesions seen on magnetic resonance imaging 
indicate that the cerebellum may be most sensitive to damage; 
because interstitial edema was evident, with axonal swelling 
was suggested as a cause.240
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Figure 7-12  Chemical structure of miscellaneous antimicrobials.

KEY POINT 7-30 Metronidazole is effective only against 
anaerobic bacteria.



247CHAPTER 7 Antimicrobial Drugs

In dogs, seizures are indicative of toxicity. One study in 
dogs (n = 21) induced seizures at doses of 60 to 110 mg/kg for 
a total of 10 to 110 days.241 The most common clinical signs 
were vertical nystagmus, ataxia, inability to walk (≥50% each), 
and paraparesis (30%); less frequent neurologic signs included 
tetraparesis, hypermetria, tremors, head tilt, torticollis, and 
opisthotonus. Treatment with diazepam proved effective based 
on a shorter response time (resolution of debilitating clinical 
signs; 13 hours versus 4.5 days) as well as recovery time (return 
to normalcy; 11 versus 36 hours). The dose of diazepam was 
approximately 0.5 mg/kg, administered intravenously fol-
lowed by oral administration every 8 hours for 3 days. Neu-
rologic reaction to metronidazole has also been reported in 
cats (n = 2). The dose and duration associated with clinical 
signs were 111 mg/kg body for 9 weeks followed by 222 mg/
kg/day for 2 days in one cat and 58 mg/kg for 6 months in the 
second.242 Clinical signs in cats included ataxia, altered men-
tation, and progression to seizures. Neurologic signs resolved 
within days of discontinuation of the drug and supportive 
therapy. Histologic lesions have also been described in another 
14-year-old cat that developed fatal presumed metronidaozle 
toxicity after treatment for inflammatory bowel disease at 73 
to 147 mg/kg/day. Among the neurologic clinical signs was 
acute tetraparesis; lesions included diffuse, multifocal areas of 
necrosis throughout the brainstem.243

Metronidazole as either the free form or when adminis-
tered as the benazoate salt was genotoxic (disruptive of lym-
phocytic DNA) but not cytotoxic to feline polymorphonuclear 
cells. Genotoxicity resolved within 7 days after the drug was 
discontinued.

Preparations
Metronidazole is available as either a hydrochloride (used in 
the approved product) salt (oral or intravenous) or, in pure 
drug substrate form (i.e., for compounding), the benzoate salt. 
It can be administered as a loading dose infused over 30 to 
60 minutes in fluids, followed by an intravenous drip. It also 
can be given intermittently as an 8- to 12-hour maintenance 
dose as long as the infusion takes place slowly. For intravenous 
administration the dose should be neutralized with sodium 
bicarbonate and mixed with lactated Ringer’s solution, saline, 
bacteriostatic water, or 5% dextrose in water (see package 
insert). Because intravenous administration of metronida-
zole is complicated, oral administration is preferred whenever 
possible.

The benzoate salt of metronidazole, which is not com-
mercially available, is less bitter tasting and more tolerable 
than the commercially available hydrochloride salt. The oral 
disposition of the benzoate salt was previously described.238 
However, the benzoate moiety is larger than the hydrochlo-
ride moiety, representing 38% of the drug product. As such, 
when dosed on total drug weight, the dose of metronida-
zole benzoate should be 1.6 times the dose of metronidazole 
hydrochloride.244 Further, the benzoate must be removed 
by desterification before its absorption; it is not clear if oral 
administration of the benzoate form will be as effective against 
gastrointestinal microbes compared with a nonbenzoate form.

Metronidazole (not studied as a salt) has been demon-
strated to be stable in solutions when stored at 40° C for 90 
days.245 However, it reacts with the aluminum of needles or 
other canulas. Metronidazole is subject to drug interactions 
associated with inhibition (e.g., cimetidine) or induction (e.g., 
phenobarbital, prednisone, rifampin) of drug-metabolizing 
enzymes.

Metronidazole is available as a topical gel, which provides 
wound odor control. Although it can be prepared as a trans-
dermal PLO gel, studies by the author demonstrated minimal 
absorption when applied to the pinna of the ear for 3 weeks at 
15 mg/kg.

Metronidazole is a drug of choice for treating infections 
caused by obligate anaerobes, particularly those associated 
with gastrointestinal flora. Increasingly, it is used in lieu of oral 
vancomycin to treat C. difficile. Frequently, it is cited as a treat-
ment for inflammatory bowel diseases in animals or humans 
(particularly Crohn’s disease). Its efficacy may reflect, in part, 
immunomodulatory properties (see Chapter 19) or its ability 
to target those microbes most likely to produce inflammatory 
mediators.

DRUGS THAT TARGET FOLIC ACID

Inhibitors of Folic Acid Synthesis:/Sulfonamide/
Trimethoprim or Ormetoprim Combinations
The sulfonamides are the oldest group of antibiotics used 
therapeutically. All sulfonamides that are currently used were 
derived from the first clinically relevant sulfonamide, sulfanil-
amide, itself a derivative of the azo dye prontosil. The discovery 
of its efficacy in vivo but not in vitro indicated that metabolism 
by the host was necessary for efficacy and contributed to the 
understanding of the role of drug metabolism in bioactivation. 
Once the metabolite was identified as the active drug, a num-
ber of manufacturers produced hundreds of different sulfano-
mide antimicrobial preparations. The FDA had not yet been 
empowered by Congress to evaluate drug safety, resulting in 
the lack of safety limitations. Among the vehicles in which 
drugs were prepared was a product containing ethylene gly-
col. The subsequent death of more than 100 persons, including 
children, ingesting the product contributed to congressional 
approval of the Food Drug and Cosmetic Act of 1938. It was 
this act that empowered the FDA to evaluate drugs for safety 
before marketing.

The sulfonamides were the first group of commercially 
available antimicrobials used systemically.246 Their use was 
somewhat curtailed by the advent of the penicillins, only to 
increase again in the 1970s with their combination with the 
diaminopyridine trimethoprim. Not surprisingly, long-term 
use of these drugs has contributed to the development of resis-
tance that has limited their clinical use.246 However, a decline 
in their use, in part because of concerns regarding drug 
allergies, probably has contributed to a decline in resistance. 
Sulfonamides generally are used in combination with diami-
nopyrimidines for treatment of bacterial infections, with use 
of sulfonamides as sole agents generally limited to treatment 
of coccidiosis.
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Structure Chemistry Relationship
As derivatives of sulfanilamide, all sulfonamides have the 
same nucleus. Functional groups have been added to produce 
compounds with varying physical, chemical, pharmacologic, 
and antibacterial properties, but the active amine is in position 
4 and any substitutions at this position must be freed in vivo 
(Figure 7-13). Although amphoteric, sulfonamides generally 
behave as weak organic acids and are much more soluble in an 
alkaline than in an acidic environment. Those of therapeutic 
interest have pKa values between 4.8 and 8.6. Water-soluble 
sodium or disodium salts are used for parenteral administra-
tion. Such solutions are highly alkaline, somewhat unstable, 
and readily precipitate out with the addition of polyionic 
 electrolytes. In a mixture of sulfonamides (e.g., the sulfapy-
rimidine group), each component drug exhibits its own solu-
bility; therefore, a combination of sulfonamides is more water 
soluble than a single drug at the same total concentration. 
This is the basis of triple sulfonamide mixtures used clinically 
(primarily in large animals). The N-4 acetylated sulfonamides, 
except for the sulfapyrimidine group (sulfadiazine), are less 
water soluble than their nonacetylated forms. Highly insoluble 

sulfonamides are retained in the lumen of the gastrointesti-
nal tract for prolonged periods and are known as “gut-active” 
sulfonamides. Most sulfonamides used clinically for treatment 
of bacterial infections are “potentiated.” The “potentiator” of 
sulfonamides is a diaminopyrimadine; examples include trim-
ethoprim, ormetoprim, and pyrimethamine (the latter being 
the preferred drug for toxoplasmosis) (see Figure 7-13).

Mechanism of Action
Folic acid is an essential bacterial substrate necessary for protein 
and nucleic acid metabolism. Bacterial synthesis of folic acid  
is accomplished in several sequential steps (see Figure 7-13). 
The sulfonamides are structurally similar to PABA and act 
as competitive substrates (antimetabolites) for the synthetase 
enzyme. Among the many sulfonamides used clinically are 
sulfadiazine, sulfamethoxazole, sulfachlorpyridazine, sulfadi-
methoxine, and sulfasalazine; sulfisoxazole is the model drug 
upon which C&S testing is based. 

Because folate metabolism is required for many cellu-
lar functions, bacterial growth is inhibited; consequently, 
the antibacterial effects of sulfonamides as sole agents are 
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bacteriostatic. The diaminopyrimidines trimethoprim and 
ormetoprim also impair folic acid synthesis but at a different 
point in the metabolic pathway. They prevent the conversion 
of dihydrofolate to tetrahydrofolate by inhibiting the reduc-
tase enzyme. By themselves, these drugs also are bacterio-
static. It is the combination of a sulfonamide antimicrobial 
with a diaminopyrimidine antimicrobial (“potentiated”) 
that results in subsequent two-point inhibition of bacterial 
folic acid synthesis and thus bactericidal rather than bacte-
riostatic activity (see Figure 7-13). 5,246 Mammalian cells are 
not affected by these drugs because they are dependent on 
dietary sources of folic acid; in contrast, microbes cannot 
use external sources of the substrates. Further, the affinity 
of bacterial enzymes for the drugs is much higher than the 
mammalian enzymes. The competitive nature of the mecha-
nism of killing activity of potentiated sulfonamides leads 
to a time-dependent effect. High inoculums may require 
higher doses for efficacy.

Spectrum of Activity
The spectrum of activity of sulfonamides is considered broad, 
but efficacy is variable because of acquired resistance. However, 
a decline in their use during the last decades (due to concerns 
regarding allergies) appears to be associated with an increased 
in susceptibility for a number of organisms. The spectrum of 
combined products includes gram-positive, gram-negative, 
and anaerobic organisms. The sulfonamides exhibit good to 
moderate activity against E. coli; Enterobacter spp.; Klebsiella 
spp.; Proteus spp.; Pasteurella spp.; and anaerobic organisms 
such as Actinomyces, Bacteroides, Fusobacterium spp., and 
selected clostridia.247-249 The spectrum of these drugs does not 
include Serratia spp., P. aeruginosa, Rickettsia, or Mycoplasma 
spp. The sulfonamides exhibit good efficacy against Brucella 
spp., Actinomyces spp., and selected protozoal organisms such 
as Pneumocystis carinii and Cryptosporidium spp. Some Chla-
mydia spp. are susceptible to sulfonamides, whereas others 
are not. The difference appears to be based on whether the 
organism can obtain folic acid from the host.249a Mycoplasma 
organisms are not susceptible to sulfonamides. By itself, tri-
methoprim has a potency that is twentyfold to 200-fold less 
than that of sulfonamides.246 Potentiated sulfonamides are 
generally useful for uncomplicated infections of many body 
systems.

Resistance
Inherent resistance to sulfonamides reflects, in part, the abil-
ity of the microbe to make use of host folic acid. Resistance 
to the sulfonamides and to trimethoprim or ormetoprim 
occurs relatively rapidly. Chromosomal resistance results in 
impaired drug penetration, reduced affinity of the enzyme 
for the substrate, or increased bacterial production of PABA. 
Plasmid-mediated resistance occurs rapidly because of altered 
drug penetration and decreased affinity of the enzyme for the 
substrate. Resistance to one sulfonamide generally results in 

resistance to all sulfonamides.246 The increasing emergence of 
resistance has sharply curtailed the use of these drugs. The role 
of trimethoprim/sulfonamide combinations for the critically 
ill patient or for chronic infections should be based on C&S 
information because of the incidence of resistance.

Pharmacokinetics
The sulfonamides are generally rapidly and completely 
absorbed after oral administration, although there are excep-
tions (see the discussion of structure and chemistry). Tri-
methoprim and ormetoprim are well absorbed after oral 
administration. Sulfasalazine is poorly absorbed as an intact 
molecule and is used primarily for gastrointestinal diseases. 
After oral administration sulfasalazine is partially absorbed 
in the small intestine. It undergoes enterohepatic circulation 
and ultimately is eliminated in the urine. Most of the drug 
(70%) is metabolized by colonic bacteria to its component 
parts: sulfapyridine and 5-aminosalicylic acid. Sulfapyridine 
is rapidly absorbed and subsequently eliminated in urine. The 
5- aminosalicylic acid may provide the major therapeutic ben-
efit for chronic inflammatory bowel disease.246

Solutions intended for parenteral administration must be 
buffered to prevent pain and irritation caused by the alkalin-
ity of the compounds. Topical administration is not recom-
mended because of the effects of these drugs on wound healing. 
An exception is made for silver sulfadiazine and mafenide, 
which are used primarily for burn patients in human.246 Sul-
fadiazine is combined with silver in a topical otic preparation 
approved for use in dogs. Protein binding of the sulfonamides 
varies from 15% to 99%. Examples include sulfadiazine at 30% 
to 50% bound, sulfadiamethoxine, at greater than 75%, and 
sulfasalazine up to 99% bound. Protein binding contributes 
to a relatively long half-life, allowing for convenient dosing 
intervals.

The tissue penetrability of the sulfonamides varies. All are 
distributed at least to extracellular fluid. Sulfamethoxazole 
(the model drug for susceptibility testing) is limited to inter-
stitial fluid, whereas sulfadiazine is distributed to total body 
water.246 Sulfadiazine penetrates most body tissues extremely 
well, including the prostate.250 The penetration of these drugs 
varies with the sulfonamide component. Prostatic penetration 
is facilitated by a high pKa. Sulfadiazine (pKa 6.4) is among the 
best distributed sulfonamides but only achieved 11% of serum 
concentration in the prostate of dogs in one study (the origi-
nal reference for this study could not be found). Drugs with 
a more basic pKa may appear to better penetrate the prostate, 
although this may reflect ion trapping in prostatic fluids. Sul-
fadiazine can attain therapeutic concentrations in CSF, partic-
ularly if given intravenously, and is the preferred sulfonamide 
for CNS infections.246 Trimethoprim achieves tissue concen-
trations four times higher than that in plasma. The combina-
tion of a sulfonamide with a diaminopyramidine at a ratio of 

KEY POINT 7-31 The combination of the sulfanomide and the 
diaminopyrimidine results in bactericidal effects.

KEY POINT 7-32 The disposition of the sulfonamides, which 
are time dependent, is markedly variable among members 
of this drug class.
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1:5 trimethoprim/sulfonamide results in a bactericidal effect 
and a tissue distribution ratio of 1:20 in most tissues.5 This 
ratio, however, is described in humans, and information in 
dogs or for sulfadimethoxine and ormetoprim does not appear 
to be available.

Sulfonamides that undergo hepatic metabolism are gener-
ally acetylated. All sulfonamide antimicrobials are arylamines. 
The dog lacks some genes that encode for N-acetyltransferases 
responsible for metabolism of arylamines.251 Thus  metabolism 
in the dog may involve other pathways, facilitating the forma-
tion of potentially nitroso metabolites that are responsible 
for allergic or other idiosyncratic reactions (see the section 
on adverse reactions) (see Figure 7-13).252 Drugs are renally 
excreted as either the parent compound or the conjugated 
metabolite by either glomerular filtration or active tubular 
secretion. Both passive reabsorption and enterohepatic circu-
lation can prolong the elimination half-life of selected sulfon-
amides.246 Acetylated metabolites of sulfonamides are often 
less soluble than the parent compounds, which increases the 
risk of renal damage should drug precipitate and form crystals. 
However, this is unlikely in dogs because of deficient acetyla-
tion. The risk is reduced in other species because of the use of 
combination products, which reduces the total amount of dose 
needed for efficacy. The elimination half-lives of the drugs vary 
with the sulfonamide component and among the species. The 
duration at which sulfonamides remain in the body leads to 
classification as short-acting (12 hours or less: sulfacetamide, 
sulfathiazole, and sulfisoxazole), intermediate-acting (12 to 24 
hours: sulfadimethoxine, sulfisoxazole, sulfamethoxazole, sul-
fapyridine, sulfamethazine, and sulfadiazine), and long-acting 
(longer than 24 hours).246 In the dog, according to the pack-
age insert, sulfadimethoxine concentrations are 39 μg/mL 24 
hours after dosing. Peak ormetoprim at 2 hours was 1.09 μg/
mL in dogs but was 0.09 μg/mL at 24 hours, indicating a half-
life of about 6 hours. It is not clear whether the differences in 
half-life between sulfadimethoxine and ormetoprim “match” 
in terms of ideal proportion throughout the labeled 24-hour 
dosing interval.

Adverse Effects
Reactions to sulfonamide antimicrobials reflect the great-
est proportion of antimicrobial adversities in the dog.252 
The adversities to sulfonamide antimicrobials but not 
other sulfonamides (e.g., nonsteroidal antiinflammato-
ries, zonisamide, furosemide) probably reflect the basic 
structure of the sulfanilamide molecule, which is an aryl-
amine, in which the amine group is directly attached to 
the benzene ring (see Figure 7-13). The susceptibility of 
dogs to sulfonamide toxicity may reflect the species’ defi-
ciency in acetylation and specifically N-acetylation. The  
proposed mechanism of toxicity reflects shunting of the sulfa-
nilamide arylamine to an oxidative phase I pathway (see  Figure 
7-13). Oxidation of the arylamines yields hydroxylamine, a 
metabolite that can be cytotoxic at high concentrations; the 
metabolite also is somewhat allergenic. Hydroxylamine can be 
further metabolized (often spontaneously) to a nitroso com-
pound, which is somewhat cytotoxic but is more immunogenic 

than the hydroxyarylamine. The potential role of the aryl-
amine as a cause of sulfonamide toxicity is supported by the 
lack of apparent toxicity by other sulfonamide drugs used in 
dogs, which, lacking a primary arylamine, are not converted 
to hydroxylamine. The likelihood of adversity may be related 
to the type of metabolites formed and the rate of acetylation. 
As such, the likelihood of toxicity occurring may vary among 
the sulfonamide antimicrobials. The mechanism of hyper-
sensitivity may reflect haptenization of the metabolite and a 
subsequent T-cell response, although other mechanisms (e.g., 
humoral response or cytotoxicity) may contribute.252 Defi-
ciencies in glutathione, ascorbic acid, or other radical scaven-
gers may increase the risk of either type A or B reactions; the 
role of supplementation in preventing or treating adversities 
apparently has not been addressed scientifically but may be 
prudent. Controversy exists as to whether the parent sulfon-
amide might be immunogenic.252 The “potentiator” may also 
be responsible for some reactions; for example, trimethoprim 
has been associated with skin eruptions or hepatopathy in 
humans; further, use of sulfadiazine as the sole coccidiostat in 
dogs has not been associated with drug allergies.

Type A (I) Adverse drug reactions. With the exception of 
 thyroid-gland suppression, sulfonamides, and sulfadiazine in 
particular, appear to be free of type A or I adverse drug reactions 
at doses higher than those used therapeutically. For example, 
suppression of the thyroid gland was the only adverse effect 
evident in dogs treated with sulfadiazine at 300 mg/kg a day for 
20 days. Any sulfonamide, including antimicrobial drugs, may 
profoundly alter thyroid physiology at high doses (25 mg/kg 
twice daily). The sulfonamide is a reversible substrate inhibi-
tor of thyroid peroxidase, preventing the iodination and cou-
pling of tyrosine residues necessary for formation of thryoxine 
and thyronine.253 Whereas labled doses of sulfadiazine and 
trimethoprim do not appear to cause thyroid suppression at 
least for 4 weeks, clinical hypothyroidism has occurred in one 
dog treated with trimethoprim sulfadiazine at 48 mg/kg/day 
for 10 weeks. Experimentally induced suppression of thyroid 
hormone (T4) synthesis occurred in 57% of dogs treated for 
pyoderma at 60 mg/kg/day for 6 weeks. Decreased thyroid 
hormone synthesis generally will be clinically relevant by 3 
weeks of therapy but may take 6 to 8 weeks or longer and will 
return to normal within 3 weeks after therapy is discontinued.

Aplastic anemia has been reported in dogs receiving 30 to 
60 mg/kg of sulfadiazine a day,252 although the role of allergy 
versus folic acid deficiency was not documented. Because 
mammalian cells can use dietary folic acid, supplementation 
might be considered, particularly for patients that develop 
anemia (normocytic rather than megaloblastic)252 consistent 
with folic acid deficiency while receiving a sulfonamide. Cats 
appear to be more sensitive to the effects of trimethoprim/ 
sulfonamide combinations. Doses of 300 mg/kg per day for 10 
to 30 days orally resulted in lethargy, anorexia, anemia, leuko-
penia, and increased blood urea nitrogen. Before the advent of 

KEY POINT 7-33 Adversity to the sulfonamides probably 
reflects their metabolism to toxic or allergenic metabolites.
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triple and potentiated sulfonamide preparations, crystalluria 
was a common type I side effect, with subsequent renal dam-
age. Nonetheless, with high doses of any sulfonamide product, 
prudence dictates that the hydration status of the animal be 
normal, particulary if urinary pH is acidic.

Type B (II) Adverse drug reactions. Although the sulfon-
amides are generally safe drugs, the advent of hypersensitivity 
drug reactions (immunologic) has limited their use. Immune-
mediated diseases of the skin, kidney, liver, and eye are not 
dose dependent.

Sulfonamide antimicrobial toxicity in animals has been 
reviewed.252,254 The incidence of systemic sulfonamide toxicity 
in dogs has been reported as 0.25%. In a study of dogs (n = 40), 
inclusion criteria included clinical signs consistent with a drug 
allergy and treatment with a sulfonamide antimicrobial for at 
least 5 days.254 The breeds most often represented were Golden 
Retrievers, Miniature Schnauzers, German Shepherd Dogs, 
Labrador Retrievers, and Samoyeds, with Miniature Schnau-
zers and Samoyeds being overrepresented. The lack of rep-
resentation by Doberman Pinschers was suggested to reflect 
decreased treatment of this breed with sulfonamides. Ages 
ranged from 6 months to 14 years (mean 5.7 ± 3.2), and neu-
tered female dogs were overrepresented (60%). Three sulfon-
amides were represented, with 64% of afflicted dogs receiving 
sulfamethoxazole, 23% sulfadimethoxine, and 13% sulfadia-
zine; either trimethoprim or ormetoprim also were adminis-
tered. No information was available regarding the proportion 
of sulfonamides prescribed to dogs. The frequency of each 
drug being administered was not determined. Doses ranged 
from 23 to 81 mg/kg/day, and time of onset ranged from 5 
to 36 (mean 12) days. The most common clinical signs and 
the proportion of animals afflicted were fever (55%), throm-
bocytopenia (54%), hepatopathy (28%), neutropenia (27%), 
keratitis sicca (25%), and hemolysis (22%). Facial palsy was an 
unusual clinical sign. Other clinical signs included arthropa-
thy, uveitis, skin and mucosal lesions, proteinuria, facial palsy, 
hypothyroidism, pancreatitis, facial edema, and pneumoni-
tis. Dogs with hepatopathy or thrombocytopenia had a sig-
nificantly lower recovery rates.254 Dogs with hepatopathy also 
tended to have received the highest doses, suggesting that a 
toxic metabolite might be responsible and the adversity might 
be, in part, type A rather than type B (i.e., dose dependent 
and thus predictable). The fact that some animals developed 
adversities in as little as 5 days might also support a type A 
or idiosyncratic type B reaction, rather than allergy. Large 
breeds, with Doberman Pinschers overrepresented, appear to 
be at greater risk for developing arthropathy (as reviewed by 
Trepanier).252

Keratoconjunctivitis sicca is a more common side effect of 
sulfonamides in dogs, occurring in as many as 15% of animals 
receiving sulfonamides.254 It has been reported in dogs after 
treatment with sulfasalazine, sulfadiazine, and sulfamethoxa-
zole. The reaction may reflect direct cytotoxicy to the lacrimal 
gland rather than an allergic reaction, but nonetheless, time of 
onset may be months to years after therapy is initiated. Female 
dogs may be at greater risk. Resolution of clinical signs is more 
likely if the inciting drug is discontinued early; otherwise, 

normal function may not recur once the drug is discontinued. 
Prognosis is more favorable for younger dogs receiving the 
drug for a short period of time.

Drug Interactions
The sulfonamides have been associated with a number of drug 
interactions in humans.2 Inhibition of elimination with sub-
sequent prolonged or increased effects have been reported 
for oral hypoglycemic agents, dapsone when combined with 
trimethoprim, folate antagonists (increased risk of megalo-
blastic anemia), methanamine (increased risk of crystalluria), 
procainamide (decreased metabolism when combined with 
trimethoprim), and warfarin (increased anticoagulant activ-
ity with trimethoprim). In contrast, increased elimination has 
been reported for cyclosporine when combined with either 
sulfonamides or trimethoprim.2

Therapeutic Use
Because of the advent of resistance, the use of sulfonamides is 
limited to uncomplicated infections of most body systems. The 
concentration in urine supports the use of potentiated sulfon-
amides for urinary tract infections. Trimethoprim/ sulfonamide 
combinations are indicated for treatment of infections caused 
by susceptible bacteria in difficult-to- penetrate tissues such as 
the prostate and CNS.246 These drugs are among the drugs of 
choice for treating Nocardia and Actinomyces spp. Synergistic 
effects have been cited toward these organisms when used in 
combination with beta-lactam antibiotics.

DRUGS THAT TARGET RIBOSOMES 
(BACTERIOSTATIC)

Tetracyclines
Tetracyclines historically have been widely used, but develop-
ment of resistance has largely curtailed empirical use in the 
last decade. However, the decline in use appears to have led to 
a decrease in resistance, and susceptibility increasingly is dem-
onstrated through C&S data, potentially leading once again to 
more common use of these drugs.

Structure–Activity Relationship
Three naturally occurring tetracyclines are obtained from 
Streptomyces: chlortetracycline (the prototypic drug but no 
longer available in human-medicine preparations), oxytetracy-
cline, and demethylchlortetracycline (see Figure 7-5). Several 
tetracyclines have been derived semisynthetically (tetracycline 
from chlortetracycline, rolitetracycline, methacycline, mino-
cycline, doxycycline, lymecycline, and others). Elimination 
half-lives permit a further classification into short-acting (tet-
racycline, oxytetracycline, chlortetracycline), intermediate-
acting (demethylchlortetracycline and methacycline), and 
long-acting (doxycycline and minocycline) formulations. All 
of the tetracycline derivatives are crystalline, yellowish, ampho-
teric substances that, in aqueous solution, form salts with both 
acids and bases. They characteristically fluoresce when exposed 
to ultraviolet light. The most common salt form is the hydro-
chloride, except for doxycycline, which also is available as 
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doxycycline hyclate. The tetracyclines are stable as dry powders 
but not in aqueous solution, particularly at higher pH ranges 
(7-8.5). Preparations for parenteral administration must be 
carefully formulated, often in propylene glycol or polyvinyl 
pyrrolidone with additional dispersing agents, to provide stable 
solutions. Tetracyclines form poorly soluble chelates with biva-
lent and trivalent cations, particularly calcium, magnesium, 
aluminum, and iron. Doxycycline and minocycline exhibit the 
greatest liposolubility and better penetration of bacteria.

Mechanism of Action
Tetracyclines bind bacterial ribosomes and impair protein 
synthesis (see Figure 7-6). Bacterial ribosomal activity was 
described in the section on aminoglycosides. The tetracy-
clines bind to the 16S portion of the 30S ribosomal subunits, 
preventing access of the amino-acyl tRNA to the acceptor site 
on the mRNA ribosome complex80 (see Figure 7-6). Because 
tRNA binding is prevented, amino acids cannot be added to 
the peptide chain, and protein synthesis is impaired. Tetracy-
clines are bacteriostatic in action and should not be used in 
the immunocompromised patient, whether disease or drug 
induced (i.e., glucocorticoids or anticancer drugs). Their 
effects are described with other bacteriostatic ribosomal 
inhibitors as time dependent but are probably related to AUC. 
The tetracyclines also inhibit matrix metalloproteinases, an 
action separate from their antibacterial properties.

Spectrum of Activity
Tetracyclines enter cells either through porins or active trans-
port pumps.80 They are considered broad spectrum (see Table 
7-2), being effective against gram-positive, gram–negative, 
anaerobic organisms, as well as cell wall–deficient and rick-
ettsial organisms and others. Their spectrum includes gram-
negative organisms, particularly Pasteurella spp., and often 
E. coli, Klebsiella, and Salmonella spp. P. aeruginosa is gener-
ally not included; although susceptibility may be indicated on 
C&S data, caution should be exercised when selecting tetracy-
clines. They generally are intrinsically more effective against 
gram-positive organisms (see Tables 7-3 and 7-4). As such, 
Staphylococcus and Streptococcus spp. generally are included 
in the spectrum. However, the broad general use of these 
drugs has led to resistance by many organisms and use against 
gram- positive organisms should be based on C&S testing. The 
spectrum of action also includes Chlamydia, Mycoplasma, 
Rickettsia, and Hemobartonella organisms. Spirochetes (Bor-
relia, Leptospirosis spp. also are generally susceptible, and sev-
eral mycobacterial organisms are susceptible. Tetracyclines 
target Brucella spp.) although in human medicine generally 
they are combined with rifampin or gentamicin. Tetracyclines 
generally are effective toward actinomycosis and are generally 
considered more effective than chloramphenicol.80

Tigecycline is a glycylcycline, a class of drugs that are syn-
thetic analogs of the tetracyclines. Specifically, it is a glycola-
mide derivative of minocycline. The spectrum of this class is 
similar to that of the tetracyclines; however, they often remain 
effective against strains that have developed resistance to tet-
racyclines through increased efflux transport mechanisms.80

Resistance
Resistance to tetracyclines is plasmid mediated and induc-
ible.80 Most resistance to tetracyclines results from either 
decreased influx or increased transport of the drug out of the 
microbial cell. Other mechanisms include altered binding 
site (which may reflect a mutation) and enzymatic destruc-
tion. Cross-resistance does not necessarily occur and depends 
on the mechanism. Drugs that minimize the impact of 
efflux pumps have been developed, including the glycylcy-
clines.255 These drugs also have a higher binding affinity than 
tetracyclines.

Pharmacokinetics
The oral absorption of tetracyclines is variable, with chlortet-
racycline being the least bioavailable, oxytetracycline more 
so, and doxycycline the most lipid soluble of the tetracyclines, 
being 100% bioavailable. Absorption is decreased in the pres-
ence of divalent and trivalent cations such as those present in 
milk products or antacids; exceptions occur for doxycycline 
and minocycline. Tetracyclines, particularly doxycycline, 
are widely distributed to most body tissues, and theoreti-
cally, inflammation need not be present for distribution into 
the brain80 (see Table 7-5). Drugs will distribute through the 
placenta into the fetus and into milk. Doxycycline is able to 
penetrate cell membranes and thus gain access to intracel-
lular organisms. Doxycycline is 99% protein bound, which 
prolongs its elimination half-life; note that concentrations in 
body fluids (see Table 7-5) are likely to reflect unbound drug, 
whereas that in plasma may reflect bound drug, decreasing 
ratios. Tetracyclines, with the exception of lipophilic tetracy-
clines such as minocycline and doxycycline, do not penetrate 
the CSF. The latter drugs are thus preferred because of bet-
ter tissue penetrability for treatment of infections caused by 
susceptible bacteria in difficult-to-penetrate tissues, reaching 
30% to 40% of plasma concentrations. Minocycline is charac-
terized by a larger Vd in people than is doxycycline, suggest-
ing the potential of better tissue penetrability, but may also be 
more bound to bone or other tissues containing cations. Tet-
racyclines accumulate in reticuloendothelial cells.80 Tetracy-
clines are incorporated into forming bone and the enamel and 
dentin of teeth and cause discoloration of teeth upon eruption. 
The age at which this occurs in dogs and cats is not clear.

Doxycycline (PC 0.68 and pKa 3.09)57 was studied in the 
dog in both plasma and interstitial fluid (using ultrafiltra-
tion) after intravenous and constant-rate influsion (to allow 
establishment of steady-state concentrations). The drug is 91% 
bound to plasma proteins in dogs, resulting in a total AUC 
difference sixfold higher in plasma compared with interstitial 
fluid. Further, the interstitial fluid Cmax (of unbound drug) was 
only 0.14 μg/mL at steady-state conditions; in contrast, PDCs 
extrapolated from the terminal component of the elimination 
curve was 1.6 μg/mL. The concentration of interstitial fluid 

KEY POINT 7-34 Among the tetracyclines, doxycycline and 
minoclycline stand out for their lipid solubility and biliary 
excretion.
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drug was equivalent to the concentration of unbound drug in 
plasma.57 Vd of unbound drug was 0.65 ± 0.08 L/kg; clearance 
was 1.66 ± 2.21 mL*kg/min.

With the exception of doxycycline and minocycline, the 
tetracyclines are eliminated by both renal (approximately 
60%) and biliary (40%) excretion. Presumably, minocycline is 
eliminated essentially in the bile, whereas the route of elimina-
tion of doxycycline is less obvious. In humans it is eliminated 
by both renal (41%) and biliary (59%) mechanisms. In dogs 
intestinal elimination of the unchanged drug appears to be 
the predominant route, with only about 16% of a given dose 
being excreted unchanged in the urine. Tetracyclines undergo 
enterohepatic circulation. Toxic concentrations may accumu-
late in patients with renal disease. Differences that justify use 
of minocycline instead of doxycycline are difficult to ascer-
tain. Adverse reactions to minocycline may, however, be more 
likely.

The tetracyclines are available as intravenous, parenteral, 
and ocular preparations. Tetracyclines should not be given 
intramuscularly because of local tissue damage and irritation. 
For the same reason, tetracyclines are not indicated for topical 
treatment other than the eye.

Adverse Effects
Tetracyclines cause several adverse effects in small animals. 
Toxicity may be worsened in patients with renal disease 
because of decreased elimination. Gastrointestinal upset fol-
lows direct irritation of the gastrointestinal mucosa after oral 
administration; administration of doxycycline with food will 
reduce gastrointestinal side effects. Rarely, hepatotoxicity 
may occur. Rapid intravenous administration may result in 
collapse. Although the likelihood of this occurring in small 
animals is not clear, prudence dictates slow administration of 
a diluted solution (i.e., 1:10) when tetracyclines are adminis-
tered intravenously. Although the mechanism is not certain, 
calcium binding may be important. Intravenous administra-
tion of tetracycline has caused anaphylactic shock in dogs. 
Diluting fluids should not contain calcium or other cations 
to which tetracylines might chelate. Hypersensitivity has also 
been reported in a dog after intramuscular administration of 
tetracycline. Minocycline may be more likely to cause allergic 
drug reactions in drugs. Lesions characterized by erythema 
of the skin and mucous membranes occurred in dogs after 
administration of most doses of minocycline. Anemia may 
also occur (10 mg/kg, administered intravenously). Brown 
to gray discoloration of teeth may occur because of chela-
tion of tetracyclines in calcium deposits of dentin and, to a 
lesser degree, enamel. Tetracycline and oxytetracycline cause 
a yellow discoloration, whereas chlortetracycline produces a 
gray-brown discoloration; of all the tetracyclines, oxytetracy-
cline causes the least tooth discoloration. Because chelation 
might occur in forming dentin as well as enamel, tetracyclines 
should be avoided from 3 weeks’ gestation to at least 1 month 
after birth. Among the lipid-soluble tetracyclines, doxycycline 
may be less likely to cause discoloration. In humans minocy-
cline may stain teeth regardless of tooth development because 
of chelation with iron; the drug probably has not been used 

sufficiently in animals to determine whether a similar effect 
will occur. Other side effects caused by tetracyclines include 
drug fever (in cats), an antianabolic effect, and a Fanconi-
like syndrome in the kidneys, with the latter more likely with 
expired or degraded tetracyclines.255

Doxycycline has been associated with esophageal ero-
sions in cats (and humans).80 In a study of 30 cats, no orally 
administered tablets had passed in 30 seconds; only 40% had 
entered in 5 minutes. In contrast, 90% of tablets passed within 
30 seconds when followed with 6 mL of water, with 100% pas-
sage at 90 seconds. For capsules only 17% had passed by 30 
seconds, but 93% had passed by 60 seconds.256 The impact of 
esophageal damage is not unique to doxycline; other drugs 
are ulcerogenic because of local effects. Indeed, the cat has 
been used as a model to assess the ulcerogenic potential of 
orally administered drugs.257 For doxycycline, the risk may be 
decreased with use of the monohydrate salt. In the event that 
erosions do occur, among the treatments to consider would be 
pentoxifylline.258

Drug Interactions
Because of chelation with cations (magnesium, calcium, alu-
minum, and so on), tetracyclines should not be simultaneously 
administered with cation-containing drugs (e.g., antacids, 
sucralfate, buffered aspirin, calcium-containing supplements, 
fluids). Cholestyramine may also bind to tetracyclines. Tet-
racyclines, with the exception of doxycycline, should not be 
administered with food.

Because tetracyclines bind to the 30s ribosomal subunit, 
combination with antimicrobials that target the 50s subunit 
might be considered (e.g., the phenicols, macrolides, and lin-
cosamides) with scientific support. One study indicates an in 
vitro synergistic effect of the combined use of doxycycline and 
azithtromycin against P. aeruginosa.259

Therapeutic Use
The therapeutic indications for tetracyclines are many but have 
decreased in recent years because of the advent of resistance. 
Treatment of microbial infections is best based on C&S data. 
Doxycycline is the preferred tetracycline because of its ability 
to move intracellularly compared to other tetracyclines. Doxy-
cycline generally is indicated among first-choice therapies for 
obligate intracellular organisms, including ehrlichiosis, Rocky 
Mountain spotted fever, chlamydiosis, mycoplasmosis, and 
hemobartenellosis. Doxycycline also has been used to treat 
canine brucellosis. Other potential indications include lepto-
spirosis and Lyme disease.

Phenicols
Chloramphenicol has been widely used in the past, but the 
development of resistance and human toxicity to chloram-
phenicol have severely curtailed its use and commercial 
availability. Florfenicol is a commercially available thiamphen-
icol derivative approved for treatment of bovine respiratory 

KEY POINT 7-35 Doxycycline is only one of many drugs that 
might cause esophagitis in the cat.
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diseases complex. A sulfonyl group replaces the aromatic 
ring nitro group that is otherwise associated with chloram-
phenicol’s irreversible bone marrow suppression in humans 
(see Figure 7-5). As chloramphenicol increasingly is difficult 
to obtain commercially, florfenicol may find a niche for use 
in small animals, particularly cats, in which the disposition is 
more predictable than with dogs.

Mechanism of Action
Like tetracyclines, chloramphenicol and florfenicol bind bac-
terial ribosomes and impair protein synthesis (see Figure 7-6). 
However, binding occurs at the 50s subunit with inhibition 
of peptidyl transferase. Actions are bacteriostatic in action, 
and these drugs should not be used in immunocompromised 
patients. As with other bacteriostatic ribosomal inhibitors, 
the effects of chloramphenicol and florfenicol should be con-
sidered time dependent. As with tetracyclines, although host 
ribosomes do not bind as effectively as do bacterial ribosomes, 
some host ribosomal activity will be impaired. Binding sites 
for chloramphenicol are close to those for clindamycin, which 
it competitively inhibits.80 Chloramphenicol also inhibits 
mitochondrial protein synthesis in mammalian cells, with 
erythropoietic cells particularly sensitive.

Spectrum of Activity
Chloramphenicol is considered broad spectrum (see Table 
7-1), being effective against gram-positive, gram-negative, and 
anaerobic organisms. P. aeruginosa is generally not included. 
The spectrum of action also includes Chlamydia, Mycoplasma, 
Rickettsia, and Hemobartonella organisms. As previously 
noted, tetracyclines are considered more effective than chlor-
amphenicol for the latter organisms, but chloramphenicol 
tends to be more clinically effective for other organisms. The 
spectrum of activity of florfenicol is similar to chlorampheni-
col; although the anaerobic spectrum has not been described, 
it is assumed to be similar. The MIC for florfenicol of small 
animals generally reflects 1.0 to 8.0 μg/mL.

Resistance
Resistance to chloramphenicol is caused by destruction (acet-
ylation) of the drug by microbial enzymes. The fluorine ring 
of florfenicol may impair bacterial acetylation, and thus flor-
fenicol is more resistant to bacterial deactivation;260 selected 
organisms resistant to chloramphenicol may be susceptible to 
florfenicol.2

Pharmacokinetics
Chloramphenicol is very well absorbed after oral administra-
tion in its crystalline form. Many of the originally-approved 
preparations are no longer available in the United States. The 
liquid form is less well absorbed, so much so that the palmi-
tate form should not be used for cats because of variability in 
oral absorption. The chloramphenicol succinate ester is the 
water-soluble form intended for injection (see Table 7-1). The 
succinate must be hydrolyzed by plasma, hepatic, pulmonary, 
or renal esterases before activity. Chloramphenicol palmitate 
is a suspension for oral administration. Its ester is hydrolyzed 

by small intestinal lipases; the freed chloramphenicol is then 
orally absorbed. The freed chloramphenicol is among the most 
lipid soluble of the clinically used drugs and achieves moder-
ate to high concentrations in most body tissues, including the 
CSF. It is, however, unlikely to achieve bactericidal concentra-
tions in most tissues, including the CNS. Most of the drug is 
eliminated by hepatic metabolism. Glucuronidation is a major 
route of elimination of chloramphenicol. Cats eliminate chlor-
amphenicol more slowly because of deficiencies in both phase 
I and phase II metabolism. Greater concentrations may occur 
in cat urine than in dog urine as a result.261 Pediatric patients 
also may not eliminate chloramphenicol as efficiently as young 
adult dogs.

Chloramphenicol was studied after single oral dose as the 
commercially available Chloromycetin (50 mg/kg) in dogs.262 
Although pharmacokinetics were not reported, the Cmax 
(μg/mL) at Tmax were, respectively, for Greyhounds with 
feeding, 21.6 ± 4.8 at 1.5 hours, or without feeding, 18.6 ± 
6.7 at 3 hours; large dogs (22-26 kg), 20.0 ± 4.8 at 1.5 hours; 
and small dogs (11.4 to 15.5 kg), 27.5 ± 7.0 at 3 hours. Peak 
concentrations were notably higher in small dogs than large 
dogs. Half-life in Greyhounds was 3.2 hours in fasted dogs 
versus 1.9 hours in fed dogs; the elimination half-life (based 
on noncompartmental anaylsis of published data) in large 
dogs was 2.3 hours compared with 3.4 hours in small dogs. 
Average half-life among all groups was 2.7 ± 0.7 hours; mean 
residence time was 4.6 ± 0.67 hours. Neither oral bioavail-
ability nor clearance was determined.

During approval for use in humans, chloramphenicol was 
studied in dogs.263 Chloramphenicol was measured on the 
basis of an analytic procedure that detected chlorampheni-
col and its metabolites; therefore the relevance of the data 
must be considered. Homogenate tissue concentrations were 
described after subcutaneous administration of 35 mg/kg for 
2 dogs: at 1.5 and 3 hours, plasma concentrations were 21 and 
13, respectively, yielding an elimination half-life of 2.9 hours. 
Concentrations in the brain and CSF at the same time were 
15 and 8 μg/mL (brain) and 7 and 9 μg/mL (CSF), yielding a 
3-hour plasma:tissue ratio of 0.7. A second study measured 
chloramphenicol using a bioassay. However, only a single 
dog was studied after oral administration of 150 mg/kg of the 
crystalline powder form. The Cmax was 45 μg/mL at 4 hours 
and approximately 15 μg/mL at 8 hours, yielding a disappear-
ance half-life of 2.5 hours. This should extrapolate to a Cmax 
of approximately 14 μg/mL when 50 mg/kg is administered. 
Although 54% of the drug was eliminated in the urine, only 
6.3% of the drug in the urine was pharmacologically active. 
Intravenous administration of 50 mg/kg yielded an initial 
plasma concentration of approximately 39 μg/mL and a con-
centration of approximately 5 μg/mL at 8 hours, yielding a 
half-life of about 1.5 hours.263

KEY POINT 7-36 Although chloramphenicol is bacteriostatic, 
its excellent tissue distribution and relatively long half-life 
render it potential appealing choice in immunocompro-
mised patients.
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Chloramphenicol has been studied in cats (n = 5). Oral 
administration of the crystalline powder in capsules yielded 
Cmax (μg/mL) of 43 to 62 at 40 mg/kg, 25 to 42 at 20 mg/kg tid, 
and 8 to 25 at 50 mg bid.264 Cats were also dosed with succi-
nate intravenously, intramuscularly, subcutaneously, or orally 
(crystalline powder in capsules).265 Concentrations at 30 min-
utes (Tmax for each route except oral) were, respectively (μg/mL) 
19.5 ± 1.5 (intravenous), 18.6 ± 2.6 (intramuscular), 14.8 ± 2.9 
(subcutaneous) and 9.8 ± 2.61 (oral) after administration of 20 
mg/kg (n = 5). The mean half-life of all three routes was 4.4 ± 
1.38; range was 3.3 hours for subcutaneous and 6.9 hours for 
intravenous. AUC for each route was similar (lowest at 55 ±  
7 μg*hr/mL for intravenous, highest at 67 ± 9 for subcutane-
ous). Finally, the bioavailability of the palmitate salt suspen-
sion is poor in cats, particularly in the fasted state.266 Peak 
concentrations of the crystalline form following 100 mg/cat 
was 25 ± 5 (fasted) or 31 ± 3 (fed) versus 6.5 ± 1.3 (fasted) and 
16 ± 3 (fed) for the succinate form.

Florfenicol has been studied in dogs and cats.260,267 In dogs, 
although predictable PDCs (1.64 μg/mL) are achieved at 20 
mg/kg after intramuscular administration, concentrations are 
unpredictable after subcutaneous administration. The drug 
appears to follow a “flip-flop” model, with the elimination 
half-life in dogs following intramuscular administration much 
longer (9 hours) compared with intravenous administration 
(<1 hour). A second study determined the oral bioavailability 
and described in more detail the PK of florfenicol (based on 
HPLC) in dogs (n = 6) after intravenous and oral administra-
tion (20 mg/kg).267 Florenicol clearance was 1.03 ± 0.49 l*kg/
hr, and the Vdss 1.45 ± 0.82 L/kg.The elimination half life is 
1.11 + 0.94 hour after intravenous and 1.24 ± 0.64 after oral 
administration. Oral bioavailability was 95 ± 11%, with Cmax 
reaching 6.18 μg/mL at a Tmax of 0.94 hour. Florfenicol amine 
is a major metabolite of florfenicol, with a longer half-life in 
dogs (2.26 hours), but it has only 1/90 the activity of the par-
ent compound, and its contribution to microbiological activ-
ity is considered negligible. Dogs showed no evidence of side 
effects after either intravenous or oral administration. The dis-
position of florfenicol by the intramuscular route appears to 
be more predicatable in cats than dogs, with Cmax (22 mg/kg) 
reaching 20 μg/mL after IM administration and 27 μg/mL 
after oral administration (see Table 7-1).267 Oral administra-
tion was based on a solution of 100 mg/mL. The elimination 
half-life was 8 hours in cats after oral administration, support-
ing a 12-hour dosing interval. The distribution volume in cats 
is supportive of a lipid-soluble drug. Adverse reactions were 
not noted in the six cats studied.

Adverse Effects
A major toxic concern with chloramphenicol for humans 
is both reversible dose-dependent and irreversible dose- 
independent (rare) bone marrow suppression. Reversible 
bone marrow suppression can also occur in animals. Dose- 
dependent bone marrow effects may reflect suppression of 
bone marrow precursor cells after mitochondrial damage. 
Irreversible bone marrow suppression may reflect reduction 
of the NO2 group to a toxic metabolite that causes stem cell 

damage. Irreversible suppression should be avoided with flo-
rfenicol, which lacks the NO2 group. Although cats appear 
more sensitive to chloramphenicol-induced reversible bone 
marrow suppression than do dogs, toxicosis appears rapidly 
reversible once the drug is discontinued. Toxicity to chloram-
phenicol occurs in cats after 7 days of therapy at 50 mg/kg,  
administered intramuscularly. The drug can, however, be 
used for 7 to 10 days safely in cats after oral administration of 
the crystalline form (capsules) at the rate of 50 mg/cat.265,266 
The antianabolic effects of chloramphenicol may result in 
impaired protein synthesis in the patient; however, despite 
earlier concerns, impaired immune response to vaccines does 
not appear to occur.

Drug Interactions
Because they compete for the same ribosomal binding site, 
chloramphenicol should not be used in combination with mac-
rolides. Because they target two different ribosomal sites, the 
combination of chloramphenicol with tetracyclines is appeal-
ing. Interestingly, the combined use of chloramphenicol with 
penicillins has been demonstrated to enhance penicillin (bac-
teriostatic) activity in Enterobacteraceae that are otherwise 
resistant to penicillins because of beta-lactamase production. 
Chloramphenicol inhibits product of beta-lactamases in these 
organisms.267a Chloramphenicol is a potent inhibitor of drug-
metabolizing enzymes and inhibits the hepatic metabolism of 
other drugs, potentially causing toxicity should drug concentra-
tions increase. Prolonged sleeping times have been documented 
after administration of pentobarbital to dogs and cats also 
receiving chloramphenicol;268 chloramphenicol has markedly 
prolonged phenytoin half-life269 and phenobarbital half-life (see 
Chapter 2) in dogs. Phenobarbital-induced sedation and ataxia 
have occurred in as few as 3 days of chloramphenicol therapy. 
Chloramphenicol decreases the rate of elimination of digoxin.270

Therapeutic Use
Chloramphenicol has been commercially available as a palmi-
tate (oral) salt and a sodium succinate injectable preparation. 
Florfenicol is commercially available only as solution intended 
for (intramuscular) injection, which has been studied in dogs 
and cats.

Lincosamides: Lincomycin and Clindamycin
The lincosamides, including lincomycin and its congener, 
clindamycin, are large glycosidic antimicrobials that contain 
an amino side chain (see Figure 7-5). They are often used 
in humans as penicillin substitutes to minimize the risk of 
penicillin hypersensitivity. The lincosamides inhibit the 50s 
subunit of the bacterial ribosomes but at a site distinct from 
that bound by the macrolides or chloramphenicol (see Figure 
7-6). Peptidyl transferase is subsequently inhibited. Efficacy 

KEY POINT 7-37 Irreversible bone marrow suppression has 
resulted in limited availability of chloramphenicol products.

KEY POINT 7-38 Chloramphenicol is a potent inhibitor of 
drug-metabolizing enzymes.
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is reduced when the lincosamides are used concurrently with 
macrolides. The ribosomal action of the lincosamides results 
in a bacteriostatic action against susceptible organisms at rec-
ommended doses. Clindamycin is generally bacteriostatic but 
can be bactericidal at concentrations that can be achieved in 
some tissues. As with other bacteriostatic drugs, the lincos-
amides are classified as time dependent, implying that plasma 
or tissue drug concentrations should exceed the MIC of the 
infecting organism for the majority of the dosing interval; effi-
cacy also may be related to the AUC/MIC.

The spectrum of the lincosamides varies with the drug. 
Clindamycin is more effective against susceptible bacteria 
compared with lincomycin and also has greater activity toward 
anaerobes. The spectrum of clindamycin includes aerobic gram-
positive cocci, including Staphylococcus and Streptococcus spp. 
as well as Nocardia spp. and anaerobic organisms including 
B. fragilis, Fusobacterium spp., Clostridium perfringens, Pepto-
streptococcus, and Actinomyces spp. Clindamycin also is effec-
tive against cell wall–deficient organisms such as Mycoplasma 
spp. Plasmid-mediated resistance reflects changes in the ribo-
somes and appears to be increasing against Staphylococcus spp. 
and Bacteroides spp. Resistance to one lincosamide generally 
results in resistance to others. Occasionally, resistance to mac-
rolides may confer resistance to clindamycin if the mechanism 
reflects methylation of the ribosome.80 Clindamycin is not a 
substrate for the macrolide efflux pump.

Because of its anaerobic and gram-positive spectrum, 
clindamycin often is chosen as one component of combina-
tion antimicrobial therapy. This combination also has been 
used to target P. aeruginosa; although generally ineffective as 
a sole agent, clindamycin may alter adherence of the microbe 
to epithelial cells, facilitating killing by the alternative drug.

Pharmacokinetics
Only oral preparations of clindamycin are approved in the 
dog and cat; an injectable preparation is approved for use in 
humans. Both clindamycin and lincomycin are bioavailable 
after oral administration, although clindamycin is more so. 
Food does not impair the absorption of clindamycin but does 
appear to impair absorption of lincomycin. Clindamycin is 
available as the hydrochloride, palmitate, or phosphate salts. 
The palmitate form is an oral prodrug, with the ester being 
rapidly hydrolyzed to yield free drug. The phosphate form is 
intended for parenteral administration, including subcuta-
neous, intramuscular (although it is painful), and intrave-
nous routes. In the cat administration of 5.5 and 11 mg/kg 
orally generates serum concentrations above the MIC of most  
S. pseudintermedius organisms and previously S. aureus, but it is 
likely that resistance has resulted in less favorable PDI. Higher 
doses (11 to 20 mg/kg) will generate concentrations above the 
MIC of most susceptible anaerobes (see Table 7-1). In dogs oral 
administration of 11 mg/kg every 12 hours has been sufficient 
for treatment of most Staphylococcus spp. infections, but cur-
rent MIC90 for clindamycin and susceptible Staphyloccocus spp. 
have not been reported. As a time-dependent drug, decreasing 
the interval to 8 to 6 hours may increase efficacy. Clindamycin is 
highly (>90%) protein bound. Distribution of the lincosamides 

includes most body tissues, with excellent concentrations being 
achieved in the skin and bones. However, it does not substan-
tially penetrate the brain or CSF, although it can achieve con-
centrations effective for toxoplasmosis.80 Its Vd in both dogs 
and cats approximates 1.5 L/kg. Clindamycin has been cited for 
its efficacy in the treatment of chronic gingivitis or periodontal 
disease. Unlike many other drugs with a favorable spectrum, it 
is able to penetrate the biofilm that protects the causative organ-
isms. Accumulation of clindamycin in white blood cells up to 
fortyfold or more may increase the probability of reaching bac-
tericidal concentrations at some sites of infection. The lincos-
amides are eliminated primarily by biliary excretion.

After administration of 10 mg/kg intravenously, intra-
muscularly, and subcutaneously in dogs, in addition to Cmax 
and elimination half-life (see Table 7-1), the following were 
achieved: Tmax occurred at 73 ± 16 min (intramuscular) or 47 ± 
20 min (subcutaneous) and CL (mL/min/kg) 6.1 ± 1.1. The 
elimination half-life may vary with the route (see Table 7-2), 
as does mean residence time at 143 ± 34, (intravenous), 700 
± 246 (intramuscular), or 364 ± 147 (subcutaneous) min-
utes. Bioavailability was 115% after intramuscular and 310% 
after subcutaneous administration. The long half-life coupled 
with the highest Cmax suggests that the subcutaneous route of 
administration is the preferred parenteral route for clindamy-
cin.272 The reason for the very high bioavailability after sub-
cutaneous administration is not clear, although enterohepatic 
circulation is anticipated to increase bioavailability regardless 
of route of administration.

Clindamycin disposition has been reported in cats after 
oral administration of either a capsule or aqueous solution 
(see Table 7-1). 271 Peak PDCs are equivalent for both prepa-
rations, but a longer half-life for the capsule may contribute 
to a (not statistically significant) greater AUC for the capsule 
(42.6 ± 12.2) compared with the solution (35 ± 9.2). The lack 
of statistical difference may reflect the marked variability in 
half-life mean residence time for both preparations, which was 
approximately 6.5 hours.

Adverse Reactions, Drug Interactions, 
and Indications
Pseudomembranous colitis is a reported side effect in humans 
caused by overgrowth of C. difficile. The negative impact on 
the intestinal microbiota may persist for more than 2 weeks.80 
Because of similar mechanisms of action, this drug should not 
be combined with chloramphenicol or erythromycin. It has 
been combined with aminoglycoside treatment of polymicro-
bial infections involving gram-negative and anaerobic organ-
isms. The use of clindamycin as combination antimicrobial 
therapy was addressed in the preceding section. Because of its 
ability to impair pili formation and thus adherance to tracheal 
epithelium, clindamycin has been associated with treatment 
of cystic fibrsosis associated with P. aeruginosa in humans, 
generally in association with antipseudomonadal antimicrobi-
als.273 However, the macrolides are more generally accepted 
for this use. The use of clindamycin as part of combination 
chemotherapy targeting protozoal disease (toxoplasmosis) is 
addressed in Chapter 12).
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Macrolides and Azalides
Structure–Activity Relationship
The macrolides are named for their chemical structure, com-
posed of a very large lactone (MW >750 to >1000) ring attached 
to a number of sugars.274 They include the azalides, which con-
tain a nitrogen in the ring structure (see Figure 7-13). No mac-
rolide derivative is approved for use in dogs or cats at the time 
of this publication. Human-medicine drugs include the14- 
member rings erythromycin and clarithromycin and the 
15-member ring azithromycin (an azalide semisynthetic deriv-
ative of erythromycin), spiramycin, and dirithromycin (a pro-
drug converted to the active erythromycylamine). The methyl 
group that distinguishes clarithromycin from erythromycin 
and the additional methyl group on azithromycin increases acid 
stability and enhances tissue distribution. Telithromycin is a  
ketolide macrolide (discussed later). Tylosin, a drug approved 
for use in food animals, is used to treat intestinal disorders, 
largely in dogs. Of the human drugs, erythromycin (first- 
generation), azithromycin, and to a lesser extent, clarithro-
mycin (second-generation) are used in dogs and cats.274 
Tilmicosin is approved for use in selected food animals, but 
toxicity precludes its use in the injectable form in dogs and 
cats; information is not available regarding safety of other 
preparations. The second-generation macrolides differ from 
erythromycin only by the addition of a methyl group substi-
tution. However, this simple change improves acid stability 
and tissue penetration. Further, because the methyl group 
enhances interaction with bacterial ribosomes, the spectrum 
also is improved.274

Mechanism of Action
Macrolides inhibit bacterial ribosomal action by binding to 
the 50s subunit of susceptible organisms (see Figure 7-6), 
and impairing the translocation step of protein synthesis. 
The azalides macrolides bind the ribosome at two sites.275 
Although macrolides are classified as bacteriostatic in vitro, 
they are bactericidal against very susceptible organisms. Fur-
ther, selected drugs (e.g., azithromycin) accumulate in selected 
tissues at bactericidal concentrations. All macrolides generally 
accumulate in phagocytic white blood cells, which may facili-
tate distribution to the site of infection. Efficacy is enhanced in 
an alkaline pH, probably because of increased diffusion of the 
nonionized drug into organisms; as such, intracellular activity 
may be decreased in phagocytic cells. The antibacterial effects 
of the macrolides vary with the drug and are time dependent 
for erythromycin; antibacterial effects for azithromycin and 
clarithromycin are time dependent for some organisms and 
concentration dependent for others.

Spectrum of Activity
Like the lincosamides, the macrolides are often used in humans 
as penicillin substitutes to minimize the risk of penicillin 
hypersensitivity. Organisms are considered susceptible to the 

macrolides at an MIC below 2 μg/mL. For the first-generation 
drugs, gram-positive organisms accumulate erythromycin at 
concentrations that exceed that of gram-negative organisms by 
a hundredfold. As such, erythromycin is most effective against 
gram-positive organisms. Streptococcus spp. are susceptible at 
a range of 0.015 to 1 μg/mL, although resistance is increasing. 
Many Staphyloccocus organisms have remained susceptible to 
erythromycin, but MIC ranges of 0.12 to > 128 μg/mL for S. 
aureus indicate an increasing trend of resistance. Among the 
staphyloccoci, S. pseudintermedius remains the most suscepti-
ble. P. multocida, Bordetella pertussis, and Mycoplasma spp. are 
among the organisms susceptible to erythromycin. However, 
use should be based on C&S testing. Erythromycin generally 
is effective against anaerobic organisms, with the exception 
of Bacterioides spp. Macrolides are generally effective against 
Campylobacter spp.

The azolides were designed to overcome barriers presented 
to penetration of gram-negative organisms. Thus the spectrum 
of azithromycin and clarithromycin increases, particularly in 
terms of gram-negative bacteria, although efficacy toward 
selected gram-positive microbes may decrease, requiring 
higher MIC.275 The actions of the azolides are bactericidal for 
Streptococcus pyogenes and S. pneumoniae but bacteriostatic 
toward staphylococci and most aerobic gram-negative organ-
isms. Clarithromycin is effective at lower concentrations than 
erythromycin against Streptococcus and Staphyloccus spp. but 
is similar to erythromycin in efficacy against other organisms. 
Azithromycin has less activity against gram-positive organ-
isms compared with erythromycin and greater activity against 
selected gram-negative organisms and Mycoplasma spp.80 
Although the spectrum of the macrolides generally includes 
Actinomyces spp., efficacy is generally less for Nocardia spp. 
Clarithromycin and azithromycin are effective against the 
Mycobacterium avium complex, Mycobacterium leprae, and 
Toxoplasma gondii. Compared to erythromycin, azithromycin 
and clarithromycin have enhanced activity against selected 
protozoa (e.g., T. gondii, Cryptosporidium spp.).

Controversy surrounds the classification of macrolides 
as either concentration or time dependent. The macrolides 
do exhibit a postantibiotic effect, with that of clarithromycin 
and azithromycin being longer than that of erythromycin. 
Azithromycin appears to be bacteriostatic against Staphylococ-
cus or Streptococcus spp.; in vitro killing did not increase in a 
dose-dependent manner, suggesting that the drug is a time-
dependent antimicrobial.276

Resistance
Acquired mechanisms of resistance to macrolides include 
pump-driven drug efflux from the cell (particularly in staphy-
lococci, group A streptococci, and S. pneumoniae) and altered 
ribosomal targets (methylase enyzme; MLSB phenotype) that 
also confer resistance to lincosamides, which bind at the same 
ribosomal site. Efflux pumps contribute to resistance in E. coli 
as well.179 Chromosomal mutations in Bacillus subtilis, Cam-
pylobacter spp., and gram-positive cocci alter the ribosomal 
binding site. Resistance of S. aureus to erythromycin generally 
is indicative of resistance to azithromycin and clarithromycin 

KEY POINT 7-39 Efficacy of the very lipid-soluble macrolides 
and clindamycin is facilitated further by accumulation in 
phagocytic white blood cells.
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as well.The Enterobacteriaceae produce an esterase that hydro-
lyses the drug.

Pharmacokinetics
The macrolides and azolides are largely water insoluble and are 
unstable in the acidic gastric environment.274 However, each 
of the macrolides is available as an oral preparation. Eryth-
romycin also is available as a topical and ophthalmic prepa-
ration. Erythromycin base preparations generally are coated 
to prevent gastric degradation. Oral absorption of enteric-
coated or delayed-release products designed for humans may 
be unpredicatable in animals.2 Oral salts include the estolate 
and ethylsuccinate salts, which must be de-esterified after oral 
absorption, and the stearate (octadecanoate) and phosphate 
salts. The former (and possibly the latter) dissociate in the 
duodenum to be absorbed as the free base. The disposition of 
selected erythromycin salts has been described in dogs.277

After oral administration, the erythromycin base is incom-
pletely but adequately absorbed. Food may increase acidity and 
thus delay absorption. Esters (stearate, estolate, ethylsuccinate) 
improve stability and absorption but do not appear to increase 
PDCs. Among the salts, estolate appears to be best absorbed 
orally and minimally affected by food. For the azolides, clar-
ithromycin is characterized by greater acid stability compared 
with erythromycin. Clarithromycin is more rapidly absorbed 
(in humans), but food delays absorption and first-pass metab-
olism (to an active metabolite) further reduces oral bioavail-
ability of the parent compound to 50%. Azithromycin also is 
absorbed rapidly, but, again, food decreases bioavailability to 
43% (in humans). Erythromycin is approximately 75% protein 
bound; binding is as high as 96% (in humans) for the esto-
late salt. Protein binding for clarithromycin is concentration 
dependent and ranges from 40% to 70%. Despite their large 
moleculer size, macrolides are sufficiently lipid soluble that 
they diffuse through membranes, albeit slowly. With a Vd of 
2 L/kg in dogs, erythromycin will reach effective concentra-
tions in all tissues except the brain and CSF. In general, the 
macrolides act as weak bases and, as such, trapped in an acidic 
environment, including acidic intracellular organelles. Con-
sequently, tissue concentrations will exceed plasma in many 
tissues. Although accumulation occurs in selected tissues 
(e.g., bile, bronchial secretions, phagocytic white blood cells), 
concentrations reach only 50% of plasma in the prostate and 
aqueous humor and less than 15% in the CSF. Concentrations 
in the middle ear will approximate 50% of those in plasma. 
Clarithromycin and its active metabolite are well distributed, 
achieving higher concentrations than erythromycin in both 
the middle ear and CNS. Among the macrolides, azithromy-
cin distributes the most extensively, with a Vd that exceeds (in 
humans) 30 L/kg. Fibroblasts act as a reservoir, with transfer 
to phagocytic cells. Whereas erythromycin and azithyromycin 
are eliminated principally in the bile, clarithromycin is exten-
sively metabolized to an active (14 hydroxy derivative) metab-
olite. Excretion is primarily by biliary secretion into the feces; 
enterohepatic circulation of active drug might be anticipated. 
Urine excretion is not significant (3% to 5%), with concentra-
tions in urine being low (approximately 50% of plasma); an 

exception is clarithromycin, for which the active metabolite 
might achieve high concentrations in urine. The elimination 
half-life for azithromycin has been reported at 1 to 1.5 hours 
in dogs279, 280 and cats.

The disposition of erythromycin as the estolate tablet 
and ethylsuccinate suspension and tablet has recently been 
described in dogs.277 Intravenous administration revealed a 
Vd of 4.8 L/kg (see Table 7-1) and a clearance of 2.64 ± 0.84 
L/hr/kg. Oral absorption of all three products was poor: the 
ethylsuccinate tablets did not yield predictably detectable con-
centrations, whereas, based on mean AUC adjusted for dif-
ferences in dose, the bioavailability of the estolate tablet was 
only 11% (Tmax 1.7 hr) and the ethylsuccinate suspension only 
3% (Tmax, 0.7 hr). Absorption of the suspension, in particular, 
was described by the authors as erratic. Peak concentrations 
did not reach MIC90 for susceptible Staphylococcus spp. of 0.5 
μg/mL (reported by the authors) for any of the oral prepara-
tions. The apparent efficacy of erythromycin, despite poor 
absorption, may reflect accumulation of drug in tissues such 
that higher concentrations are achieved at the site of infec-
tion.277 All dogs vomited after dosing, regardless of route of 
administration, with vomiting apparent 5 to 10 minutes after 
intravenous administration, approximately 45 minutes after 
oral succinate preparations, and 1 to 2 hours after the estolate 
tablet administration.

Limited information is available for the second- generation 
macrolides in animals. Azithromycin and clarithromy-
cin absorption is influenced by uptake transporters in the 
intestinal epithelium. Whereas efflux transporters, such as 
P-glycoprotein, decrease absorption, others (organic anion-
transporting proteins) facilitate uptake.278 Azithromycin has 
been studied in cats and dogs (see Table 7-1).279, 280 Bioavail-
ability in the dog is greater than 97%. Serum protein binding 
is less than 25%.

Clearance is 6.0 mL*min/kg. In dogs 67% of the drug is 
eliminated in the bile and 33% in the urine.279 The majority 
of the drug (75%) is eliminated unchanged. The remaining 
portion is metabolized by cytochrome P450s into a number 
of metabolites, which, with one exception, are inactive. Tis-
sue concentrations (based on homogenate) at 24 hours after  
20 mg/kg orally were over 101, 20, and 39 μg/mL, respectively, 
for liver, kidney, and lungs. After 5 days of dosing, 23 μg/mL 
was achieved 24 hours after the last dose in the eye but only  
1.2 μg/mL in the brain (at 30 mg/kg for 5 days). In cats the 
maximum drug concentration (Cmax) of 0.97 ± 0.65 μg/mL 
occurs at Tmax of 0.85 ± 0.72 hr. Plasma concentrations (μg/
mL) range from approximately 8 at 1 hour to 0.1 at 12 hours 
after intravenous administration of 5 mg/kg and approximately  
1 μg/mL to 0.1 μg/mL during the same times after oral admin-
istration of 5 mg/kg. Although the elimination half-life is long, 
concentrations in plasma are below 0.1 μg/mL after 12 hours. 
However, concentrations of azithromycin approximate 0.75 to 
1 μg/mL in the femur, skin, and muscle versus 10 μg/mL in 
tissues characterized by reticuloendothelial cells (liver, spleen, 
and to a lesser degree lung) and the kidney with concentra-
tions persisting for 72 hours or more. Because tissue concen-
trations were based on homogenate, it is not clear how much 
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drug is available to interstitial fluid. Clearance is 0.64 ± 0.24 
L*hr/kg. Oral bioavailability is 52 ± 22%. The elimination half-
life is 35 (range 29 to 51 hours).280 The Clinical Laboratory 
and Standards Institute susceptible breakpoint for azithromy-
cin (human pathogens) is 4 μg/mL. Because concentrations 
decline to less than 0.1 μg/mL by 12 hours, daily dosing should 
be considered in both cats and dogs; because time to steady 
state will approximate 3 to 5 days, a 15 mg/kg loading dose 
should be considered followed by once-daily dosing at a mini-
mum of 5 mg/kg. Although cats do metabolize azithromycin, 
the unchanged drug is the predominant form in tissues. Biliary 
excretion is a major route of clearance in the cat.280 Kinetics 
of clarithromycin become zero order (saturated) at higher 
doses. The large Vd of the macrolides contributes to their long 
elimination half-life. The half-life in cats exceeds 72 hours in 
some tissues.280 In contrast to azithromycin, urinary concen-
trations of clarithromycin can be signifcant: up to 40% of the 
parent drug or its metabolite are eliminated in the urine. The 
mean half-life in plasma is 35 hours but varies in tissues from 
a low of 13 hours (fat) to a high of 72 hours (cardiac muscle).

Adverse Effects
Side effects of the macrolides are limited. With injectable 
products, pain may occur with intramuscular injection and 
thrombophlebitis with intravenous injection. Reversible cho-
lestatic hepatitis accompanied by jaundice has been reported 
in humans 10 to 20 days into erythromycin therapy, especially 
with the estolate preparation.

Gastrointestinal upset is the most common adverse effect 
of the macrolides. Up to 50% of animals treated with erythro-
mycin may exhibit vomiting. Erythromicin is motilin-like in 
action and characterized by marked prokinetic effects on gas-
trointestinal motility. This effect is dose dependent in humans 
and may occur more commonly in younger animals. Abdomi-
nal cramping, epigastric pain, and increased gastric empty-
ing resulting from increased gastric motility also may occur. 
However, because contraction is not coordinated, efficacy as 
a prokinetic is limited. Gastric emptying may decrease gastric 
maceration of ingested food, although the impact on digestion 
is not likely to be significant. Azithromycin and clarithromy-
cin do not appear to have the same gastrointestinal side effects 
of erythromycin. In humans allergic reactions occur rarely 
and are manifested as fever or skin eruptions, which resolve 
once therapy is discontinued. Cholestatic hepatitis is an infre-
quent side effect in humans.

Drug Interactions
Antacids decrease the rate (and thus peak) but not extent of 
absorption of azithromycin, whereas food decreases the extent 
by close to 50%. The macrolides may inhibit cytochrome P450 
enzymes, and CYP 3A4 in particular, impairing the metabo-
lism of other drugs.280a Among the macrolides, erythromycin 
followed by clarithromycin is most likely to be involved in 
significant drug interactions, although all three drugs inhibit 
drug-metabolizing enzymes. The effects of drugs metabo-
lized by the liver, including selected anticonvulsants, cardiac 
drugs, and theophylline, are likely to increase. Drugs affected 

in humans include glucocorticoids, digoxin, theophylline, and 
warfarin. The macrolide antimicrobials (clarithromycin, rox-
ithromycin) also increase the risk of digoxin toxicity, although 
this effect may be more reflective of competitive interactions 
with P-glycoprotein transport proteins.281 Azithromycin is a 
substrate; others may be as well.282 Among the P-glycoprotein 
interactions with azithromycin in cats is cyclosporine; peak 
cyclosporine concentrations exceeded 4500 ng/mL in a cat 
receiving 5 mg/kg while being treated with azithromycin.

Because they are ribosomal inhibitors, care must be taken 
not to combine the macrolides with drugs whose efficacy 
requires rapid bacterial growth, unless scientific support exists, 
or “-cidal” concentrations of the macrolide are achieved at the 
target site for both drugs. For example, synergistic effects have 
been documented against B. fragilis when erythromycin is com-
bined with cefamandole and against Nocardia asteroides when 
combined with ampicillin. The use of erythromycin in combi-
nation with other antimicrobials is limited in small animals. 
Erythromycin has been used in combination with rifampin 
to treat Rhodococcus equi in horses; a similar application has 
not been identified in dogs or cats. Synergistic antimicrobial 
actions also have been reported against P. aeruginosa for either 
azithromycin or clarithromycin when combined with sulfadia-
zine/trimethoprim or doxycycline. In humans azithromycin 
has been combined with antipseudomonadal drugs, particu-
larly for treatment of cystic fibrosis–associated P. aeruginosa 
infections. This may reflect an apparent immunomodulatory 
effect of azithromycin or its ability to inhibit adherence of 
pseudomonad organisms to respiratory epithelium. Less com-
monly, synergism has been demonstrated for azithromycin 
when combined with ticarcillin/clavulanic acid, piperacillin/
tazobactam, ceftazidime, meropenem, imipenem, ciprofloxa-
cin, travofloxacin, chloramphenicol, or tobramycin.259

Although not included in their spectrum, the macrolides, 
like clindamycin, impair the ability of P. aeruginosa to adhere 
to tracheal epithelium, the first step in respiratory tract infec-
tion. The effect occurs at least at subinhibitory concentra-
tions and reflects decreased ability to form pili.273 Decreased 
adherence to human mucins also has been demonstrated 
for azithromycin.283 Other proposed effects of azithromycin 
include decreased alginate formation and decreased biofilm. 
Azithromycin has been demonstrated to impede, but not pre-
vent, biofilm formation by Pseudomonas spp.284 These attri-
butes have led to its long-term use for treatment of cystic 
fibrosis in humans, generally in association with some level of 
antipseudomonadal antimicrobials. Antiinflammatory effects 
have also been attributed to azithromycin’s apparent long-
term efficacy for treatment of cystic fibrosis.285,286

Tylosin
Tylosin is a classified as a macrolide, but it is structurally 
somewhat different from erythromycin, leading to differences 
in its mechanism and spectrum. Like erythromycin, it targets 
the 50s ribosomal subunit, but with different sequelae. It is 
stable in the gastric environment and does not require enteric 
coating for oral administration. Like erythromycin, tylosin 
is distributed well to most body tissues and is eliminated by 
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hepatic metabolism and biliary excretion. Approved for use in 
the United States for treatment of swine dysentery and other 
large animal syndromes, tylosin also has been used in small 
animals to treat infections of the gastrointestinal tract (asso-
ciated with chronic inflammatory bowel disease) and bacte-
rial pyodermas. Its spectrum is not clear but includes selected 
gram-positive and gram-negative organisms.

Ketolides
Like the azolides, the ketolides are semisynthetic modifica-
tions of erythromycin designed to minimize barriers to pen-
etration in gram-negative organisms.275 Telithromycin is the 
first ketolide approved for clinical use in humans; the drug was 
developed specifically for treatment of upper and lower respi-
ratory tract infections caused by organisms resistant to the 
macrolides.287 Like the macrolides and azalides, the ketolides 
are well distributed into tissues, with concentrations being 
maintained in humans sufficiently long to allow a 24-dosing 
interval. Thus far, the ketolides have not been used or studied 
in veterinary medicine, perhaps because azithromycin cur-
rently meets the needs of infections that might otherwise be 
treated with ketolides.

MISCELLANEOUS ANTIMICROBIALS

Oxazolidinones
Oxazolidinones are a new group of synthetic antimicrobials 
effective against gram-positive bacteria, including methicil-
lin- and vancomycin-resistant staphylococci, vancomycin-
resistant enterococci, penicillin-resistant pneumococci, and 
anaerobes.288 Linezolid is the first of this class of drugs to be 
approved for use in the United States (see Figure 7-4). Oxa-
zolidinones inhibit the initiation of protein synthesis by bind-
ing at the P site of 50S ribosomal subunit; it also binds to the 
70S subunit. Oxazolidinones compete with chloramphenicol 
and lincomycin for binding of the 50S subunit, which indicates 
that they have close binding sites, even though oxazolidinones 
do not inhibit peptidyl transferase as do chloramphenicol 
and lincomycin. Oxazolidinones may inhibit formation of 
the ribosomal initiation complex, similar to aminoglycosides. 
The mechanism is sufficiently different from other 50S bind-
ers that resistance to other protein synthesis inhibitors does 
not cross over to the oxazolidinones. Efficacy against Staph-
ylococcus spp. is characterized by an MIC90 between 1 and 
4 μg/mL in humans; methicillin resistance does not appear to 
affect susceptibility. Linezolid also is effective against entero-
cocci; even intermediate isolates appear to be susceptible at  
1 μg/mL.288 Streptococci also are susceptible. Anaerobic 
activity is comparable to clindamycin.289 Linezolid is effec-
tive toward atypical mycobacterium290 and both Actinomyces 
and Nocardia sp. Activity toward S. pneumoniae is gener-
ally bactericidal but bacteriostatic against staphylococci and 
enterococci. 291, 292 Antibacterial effects appear to be time 
dependent, with efficacy related to AUC/MIC. Resistance 
thus far is rare.

Disposition includes good oral absorption and good tissue 
penetration. Linezolid accumulates in bone, lung, vegetations, 

hematoma, and CSF. Concentrations in sanctuaries are lower 
than those in plasma.293 Linezolid has been approved by the 
FDA for treatment in humans of complicated skin infec-
tions or nosocomial pneumonia caused by MRSA, concur-
rent bacteremia associated with either vancomycin-resistant 
E. faecium or CA pneumonia caused by penicillin-resistant S. 
pneumoniae.288 It has become the drug of choice for treatment 
of resistant gram-positive infections. The oxazolidinones have 
been minimally used in dogs and cats, and their use is discour-
aged unless warranted on the basis of C&S testing and until 
kinetic studies are available in the target species (e.g., cats).

Linezolid PK has been described in the dog after oral and 
intravenous administration (see Table 7-1).293 Oral absorption 
is rapid and complete, allowing intravenous and oral dosing to 
be the same. The drug is minimally protein bound. Clearance 
is 2.0 ± 0.3 mL*min/kg. The drug appears to undergo limited 
metabolism to inactive metabolites that are extensively entero-
hepatic recycled. Renal excretion occurs for parent compounds 
and metabolites. In humans renal disease causes accumulation 
of metabolites that may contribute to adverse effects.294

Linezolide appears to be well tolerated in humans. Myelo-
suppression has occurred in humans. Additionally, it is an 
inhibitor of monoamine oxidases, and care should be taken 
in patients also receiving serotonergic or adrenergic drugs 
or dietary supplements. Peripheral neuropathies have been 
associated with long-term use. Drug interactions involving 
cytochrome P450 do not appear to occur. Linezolide inhibits 
mitochondrial protein synthesis, causing hyperlactatemia in 
humans.294 Linezolid may decrease intracellular movement of 
aminoglycosides, affecting rapid killing. 94 Based on in vitro 
killing curve studies, linezolid efficacy against MRSA was 
enhanced most by rifampin, compared with vancomycin or 
gentamicin; indeed, efficacy of the latter was reduced by line-
zolid, with activity antagonistic toward gentamicin.

MISCELLANEOUS ANTIBIOTICS
Daptomycin. Daptomycin is a lipopeptide derived from 

Streptomyces that was discovered several decades ago but 
has been reconsidered for treatment of vancomycin-resistant 
gram-positive organisms. Its spectrum includes gram-positive 
and anaerobic microbes. However, its mechanism involves 
binding to the cell membrane, and although bactericidal, dap-
tomycin is associated with an increased risk of toxicity. It acts 
in a concentration-dependent fashion.80 Vancomycin-resistant 
drugs require higher concentrations. Daptomycin is minimally 
orally bioavailable, requiring intravenous administration for 
systemic effects. It cannot be given intramuscularly because of 
direct toxicity. It is not involved in any clinically relevant drug 
interactions. Although largely renally excreted, it is approxi-
mately 92% bound to plasma proteins in humans. The result 
is a longer half-life that allows once-daily dosing in humans. 
Daptomycin causes skeletal muscle damage in dogs at doses 
that exceed 10 mg/kg and peripheral neuropoathies at higher 
doses.80 Dispostion has been described for Beagles after once-
and twice-daily dosing.295 When given at 5, 25, or 75 mg/kg 
intravenously, peak serum concentrations were 58, 165, and 
540 μg/mL, respectively (total drug); concentrations extrapo-
lated from the terminal component of the curve  approximated 
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30, 100, and 300 μg/mL, respectively. The elimination half-life 
appeared to be between 2 and 3 hours, which may indicate 
that the drug is not as highly protein bound in dogs com-
pared with people. All doses caused skeletal muscle dam-
age, as indicated by serum creatine phosphokinase; damage, 
however, was worse with 8-hour administration of 25 mg/kg  
than with once-daily administration of 75 mg/kg.295

Fusidic Acid. Fusidic acid is a steroidlike antimicrobial 
that interferes with ribosomal translocation (peptidyl tRNA). 
Efficacy is limited to gram-positive bacteria. It is bacteri-
cidal at high concentrations against both coagulase-positive 
and coagulase-negative staphylococci. It is available as oral, 
intravenous, topical, and ocular preparations. In humans it is 
characterized by 90% oral bioavailability. Adverse reactions 
include granulocytopenia, rash, and hepatotoxicity; throm-
bophlebitis; and venospasm, which may accompany intra-
venous infusion. Resistance develops rapidly when used as a 
sole agent. Drugs with which it has been combined include 
the aminoglycosides, quinolones, rifampin, and vancomycin. 
However, combination therapy has not precluded develop-
ment of MRSA.

Topical Antimicrobials
The advantage of topical antimicrobials is achievement of very 
high concentrations at the site of infection and avoidance of 
side effects that otherwise might occur with systemic therapy.

Bacitracin
Bacitracin is a complex polypeptide isolated from B. subtilis. 
It inhibits peptidoglycan synthesis in bacteria by interfering 
with the enzyme responsible for movement of cell compo-
nents through the membrane. Its spectrum of activity includes 
gram-positive and very few gram-negative organisms. Sys-
temic use causes nephrotoxicity, and use is limited to topical 
administration. The drug is not absorbed after oral admin-
istration and can be used to treat gastrointestinal infections 
caused by susceptible organisms.5,297

Polymyxins
Polymyxins are a group of large acetylated decapeptides 
produced by Bacillus spp. At least six compounds have been 
identified, of which only two, polymyxin (polymyxin B)  
and colistin (polymyxin E), are used clinically. Polymyxins 
are cationic detergents that interact and interfere with the 
phospholipid of the bacterial cell membrane, resulting in 
increased permeability. The polymyxins are thus bactericidal. 
However, a number of compounds can interfere with their 
activity, including divalent cations, purulent exudate, fatty 
acids, and quaternary ammonium compounds. The spectrum 
of activity of the polymyxins includes most gram-negative 
organisms, including P. aeruginosa. Two exceptions include 
Proteus spp. and most Serratia spp. The drugs are weak bases 
(pKa 8 to 9) and are not orally bioavailable. As such, they 
have been used to “sterilize” the gastrointestinal tract.

Elimination is principally by way of the kidneys, which 
are also the primary sites of toxicity. Glomerular and tubu-
lar epithelial damage has limited their usefulness. Other side 

effects include respiratory paralysis (after rapid intravenous 
administration), CNS dysfunction, fever, and anorexia. Use 
of the polymyxins is primarily limited to topical adminis-
tration. However, pemphigus vulgaris has been reported in 
association with topical use for otitis externa in the dog.296 
Polymyxin protects against gram-negative endotoxemia by 
binding to the anionic lipid component of the lipopolysac-
charide at concentrations much lower than those associated 
with toxicity. Relevance to treatment in dogs or cats is not 
established.

Novobiocin
Novobiocin is derived from coumarin and is effective against 
both gram-positive and gram-negative organisms. The drug is 
particularly efficacious against Staphylococcus spp. Its mecha-
nism of action is not certain but involves both cell membrane 
and cell wall synthesis. Novobiocin causes a number of toxic 
effects when used systemically, including bone marrow sup-
pression, nausea, vomiting, and diarrhea. Its use is limited to 
topical application.5,297

Mupirocin
Mupirocin (pseudomonic acid) is a naturally occurring fer-
mentation product of Pseudomonas fluorescens. It is available 
as a cream or ointment, and its use has been largely limited to 
topical application. Although it acts to inhibit protein synthe-
sis, its mechanism is novel in that it prevents incorporation 
of isoleucine into proteins by binding to isoleucyl transfer-
RNA synthetase.297 Its unique mechanism precludes cross-
resistance with other antibacterials. Resistance is unusual, 
low level, and generally overcome by higher concentrations. 
The spectrum of mupirocin includes aerobic gram-positive 
cocci (high efficacy toward S. aureus, S. epidermidis, and beta-
hemolytic streptococci) and selected gram-negative cocci. An 
advantage to mucopirin is that it minimally affects normal 
flora. Its indications in human medicine include prophylaxis 
in ulcers, operative wounds, and burns and treatment of skin 
infections. In humans mupirocin has proved efficacious as an 
oral antibiotic. In addition, mupirocin has proven useful in 
the management of secondary pyodermas or superinfection 
of chronic dermatoses. Mupirocin is generally not associated 
with side effects; local burning, stinging, itching, or pain has 
been reported in about 1% of human patients.297

Silver Sulfadiazine
Silver sulfadiazine (see the discussion of sulfonamides) is 
approved for use in humans in a polypropylene glycol vehi-
cle and in a water-soluble gel. It is approved for use in dogs 
combined with enrofloxacin as an otic preparation. The 
synergistic coupling of the silver with sulfadiazine results 
in efficacy against P. aeruginosa as well as a broad range of 
gram- positive and other gram-negative organisms. The silver 
component interferes with the cell wall. Silver sulfadiazine 
has been approved for use in the treatment of human burn 
patients, but other antimicrobials have proved more effica-
cious (e.g., iodophors; combinations of povidone iodine with 
neomycin, polymyxin, and bacitracin [Neosporin]; and silver 
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sulfadiazine–cerium nitrate cream). However, the low toxicity, 
low hypersensitivity, and low level of resistance warrants its 
continued use in veterinary patients.297

Urinary Antiomicrobials
Nitrofurans. The nitrofurans are synthetic compounds 

whose antimicrobial activity occurs through the 5- nitrofuran 
group (see Figure 7-12).5,297 Nitrofurantoin and furazolidone 
are examples. They are weak acids. These drugs block oxida-
tive reactions necessary for formation of bacterial acetyl coen-
zyme A. They are bacteriostatic in action. The spectrum of 
activity of nitrofurantoin includes a number of gram-positive 
or gram-negative organisms, but its use should be based on C 
and S testing. The spectrum also includes selected protozoa. 
Nitrofurans are orally bioavailable but require an acidic envi-
ronment to cross cell membranes. Use is limited to urinary 
tract infections, and ideally those associated with an acidic 
pH. Because 50% of nitrofurantoin is eliminated in urine in 
an active form, the drug is appropriate for treatment of uri-
nary tract infections. Its use is, however, limited by gastroin-
testinal and systemic toxicity. Systemic toxicities in humans 
include peripheral neuropathy at therapeutic doses. The time 
to onset ranges from 3 weeks to over 12 months (median: 2 
to 3 months). Although not common, peripheral neuropathy 
can be both severe and irreversible. Old age and renal dis-
ease increased the risk of toxicity.271 Albeit rare, pulmonary 
pneumonitis and fibrosis have been associated with long-term 
(6 months or more) use in humans and may be insidious in 
onset. The use of nitrofurantoin is limited to infections of the 
urinary tract that are not susceptible to other drugs. However, 
a current advantage to this drug is limited resistance among 
those organisms considered susceptible, including E. coli and 
selected other organisms.

Methenamine. Methenamine (hexamine; hexamethylene-
tetramine is the name for commercial uses) is a chemical 
that releases formaldehyde and ammonia on hydrolysis 
(see Figure 7-12). It is usually sold as the hippurate salt. 
The degree of hydrolysis, and thus antibacterial efficacy, is 
pH dependent, requiring an acidic pH. The drug is bacteri-
cidal in an acid environment and bacteriostatic in a more 
alkaline environment. Therefore it is less effective in the 
presence of urease-producing bacteria that alkalinize the 
urine. Its spectrum of activity includes both gram-positive 
and gram-negative organisms. Methenamine is orally bio-
available and reaches high concentrations in urine.220 The 
chemical is used primarily to treat urinary tract infections 
in dogs. Generally, it is used in combination with urinary 
acidifiers to enhance antibacterial actions. Its safety in cats 
could not be verified.
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Chapter Outline

This chapter focuses on the treatment of bacterial infections on 
a systems basis. In addition, selected organisms are discussed 
because of their unique nature and the difficulties encountered 
when treating such infections. In general, the ease with which 
microbes appear to become resistant requires dosing regimens 
that are based on scientific studies demonstrating both efficacy 
toward the microbe and pharmacokinetics in the target species; 
if the latter is not available, extrapolated doses should be pro-
mulgated by persons with expertise (e.g., a veterinary clinical 
pharmacologist). Because of limited evidence-based informa-
tion in veterinary medicine, data from the human-medicine 

literature may serve as a basis for recommendations. Infor-
mation supporting the judicious use of antimicrobial drugs is 
found in Chapters 6 and 7. This includes but is not limited to 
data referring to drug concentrations achieved in the plasma 
at recommended doses (see Table 7-7), and other pharma-
cokinetic data (see Table 7-1) and tissue-to-drug ratios of 
antimicrobial drugs (see Table 7-5). In addition, population 
pharmacodynamic data are available that indicate the con-
centration of drug necessary to inhibit the microbes (mini-
mum inhibitory concentration [MIC]) for selected drugs: See 
Table 7-3 (Escherichia coli), Table 7-4 (human data for selected 
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microbes for which veterinary information could not be con-
sistently found), Tables 7-9, and 7-10 (data for beta-lactams), 
and Table 7-12 (fluoroquinolones). Selected pharmodynamic 
data are also provided in this chapter for infections associ-
ated with specific body systems. This includes an example of 
regional cumulative antimicrobial susceptibility antibiograms 
that might help guide empirical therapy, which is increasingly 
discouraged as resistance emerges (Figure 8-1). The clinician is 
encouraged to consider the approach to individualized antimi-
crobial therapy presented in Chapter 6. This includes Figure 6-1, 
which is an algorithm for antimicrobial therapy that is intended 
to minimize the risk of antimicrobial resistance, particularly 
in the at-risk patient. Algorithms have also been offered for 
infections of selected body systems. Preventing resistance is 
among the more important considerations that must be made 
by veterinarians using antimicrobials. (Box 8-1). A three “Ds” 
approach includes “detergent” (address hygiene at multiple 
levels), “de-escalating” drug use, and “design” dosing optimal 
regimens. Hygiene, which goes beyond simple hand washing, 
also is a critical component of preventing emerging resistance. 
Resistance is also minimized by de-escalating drug use. This 
includes simply decreasing the number of antimicrobial drugs 
prescribed and dispensed. However, de-escalating also entails 
moving to a lower tier of drug classes (i.e., one that is less broad 
in its actions and less “effective” toward microbes that tend to 
develop multidrug resistance). Although it is critical to use the 
best drug possible such that the infecting population is killed, 
once this is accomplished, de-escalation to a less-important 
lower tier class of drugs should be possible. First-tier drugs 
might include both narrow and broader spectrum beta-lactams 
(amoxicillin with without clavulanic acid), clindamycin, tet-
racyclines, and potentiated sulfonamides. Second-tier drugs 
might include those drugs characterized by spectra purpose-
fully extended to target organisms not generally susceptible to 
first-tier drugs. Newer drugs such as third-generation cephalo-
sporins, extended-spectrum penicillins, and fluoroquinolones 
might be included in this category. Therapy should be based 
on culture and susceptibility testing data, whenever possible, 
and population pharmacodynamic statistics if patient MIC data 
are not available. Third-tier drugs include those that tend to be 
reserved for treatment of microbes associated with either inher-
ent or acquired resistance. Their use should be based on culture 
and susceptibility testing data and should be de-escalated to a 
lower-tier drug as soon as possible. Examples might include 
drugs that target multidrug-resistant gram-negative (aminogly-
cosides, carbapenems) and gram-positive (glycopeptides, line-
zolids) organisms. The American College of Veterinary Internal 
Medicine1 and the International Society of Companion Animal 
Infectious Disease (publications pending) have promulgated 
guidelines intended to minimize emerging resistance.

INFECTIONS OF THE CENTRAL NERVOUS 
SYSTEM AND SPECIAL SENSES

Meningitis
Meningitis serves here as the prototypic infection of the cen-
tral nervous system (CNS).

Physiology and Pathophysiology
Infections of the CNS are uniquely problematic for three rea-
sons: cellular components reflect functional specialization, a 
major portion of the CNS is sequestered from the rest of the 
body by physiologic barriers, and tissues of the CNS are closely 
confined within rigid skeletal structures such that swelling 
cannot occur without subsequent and potentially lethal dam-
age. Cellular specialization is of diagnostic benefit in the iden-
tification and localization of infections of the CNS because 
clinical signs are often referred to a specific region of the brain.

The course of CNS infection is affected by the relationship 
of the brain and spinal cord to the vasculature, meninges, and 
skeletal structure. The brain is suspended in cerebrospinal fluid 
(CSF) and is surrounded by the meninges (pia mater and arach-
noid [together forming the leptomeninges] and the dura mater). 
Infections of the leptomeninges tend to involve their entire 
surface that surrounds the brain and spinal cord. In contrast, 
infections of the dura mater tend to be limited and sharply cir-
cumscribed. With persistent infection of the meninges, increased 
intracranial pressure results from extensive cerebral edema and 
hydrocephalus. Infections of the spinal cord meninges are less 
limited and often extend longitudinally the length of the cord.1

About 85% of CSF is produced by the choroid plexus of 
the lateral, third, and fourth ventricles. The CSF flows into the 
subarachnoid space, circulates around the brain and spinal 
cord by bulk flow, and is reabsorbed through the arachnoid. 
The CSF is totally recirculated in 3 to 4 hours. The choroid 
plexus is physiologically similar to renal tubules, even contain-
ing similar secretory mechanisms. Indeed, specialized trans-
port systems allow the movement of organic acids (including 
many beta-lactams) against a concentration gradient out of 
the CSF. In cases of infections involving the ventricles, because 
of the flow pattern of CSF, intrathecal administration of drugs 
does not result in predictable drug concentrations in the ven-
tricles. Rather, drug must be directly instilled into the ventri-
cles. Infections of the CNS can impair CSF reabsorption across 
the arachnoid villi, resulting in hydrocephalus.1

Capillaries of the brain and spinal cord (with the excep-
tion of the choroid plexus) differ from other capillaries. First, 
the vascular endothelium is characterized by tight junctions 
rather than intracellular clefts. Second, they are surrounded by 
the foot processes of astrocytes (see Figure 29-1). Both form 
a barrier to passive diffusion of drugs and their compounds. 
Only compounds that are actively transported or are of suf-
ficient lipid solubility can pass out of the capillaries into the 
brain. The barrier affects the movement of antimicrobials. In 
addition, impaired movement of immunoglobulins, comple-
ment, and other mediators of the immune response affects 
antimicrobial selection in that bacteriostatic drugs are much 
less desirable.1,2

KEY POINT 8-1 A three-pronged approach is indicated for 
preventing antimicrobial resistance: escalating hygiene, 
de-escalating antimicrobial drug use, and optimizing dosing 
regimens such that the infecting inoculum is eradicated, not 
simply inhibited.
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Box 8-1
Treatment of Multidrug-Resistant Microorganisms
 1.  Avoid emergent resistance.

 A.  Address hygiene both in the hospital and at home. Clean 
bedding. Reduce exposure to environment or family mem-
bers that might carry resistant organisms.

 B.  Base drug on culture and susceptibility data. Wait for data 
if possible. If not, base empirical therapy on local cumula-
tive antimicrobial susceptibility data (see Figure 8-1).

 C.  De-escalate antimicrobial use. Avoid using antimicrobials 
when possible. De-escalate to lower-tier drug as soon as pos-
sible. Decrease duration of therapy.

 D.  Use drug with a spectrum that is as narrow as possible, mini-
mizing selection pressure.

 E.  Optimize dosing regimens (see 4) such that all infecting 
colony-forming units (including colony-forming units with 
mutant prevention concentration) are killed (not inhibited), 
especially in at-risk patients.

 F.  Consult experts (e.g., specialists, including clinical pharma-
cologists, veterinary diagnostic microbiologists).

 2.  Treat underyling cause of recurrent infections.
 3.  Implement adjuvant therapies.
 4.  Base design of dosing regimen on culture data, including mini-

mum inhibitory concentrations.
 A.  Pharmacodynamic indices should surpass that rec-

ommended for efficacy; for example, concentration-
dependent drugs, Cmax/MIC >12, AUC/MIC > 250 
(AUC/MPC ≥ 22); time-dependent drugs T > MIC more  
than 75%.

 B.  Intravenous dosing should be considered to ensure that 
the highest concentrations of drug will be obtained. If the 
site can be topically reached, topical administration should 
accompany systemic therapy.

 5.  Use drug combinations known to produce either additive or 
synergistic effects. Use full dose of both drugs. De-escalate as 
soon as possible.

 6.  Gram positive:
 A.  Methicillin-resistant Staphylococcus, spp., non–Vanconmycin-

resistant Enterococcus spp.

 i.  Rifampin combined with any other drug to which the 
organism is susceptible

 ii.  Vancomycin (not Vancomycin-resistant Enterococcus). 
Vancomycin must be given intravenously for systemic 
therapy (oral drug is for gastrointestinal therapy only).

 iii.  Linezolid
 iv.  Aminoglycosides should not be used as sole agents for 

treatment of multidrug-resistant gram-positive infec-
tions. In general, gentamicin is more efficacious against-
Staphylococcus spp. than amikacin.

 v.  Choramphenicol is a bacteriostatic drug; care must be 
taken to ensure that killing effects are achieved.

 vi.  Potential alternatives include fusidic acid or fosfomycin 
(evidence needed).

 vii.  Some evidence exists that the combination of vancomy-
cin with a carbapenem may enhance efficacy.

 B.  For vancomycin-resistant Enterococcus spp., use beta- 
lactams with known susceptibility.

 7.  Gram-negative:
 A.  Combination therapy is based on culture and susceptibility 

testing data.
 B.  The laboratory should test specifically for presence of 

extended-spectrum beta-lactamases, particularly for third-
generation cephalosporins. Testing may be indicated for car-
bapenem targeting extended-spectrum beta-lactamases in 
Klebsiella pneumoniae. Otherwise, the presence of AMP-C 
indicates the use of carbapenems.

 C.  The most effective drug or drug combination should be used 
initially, with de-escalation to a lower-tier drug when pos-
sible (i.e., within 5 days).

 8.  Clostridium difficile
 A.  Discontinue antimicrobial therapy that may be contributing 

to overpopulation.
 B.  If therapy is indicated, treat with metronidazole; alternative 

is oral vancomycin. 

Figure 8-1 Cumulative antimicrobial susceptibility reports for canine (top) and feline (bottom) organisms isolated from samples 
collected during the years 2007 to 2010 at a veterinary teaching hospital. The data are geographically restricted to Alabama 
and are from a teaching hospital that has a wide referral base. Accordingly, the data may not be relevant to other areas of the 
United States nor to patients with first time infections. No attempt has been made to separate data according to history, includ-
ing previous antimicrobial exposure. Ideally, each practice would generate a cumulative report at frequent intervals (e.g., yearly 
or every other year). The report might serve as a basis for empirical selection of antimicrobials. However, the number of isolates 
must be sufficient to represent the population; ideally, at least 100 isolates of each organism should be sampled. Drugs that 
are not included in the antibiogram for each organism generally are not included because the use of the drug for that organism 
is inappropriate. Each cell indicates the percentage of the tested isolates that were considered susceptible to the drug on the 
basis of Clinical and Laboratory Standards Institute (CLSI) guidelines promulgated in 2008. The first row lists the drugs to which 
susceptibility was determined for the organisms. The far left column names the genus and species of the organisms isolated 
and for which susceptibility was determined. The second from the left column indicates the total number of isolates tested. For 
some drugs not all isolates were tested; in such instances the total number of isolates tested is indicated in parentheses in that 
cell. New CLSI interpretive criteria for selected drugs (approved in 2010), including amoxicillin–clavulanic acid cephalexin and its 
model drug, cephalothin, are likely to result in a marked decrease in the percentage of susceptible isolates. Cephalothin contin-
ues to act as a class drug, representing first-generation cephalosporins (see Chapter 6 for a discussion of limitations of model 
drugs; e.g., cephalexin should not be used to treat E. coli, as a general rule). Staphylococcus intermedius represents what is cur-
rently referred to as S. intermedius group. (Data provided by Terri Hathcock, MS, Diagnostic Veterinary Microbiologist, Infection 
Control Officer, College of Veterinary Medicine, Auburn University.)
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Vascular damage associated with infection can affect the 
course of infection. Hypertrophy of the endothelium (as might 
occur with persistent bacterial infection) or infection of the 
endothelial cells (as occurs with Rocky Mountain spotted 
fever, for example) can cause thrombosis or embolization to 
arteries or veins. Loss of capillary integrity contributes to cere-
bral edema and movement of microorganisms into the brain. 
At the same time, capillary permeability facilitates movement 
of antimicrobials that normally cannot cross the cerebral or 
meningeal capillaries into the site of infection.1,2

The inflammatory response of the CNS also differs from 
that in other body tissues. The response tends to be less intense 
and is characterized by infiltration of microglial cells and pro-
liferation of astrocytes. Abscessation is slower and involves 
gliosis rather than fibrosis. Host response to infection in the 
CNS involves antibody, cell-mediated immunity, and com-
plement-mediated immunity. Normally excluded from the 
CNS, antibody in the CNS indicates damage to the blood–
brain barrier or synthesis of immunoglobulin from cells that 
have been able to penetrate the brain parenchyma. Antibody 
protection is important in bacterial meningeal infections and 
may determine the outcome. Cell-mediated immunity, on the 
other hand, is the predominant host response to fungal or 
intracellular parasites. Infections by selected organisms, such 
as Mycoplasma spp., may lead to a host response to both the 
infecting organism and host proteins (e.g., myelin). Despite 
the role of the immune system in bacterial infections of the 
CNS, host defenses remain inadequate for control of the infec-
tion. Indeed, the relative lack of opsonization, complement, 
and immunoglobulins may allow bacterial survival in the sub-
arachnoid space.1,2

Bacterial products can contribute to the development of 
cerebral edema. Release of cytokines and tumor necrosis 
factor is mediated by materials such as endotoxin of gram-
negative organisms and teichoic acid produced by Staphy-
lococcus aureus. Whereas changes in capillary permeability 
may increase antimicrobial movement across the blood–brain 
barrier, antimicrobial therapy may initially worsen cerebral 
edema, as bacterial death causes release of more mediators 
of inflammation. Inflammation, hemorrhage, hydrocephalus, 
and edema may cause displacement of the brain or spinal cord. 
Herniation may be a life-threatening sequela.1 The potential 
release of endotoxin may be an important consideration in 
the initial selection of an antimicrobial; drugs that minimize 
endotoxin release yet still penetrate the blood–brain barrier 
include meropenem and the fluoroquinolones.

Antimicrobial Selection
Successful antimicrobial therapy of CNS infections is facili-
tated by use of a bactericidal drug and maximization of plasma 
drug concentrations such that bactericidal concentrations are 
achieved in the CNS. The CNS is relatively immunoincompe-
tent, thus increasing the concentration of drug necessary for 
effective therapy. Studies in animal models have shown that 
the rapid bactericidal killing in the CSF requires drug con-
centrations that exceed the minimum bactericidal concentra-
tion (not MIC) by tenfold to twentyfold.2 To maximize drug 

concentrations at the site of infection, drugs that can be given 
intravenously are preferred to oral preparations. Antimicrobi-
als  to treat the CNS are often selected empirically because of 
difficulties encountered when collecting culture and suscepti-
bility data. Most infections reach the CNS by a hematogenous 
route. Organisms most likely cultured from or infecting the 
CNS are delineated in Table 6-1; however, the lack of predict-
ability of the infecting organism mandates the need for a prop-
erly collected culture sample. After the most likely infecting 
organism and drugs effective against the organism have been 
selected, antibiotics should be selected next on the basis of 
movement into the CNS. Drug penetration of the blood–brain 
barrier is particularly challenging because the barrier not only 
prevents movement of antimicrobials into the CNS but also 
actively transports out or destroys some antimicrobials (i.e., 
selected beta-lactams) (see Table 7-5).

To enter the CNS, antimicrobials must penetrate the epi-
thelium of either the choroid plexus or the cerebral endothe-
lium; both are characterized by tight junctions. Antimicrobials 
generally are not metabolized in the CNS; concentrations thus 
reflect a balance between penetration and elimination via the 
blood–brain or blood–CSF barrier.3 Passive diffusion is the 
major mechanism of drug movement. Drugs that are more 
likely to penetrate the barrier are characterized by high lipid 
solubility, small molecular weight, and low protein binding.2 
Whereas lipid-soluble drugs enter the CNS through transcel-
lular pathways, water-soluble drugs must move through para-
cellular pathways and thus depend on the opening of tight 
junctions. Several transport mechanisms facilitate influx (as 
well as efflux; see below and Chapter 27) of selected drugs (e.g., 
penicillins, ceftriaxone), but this accounts for only a low con-
centration of drug movement. Antimicrobial movement into 
the CNS thus is generally slow, with peak concentrations often 
not occurring until several hours after drug administration. 
Methods intended to increase permeability of and thus antimi-
crobial movement into the CSF (e.g., hyperosmotic solutions, 
receptor-specific antibodies, inflammatory mediators) have 
not been well evaluated.3 Once selected drugs successfully 
penetrate the CNS, drug efflux may decrease intracellular con-
centrations. Penicillins (but not ceftriaxone, carbapenems, nor 
ampicillin) are actively transported from the CNS; active trans-
port can be inhibited by probenicid.4 Interestingly, the action 
of this pump is inhibited by meningeal inflammation. There-
fore inflammation will increase inward movement of several 
antimicrobial, including many beta-lactams and vancomycin. 
However, as treatment is effective, increased influx declines 
such that within 5 days of therapy, penicillin CSF half-life and 
drug concentrations in humans markedly decrease. This is in 
contrast to drugs with a low affinity for active transport system; 
for such drugs concentrations tend to remain clinically rele-
vant throughout CNS infection. Active transport mechanisms 

KEY POINT 8-2 Doses of antimicrobials, particularly those 
that are water soluble, may have to be increased tenfold or 
more to achieve effective concentrations in the brain.
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do not appear to affect CSF concentrations of fluoroquinolones 
or aminoglycosides.3

Antimicrobial therapy also is likely to be affected by the 
presence of purulent material. As in all body systems, the 
microenvironment can negatively affect antibacterial therapy. 
In the presence of meningitis, lactate accumulates in the CSF, 
causing the pH to decrease. Antibacterial activity of weakly 
basic antimicrobials may decrease, particularly for the ami-
noglycosides and potentially for the fluoroquinolones.2 The 
dynamics of CSF are altered by disease and drugs. At best, CSF 
production is unaltered, although several studies have demon-
strated decreased CSF production. Gluocorticoids may further 
decrease CSF production; however, rather than prolonging 
the half-life of the drug in the CNS, glucocorticoids appear 
to decrease or not change CSF antimicrobial concentrations.5

Drug movement into the CNS was summarized in Box 6-4 
and Table 7-5. Because of the impact of normal physiology and 
drugs, dosing regimens designed for treatment of CNS infec-
tion tend to differ from traditional therapy, in that doses often 
are much higher. The risk of toxicity that might accompany 
such increases must be weighed against the need to penetrate 
the CNS in concentrations sufficient to cause bactericidal effects 
(see Table 7-5). In general, selected beta-lactams (meropenem 
more than imipenem; cefoxitin, ceftazidime and cefotaxim), tri-
methoprim/sulfonamide, fluorinated quinolones, rifampin, and 
metronidazole can achieve bactericidal concentrations for some 
infections in the CNS; chloramphenicol and doxycycline or 
minocycline achieve bacteriostatic concentrations.6 Amikacin 
may achieve effective concentrations as well. Drugs that should 
be avoided or whose doses should be further markedly increased 
for treatment of CNS infections because of poor penetration 
include many beta-lactams, including carbenicillin, cephalo-
thin, cefazolin, cefotetan; and clindamycin, erythromycin, and 
tetracycline. Drugs recommended for treatment of meningitis 
in humans are increased by at least 50% to 100% or more when 
safety is not an issue, with intervals being reduced for time-
dependent drugs, to ensure that adequate concentrations reach 
the CNS. For other drugs, doses for treatment of CNS infections 
are increased several-fold compared with other infections. For 
example, beta-lactam doses in particular are increased as fol-
lows: penicillin normally dosed at 1 million U is increased 1 to  
4 million U to 24 million U/person; aztreonam is increased 
threefold, and several third-generation cephalosporins (cefotax-
ime, ceftazidime, ceftriaxone) are increased sevenfold to twenty-
fold. Aminoglycoside doses are either not increased or increased 
twofold (e.g., amikacin). Doxycycline is increased twofold, and 
sulfonamides are increased fourfold to fivefold. Because of local 
immunoincompetence, duration of therapy for patients with 
infections of the CNS should be at least 10 to 14 days and up to 
21 days.2 The need for 4 to 6 weeks of therapy, as has been sug-
gested in dogs, is not clear; it may not be necessary.7 Intrathecal 
administration of antimicrobials that might be systemically toxic 
at concentrations necessary to be effective in the CNS might be 
a reasonable alternative. However, this method has not been 
well studied, particularly in animal patients. Further, because 
distribution of intrathecally administered drug into the CSF is 
uneven, drug concentrations may not be adequate at some sites.

Adjuvant therapy. Because of the harm associated with 
inflammation in a closed system, antiinflammatories should 
be considered when treating CNS infections (e.g., meningitis). 
Corticosteroid therapy may be indicated during initial stages of 
treatment of meningitis to minimize the effects of  inflammation 
and loss of capillary integrity.2,7 Experimentally, methylpred-
nisolone decreases leukocyte accumulation, CSF outflow 
resistance, and brain water content in animals with bacterial 
meningitis.2 Dexamethasone also reverses the development of 
brain edema and, compared with methylprednisolone, has the 
added advantage of decreasing CSF pressure and lactate. Note 
that these studies did not include comparisons with antimicro-
bial therapy. Nonetheless, glucocorticoid therapy may be benefi-
cial early during the course of therapy; indeed, treatment before 
antibacterial therapy may minimize the effects of mediators of 
inflammation released by dying bacteria.2 A study of infants 
with bacterial meningitis treated with ceftriaxone and either a 
placebo or dexamethasone found the duration of infection and 
degree of inflammation in the latter group to be shorter and 
less, respectively, although mortality or long-term neurologic 
sequelae did not differ between the two groups.8 In an analysis 
of five clinical trials in adult humans with bacterial meningitis, 
the incidence of side effects was the same in the group treated 
with glucocorticoids (dexamethasone), but both mortality and 
persistence of clinical signs were improved in the group treated 
with steroids, leading the authors to conclude that a single dose 
is justified if given at the beginning of antimicrobial therapy.9,10 
Dexamethasone can be used (0.1 to 0.15 mg/kg every 6 hours 
up to 4 days), particularly in the presence of cerebral edema.2

Treatment of cerebral edema should also include manni-
tol. If intensive monitoring is available, high-dose barbitu-
rate therapy might be useful for these patients. Barbiturates 
decrease cerebral metabolic demands and cerebral blood flow 
and provide protection against oxygen radicals.

Adverse reactions. Because of altered permeability of the 
blood–brain barrier, the infected CNS is more likely than the nor-
mal CNS to respond adversely to antimicrobials. Seizures are the 
most likely manifestation. The antimicrobial most likely to cause 
seizures include selected beta-lactams (see Chapters 6 and 7), most 
notably imipenem (but not meropenem), metronidazole, and flu-
oroquinolones, particularly in patients also receiving nonsteroidal 
antiinflammatories. In general, seizures that develop as a result of 
drug therapy should be treated as with any acute seizural manifes-
tation, with diazepam the preferred anticonvulsant of choice.

Ocular Infections
The principles of ocular therapy are discussed in Chapter 27.

Microbial Targets
Whitley11 has provided a review of isolates cultured from 
ocular tissues of clinically normal dogs and dogs with ocular 
disease (Table 8-1). The most common organism associated 

KEY POINT 8-3 A well timed but limited duration of treatment 
with glucocorticoids may be indicated in the patient with bac-
terial meningitis to prevent organ-threatening inflammation.
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with bacterial conjunctivitis in dogs is Staphylococcus spp. 
(aureus [68% of infections] or epidermidis [27% of infec-
tions]). A variety of other organisms, including Corynebac-
terium spp. and gram-negative rods, make up the remaining 
infections. Most of the infecting organisms are considered 
normal ocular flora.11 Bacterial infection complicating ker-
atoconjunctivitis sicca generally is caused by Staphylococ-
cus spp. (32% to 69% of dogs) and Streptococcus spp. (9% 
to 25%); Pseudomonas spp. (5% to 18% of infections) is the 
most common gram-negative isolate. In cats Mycoplasma 
felis and gatea are the more common isolates associated with 
conjunctivitis; however, they also are commonly isolated in 
normal cats, calling into question the role of the organism 

in disease. Chlamydia (Chlamydophila felis)12 may be a con-
current pathogen, although both it and Mycoplasma spp. may 
reflect infection secondary to primary feline herpesvirus  
infection.

Like conjunctival infections, corneal infections (including 
ulceration) are most commonly caused by Staphylococcus  spp., 
followed by Streptococcus spp. (together making up approxi-
mately 65% of infections). Other causes include Corynebacte-
rium spp. and gram-negative rods (including Pseudomonas spp.).

Drug Preparations
Characteristics of topical ophthalmic antibacterial drugs to 
consider are the spectrum, and their lipid versus water solu-
bility, with lipid solubility being more important if tissue pen-
etration is of importance. Because of the ability to administer 
high concentrations of antimicrobials with topical administra-
tion, traditional classification of bacteriostatic versus bacte-
ricidal (fungal or viral -static or -cidal) may not be relevant 
to antiinfective drugs, and susceptibility data might underes-
timate topical efficacy. Ophthalmic drugs indicated for treat-
ment of ocular infections are available as single or multiple 
antimicrobial agents (Table 8-2a and Table 8-2b). Generally, 
either gram-negative or gram-positive organisms are tar-
geted using individual agents; mixed infections can be tar-
geted with combination products or drugs characterized by a 
broad spectrum. Whereas few drugs are approved for use in 
animals, multiple human products are commercially available. 
Others can be compounded, which might include “fortifica-
tion” of commercial products. However, the nuances of ocular 
preparations mandate that extreme caution be taken when for-
mulating or modifying a product intended for topical ocular 
therapy (see Chapter 23).11

Drugs that target gram-negative organisms include the 
water-soluble, weakly basic aminoglycosides. At the high 
concentrations achieved topically, they are generally also 
effective against Staphylococcus spp. and include tobramycin 
(0.3%; drug of choice for treatment of Pseudomonas spp.), 
gentamicin (available with the glucocorticoid betametha-
sone), and neomycin (less effective toward Pseudomonas spp. 
and generally available only in combination with other anti-
microbials). Polymyxin B, whose systemic use is precluded 
by nephrotoxicity, is a water-soluble drug, characterized by 
limited intraocular distribution. The fluoroquinolones also 
target gram-negative organisms, including Pseuodmonas 
spp. as well as Staphyloccoccus spp. In contrast to the ami-
noglycosides, the fluoroquinolones are lipid soluble. Drugs 
include ciprofloxacin, and ofloxacin and its L-isomer, levo-
floxacin. Systemic fluoroquinolones have been associated 
with retinal degeneration in cats (see Chapter 7). The adver-
sity reflects accumulation due to a missing transport pump 
in the blood-retinal barrier (personal communication, 

Table 8-1  Microbial Flora Associated with 
Infections at Selected Tissue Sites

Site Percent (%)*
Eye11 Staphylococcus spp. (coagulase −) 0-11

Staphylococcus spp. (coagulase +) 16-42
Streptococcus spp. (beta hem) 17-22
Streptococcus spp. (alpha hem) 2-9
Streptococcus canis 16.5
Corynebacterium spp. 3.5
Enterococcus spp. 0-5.6
Escherichia coli 4-17
Proteus spp. 0-2.6
Proprionobacterium 0-2.6
Pseudomonas aeruginosas 0-9.5

Wound92 No growth 16
(n = 213) Gram-positive 53

Staphylococcus spp. (coagulase−) 5
Staphylococcus intermedius 12
Oral and other Streptococcus spp. 6
Streptococcus canis 7
Bacillus spp.† 6
Actinomyces spp. 3
Corynebacterium spp. 2
Gram-negative 47
Pasteurella multocida 15
Pasteurella canis 5
Other Pasteurellaceae 2
Enterobacteraceae 7
Vibrionaceae 4
Non–glucose fermenters 16

Urine105 Escherichia coli 45
(n = 8354) Staphylococcus spp. total 12

Proteus mirabilis 6-12
Klebsiella pneumoniae 7-12
Enterococcus spp.† 6-9
Enterococcus faecalis (2-4)
Enterococcus faecium (1-3)
Streptococcus spp. 5
Pseudomonas aeuruginosa 3
Mycoplasma spp. 2-3
Enterobacter spp. 2-3

*Proportions are approximate.
†Considered a contaminant.

KEY POINT 8-4 Whereas high concentrations of drugs might 
be achieved with topical ophthalmic drug administration, 
lipid solubility remains important if deeper tissues are to be 
penetrated with systemic antimicrobials.
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Katrina Mealey, Washington State University). It is not clear 
if the adversity may occur with topical use, but prudence 
suggests that safety not be assumed.13 Drugs that target 
gram-positive organisms include the lipid-soluble eryth-
romycin (0.5%; bacteriostatic), whose efficacy is limited 
by resistance, and the water-soluble bacitracin, which, like 
polymyxin B, is most known for its nephrotoxicity associ-
ated with systemic therapy. An example of a triple- antibiotic 
combination is one containing neomycin, polymyxin B, and 
bacitracin (see Table 8-2a). Broad-spectrum topical anti-
microbials include chloramphenicol (prohibited for use 

in food animals), tetracyclines (drugs of choice for ocular 
Mycoplasma or Chlamydia), and the sulfonamides. Each is 
lipid soluble. Whitley11 has described a preparation of van-
comycin (3.1%) and cefazolin (3.3%) compounded from 
injectable products., although the combination might be 
improved by replacing cefazolin with a drug with a broader 
gram-negative spectrum.

Topical antifungal are limited and include the polyene 
natamycin. Its spectrum includes all fungal agents except 
dermatophytes. The imidazoles must be compounded from 
intravenous solutions (i.e., miconazole, fluconazole, and 

Table 8-2a  Selected Topical Preparations for Treating Ophthalmic Infections
Drug Effect Target Solubility Trade Name Manufacturer
Gentamicin 0.3%, solution, 

 ointment
Antibacterial Gram-negative Water Gentocin (V) Schering–Plough

Polymyxin B 1 mg/mL Antibacterial Gram-negative Water Terramycin (V) Pfizer
Tobramycin 0.3% Antibacterial Gram-negative Water Tobrex Alcon
Tobramycin 0.3%/loteprednol 

 etabonate 0.5%
Antibacterial, 

 antiinflammatory
Gram-negative Water Zylet Bausch & Lomb

Tobramycin 0.3% dexamethasone 
0.1% suspension

Antibacterial, 
 antiinflammatory

Gram-negative Water Tobradex Alcon

Ciprofloxacin 0.3% solution and 
ointment

Antibacterial Gram-negative>gram-
positive

Lipid Ciloxan Alcon

Neomycin 0.35%/polymyxin B, 
10,000 IU/mL/ 
Hydrocortisone 1%

Antibacterial, 
 antiinflammatory

Gram-negative>gram-
positive

Water Cortisporin King

Neomycin 0.35%/ 
dexamethasone 0.1%

Antibacterial,  
antiinflammatory

Gram-negative>gram-
positive

Water Neodecadron Merck

Neomycin 0.35%/polymyxin B 
10,000 IU/mL/dexamethasone 1%

Antibacterial, 
 antiinflammatory

Gram-negative>gram-
positive

Water Maxitrol Mertik

Norfloxacin 0.3% solution Antibacterial Gram-negative>gram-
positive

Lipid Chibroxin Merck

Ofloxacin 0.3% solution Antibacterial Gram-negative>gram-
positive

Lipid Ocuflox Allergan

Bacitracin ointment 500 U/g Antibacterial Gram-positive Water AK-Tracin ***
Erythromycin 0.5% ointment Antibacterial Gram-positive Lipid *** ***
Levofloxacin 0.5% solution Antibacterial Mixed Lipid Quizin Santen
Morifloxacin 0.5% Antibacterial Mixed Lipid Vigamox Alcon
Polymyxin/bacitracin/zinc Antibacterial Mixed Water Polytracin, Poly-

sporin
***

Polymyxin B/bacitracin/ 
neomycin

Antibacterial Mixed *** Neosporin, Poly-
mycin

***

Sulfacetamide 10% solution, 
 ointment

Antibacterial Mixed Lipid Bleph-10 Allergan

Chloramphenicol 0.5% solution,  
1% ointment

Antibacterial Mixed, Mycoplasma, 
 Chlamydia

Water Chloroptic (0.5%) Allergan

Tetracycline 1% Antibacterial Mixed, Mycoplasma, 
 Chlamydia

*** Achromycin Storz/Lederle

Natamycin suspension 5% Antifungal Antifungal *** Natacyn Alcon
Trifluridine 1% Antiviral Antiviral *** Viroptic Monarch
Valganciclovir HCl Antiviral Antiviral *** Valcyte Roche
Vidarabine 3% ointment Antiviral Antiviral *** *** ***
Idoxuridine 0.1% solution Antiviral Antiviral *** Compounded ***
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itraconazole). Their spectrum includes opportunistic, dimor-
phic fungi and dermatophytes.

Treatment of Selected Infections
Use of systemic antimicrobials for treatment of ocu-
lar infections is complicated by poor drug penetration. 
Therefore topical therapy is indicated for external ocular 
infections, and subconjunctival administration is recom-
mended for serious corneal or anterior chamber infections. 
For bacterial endophthalmitis, intravitreal antimicrobial 
therapy is indicated, although extreme caution is indicated 
for this route.13 Treatment of intraocular infections can 
be supported with systemic therapy of lipid-soluble drugs 
that can achieve bactericidal concentrations. In addition 
to antibacterials, collagenase inhibitors such as N-acetyl-
cysteine, sodium citrate, bacitracin, and tetracycline com-
pounds have been recommended for treatment of corneal 
infections.

Treatment with tetracycline is indicated for control of 
Mycoplasma and Chlamydia spp. Cats may develop hypersen-
sitivity manifested as acute conjunctivitis with topical treat-
ment.14 Oral therapy with tetracycline (5 mg/kg bid) stops 
shedding within 6 days. Azithromycin starting at 7 to 10 mg/
kg qd for 2 weeks, followed by 5 mg/kg qd for 1 week, followed 
by 5 mg/kg qod for 14 days has been advocated, although the 
need for the complicated dosing regimen or the long duration 
is not clear. The presence of sneezing may indicate infection 
with feline calicivirus (FCV), for which supportive therapy 
is indicated. Conjunctivitis, often accompanied by ulcerative 
keratitis, can be a manifestation of feline herpesvirus (FHV-
1), In addition to supportive therapy, topical preparations are 
available for its treatment (see also Chapter 10).15 Antivirals 
include vidarabine, trifluridine, and idoxuridine (the latter 

must be compounded). These are generally virustatic, requir-
ing frequent application (every 1 to 2 hours is preferred, but 
every 4 to 6 hours is acceptable).

Systemic treatment of experimentally induced Chla-
mydia psittaci with 19 days of amoxicillin–clavulanic acid 
(12.5 to 25 mg/kg bid) has been compared with doxycycline 
(10 to 15 mg/kg qd; positive control) in 5-month-old cats  
(n = 24; 8 per group) using a randomized, placebo-con-
trolled, blinded design.15a Outcome was based on clinical 
scoring, including respiratory signs or corneal changes; 
other clinical signs were not described. Both treatments 
were associated with rapid clinical improvement and 
reduced chlamydial isolation, with amoxicillin–clavulanic 
acid being associated with less isolation. However, five of 
eight of the cats treated with amoxicillin–clavulanic acid, 
but no doxycycline-treated cats, became positive 3 weeks 
after treatment. These cats became negative again with 4 
weeks of retreatment with amoxicillin–clavulanic acid and 
remained negative 6 months later.

Systemic therapy was described in cats experimentally 
infected with C. felis. Once the organisms was detected, cats 
were treated with azithromycin (10 mg/kg qd for 3 days fol-
lowed by twice weekly) (n = 9; two untreated negative con-
trols, two doxycycline-treated positive controls [10-15 mg/kg 
qd]).16 At the end of the 21-day treatment period, untreated 
control cats were also treated. Despite an initial response to 
treatment (negative isolation to day 14), infection was eradi-
cated in only one of five cats treated with azithromycin com-
pared with both cats receiving doxycycline. However, it is not 
clear if the dosing regimen for azithromycin resulted in effec-
tive drug concentrations.

Otic Infections
Otitis Externa

Pathophysiology. Inflammation of the ear canal and the 
proximal pinna affects up to 20% of dogs, whereas fewer (up 
to 6% of) cats are affected.17 A number of causes can be iden-
tified in otitis externa, and their resolution is paramount to 
successful therapy. Possible causes include foreign bodies, 
allergies, parasites (e.g., mites, chiggers), skin disorders of a 
keratinous or sebaceous origin, and autoimmune disorders. 
Structural characteristics of the ear also can predispose the 
animal to otitis externa, including pendulous ears, higher 
number of ceruminous glands, the vertical and horizontal 
paths of the canal, hair in the ear canal, stenotic ear canals, 
or neoplasm. Environmental factors also can contribute to 
the difficulty in treating otitis externa, including external 
conditions that perpetuate excessive moisture (e.g., humidity, 
bathing) or heat or irritants (e.g., irritating medicaments or 
shampoos). The presence of yeast or bacteria that are part of 
the normal flora perpetuates the inflammatory process, and, 
with time, the inflammatory process itself will cause prolif-
erative changes that complicate therapy. One of the more 
important predisposing factors to otitis externa is inappropri-
ate treatment, including undertreatment and overtreatment.17 
Ultimately, in some animals surgical treatment will be indi-
cated (Figure 8-2).

Table 8-2b  Subconjunctival Doses of Drugs 
Also Used Systemically

Drug Dose (mg) Target
Bacitracin 5000-10,000 U Gram-positive
Clindamycin 15 to 50 Gram-positive
Erythromycin 100 Gram-positive
Amikacin 25-100 Gram-negative
Gentamicin 10 to 20 Gram-negative
Polymyxin B 100000 U Gram-negative
Streptomycin 40-100 Gram-negative
Neomycin 100-500 Gram-negative 

>positive
Penicillin 500,000-1,000,000U Gram-positive 

>gram-negative
Ampicillin 50-150 Mixed
Carbenicillin 100-250 Mixed
Cefazolin 50-100 Mixed
Ceftazidime 100 Mixed
Ticarcillin 1000 Mixed
Chloramphenicol 40-100 Mixed
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Microbial Targets. Bacterial organisms found in normal 
ears include S. epidermidis and Staphylococcus intermedius 
(Staphylococcus pseudintermedius; see Chapter 6) and Micro-
coccus spp. Coliforms are found less commonly. Infection usu-
ally can be distinguished from colonization by the presence of 
large numbers of organisms, particularly if the culture is pure. 
Infection also is indicated by the presence of inflammation 
and phagocytized bacteria. Inflammation reflects, in part, the 
breakdown of fatty materials by organisms into irritating by-
products. S. intermedius is the most common organism (30% 
to 50%) associated with otitis externa, followed by Pseudomo-
nas aeruginosa, Proteus spp., Streptococcus spp., E. coli, and 
Corynebacterium spp. The infecting organism also appears 
to be time dependent in that acute otitis is generally associ-
ated with Staphylococcus, whereas chronic otitis more com-
monly involves Pseudomonas spp. This may refelect, however 
response to chronic antimicrobial therapy.

Petersen18 reported on the frequency and susceptibil-
ity of S. intermedius and P. aeruginosa in canine ear samples 
(n = 553) submitted to a state diagnostic laboratory between 
1992 and 1997. Sampling methods varied. S. intermedius was 
isolated from 50% of ear samples but was the sole isolate in 
only 32% of the samples positive for S. intermedius. P. aeru-
ginosa was isolated from 28% of ear cultures and was the sole 
isolate in 33% of P. aeruginosa samples.

The susceptibility of both S. intermedius and P. aerugi-
nosa isolated from canine skin and ears appears to be chang-
ing across time (Table 8-3). A number of investigators have 
described their susceptibility. A review of the data suggests 
that the incidence of methicillin resistance is increasing, with 
a decrease in susceptibility of Staphylococcus spp. in general 
emerging in isolates collected during the period between 2003 
to 2006. Morris19 focused on the susceptibility of methicillin-
resistant isolates, including both coagulase-positive (S. aureus, 

and S. intermedius), as well as Staphylococcus schleiferi (includ-
ing both coagulase-negative and positive subspecies; see also 
the discussion of Pyoderma). Of the total number of resistant 
isolates found in skin or ear, 28% of the methicillin-resistant  
S. aureus (MRSA), 40% of the methicillin-resistant S. inter-
medius (MRSI), and 33% of the methicillin-resistant Staphy-
lococcus schleiferi (MRSS; presumed to be coagulase-positive 
subspecies schleiferi) were in the skin, and 5% MRSA, 26% 
MRSI, and 47% MRSS were located in the ear. Rubin20 
described the susceptibility of 106 canine P. aeurginosa isolates 
cultured from soft tissue infections, including otitis externa 
and interna (see Table 8-3). No information was available 
regarding previous antimicrobial therapy in these animals. 
The limited amount of data precludes assessment across time; 
however, Pseudomonas is an organism recognized for its inher-
ent resistance to multiple drugs, with an increasing tendency 
of resistance toward drugs to which it is normally considered 
susceptible (e.g., fluoroquinolones).

The combined data, particularly from Staphylococcus spp. 
isolates, demonstrate the limited susceptibility of these organ-
isms to drugs most often used systemically or topically to treat 
organisms infecting the skin or ear. Culture and susceptibility 
data might increasingly become the basis for drug selection 
and dose design. Although the applicability of culture and 
susceptibility testing to the topical treatment of otitis externa 
may be controversial, the incidence of resistance is sufficient to 
justify culturing even in the earliest stages of infection, partic-
ularly in those patients at risk for recurrence, such that emer-
gent resistance can be detected. Susceptibility testing is clearly 
recommended if gram-negative organisms are expected or 
in the face of severe or chronic otitis, failed antimicrobial 
therapy, and the presence of inflammatory cells. Testing is 
also recommended if systemic therapy is anticipated. Care 
should be taken to appropriately prepare and collect cultures 
from infected ears. Frustratingly, the accuracy of susceptibil-
ity testing may be questioned simply because of differences in 
laboratories. Schick21 compared the results of cultures simul-
taneously submitted from dogs with otitis. Swabs were rubbed 
together to ensure similar samplings. Labs agreed regarding 
the presence of Pseudomonas spp. only 83% of the time. Sus-
ceptibility of the isolates to amikacin varied in 13 of 16 sam-
ples, for gentamicin 10 of 16, and for enrofloxacin 9 of 16.

In cats Pasteurella multocida joins Staphylococcus and 
Streptococcus spp. as a commonly infecting organism; the coli-
forms and Pseudomonas spp. are less common causes. Malas-
sezia pachydermatis is an opportunistic yeast that occurs in up 
to 49% of normal dogs and 23% of normal cats. The numbers 
increase in dogs with otitis, however, being present in 80% or 
more of dogs. Although it is likely that Malassezia spp. con-
tributes to otitis externa, its role is not clear. Nonetheless, ther-
apy should target this organism as well.

Antimicrobial and Adjuvant Options. The public health impli-
cations of treating methicillin-resistant Staphylococcus spp. 
in dogs or cats are addressed in the discussion of Pyoderma. 
Because successful treatment of otitis externa is  critically 
 dependent on proper cleaning, it is difficult to  separate 
 antimicrobial therapy from adjuvant therapy. The goals of 

Figure 8-2 Otitis externa associated with proliferation and 
inflammation may fail to respond to topical and systemic anti-
microbial therapy despite intensive cleaning. (Photo courtesy 
Harry W. Boothe, Jr, DVM, MS, DACVS, Auburn, AL.)
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Table 8-3  Percent Susceptibility of Canine Staphylococcus spp. and Pseudomonas aeurginosa Isolates

ORGANISM S. INTERMEDIUS MRSA19 MRSI19 MRSS19 P. AEURUGINOSA

Collection Site Skin18† Ear18† Multiple*†‡ Multiple‡ Multiple‡ Multiple‡ Skin18 Ear18 Multiple* Ear20

Years 1992-199718 1992-1997 2003-2005 2006-2007 2003-2004 2003-2004 2003-2004 1992-1997 1992-1997 2003-2005 2006-2007 2003-2006
Sample size (n) 497 553 196 102 39 57 49 42 311 98 61 106
Drugs
Amikacin 100 92 100 95 100 96
Amoxicillin- clavulanic 96 66 0 0 1
Ampicillin 28 48 20 17 0
Cefazolin 64 0
Cefotaxime 74
Cefpodoxime 0
Ceftazidime 94
Ceftiofur 3
Cephalothin 99 99 96 64 0 0 0
Chloramphenicol 99 97 90 95 100 0 0 1
Ciprofloxacin 99 99 82 95 88 76 84
Clindamycin 78 88 79 43 28 32 86
Difloxacin 57
Enrofloxacin 77 55 10 55 35 18 64 69
Levofloxacin 84
Marbofloxacin 10 57 29 76 73
Orbifloxacin 25 48
Erythromycin 79 90 77 43 15 35 88
Gentamicin 97 98 97 87 92 81 88 100 93 97 93
Impenem 99
Meropenem 99
Oxacillin 99 99 72
Penicillin 28 49 23 18
Piperacillin 100 99 100
Piperacillin/tazobactam 95
Tetracycline 55 74 65 42 64 82 86 0 0 2
Ticarcillin 98 82 90 97
TMPS 71* 82 76 66 97 68 100 0 0 0 43

MR: Methicillin-resistant SA: Staphylococcus aureus; SI: Staphylococcus pseudintermedius;SS: Staphylococcus strains; TMPS, trimethoprim–sulfonamide.
*Unpublished data by author representing hospital population.
†Includes both resistant and susceptible isolates.
‡Most isolates are from skin or ear.
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therapy for otitis externa are to identify and resolve the pri-
mary factors, reduce inflammation, and control or eradicate 
infection. Sedation or anesthesia may be necessary for proper 
cleansing. Cleansing should remove irritating oils, waxes, and 
other debris that might serve as a nidus of infection by provid-
ing a microenvironment favorable to the growth of microor-
ganisms. Ear cleaning should be less aggressive in the presence 
of severely swollen or proliferative canals; in such patients ini-
tial therapy might begin with antiinflammatory doses of gluco-
corticoids and antimicrobials, both systemically and topically.

Ceruminolytics contain various surface active agents or 
emulsifiers (dioctyl sodium sulfosuccinate, carbamide peroxide, 
squalene, propylene glycol, glycerin, oil) that dissolve wax accu-
mulation and associated debris. They should be used as an initial 
flush. Less messy water-soluble agents (dioctyl sodium sulfo-
succinate, propylene glycol) are often preferred.22 Carbamide 
peroxide, a common ingredient of human preparations that is 
seldom found in veterinary preparations, releases nascent oxy-
gen, causing a bubbling action that softens and removes debris. 
Combination products may contain drying agents such as iso-
propyl alcohol, silicone dioxide, and alpha hydroxy acids (lactic, 
malic, or salicylic acid). In addition to their drying effects, these 
materials may also have mild antimicrobial effects.22

Flushing solutions facilitate removal of debris. Although 
water and saline are the safest, some products contain ger-
micidal ingredients. Chlorhexidine can be diluted to a 0.05% 
solution and used topically. Although ototoxicity should lead 
to cautious use in the presence of a perforated eardrum, one 
study failed to provide evidence of damage after 21 days of 
therapy in dogs with experimentally traumatized membranes; 
the power of the study to detect a significant difference is not 
stated.22 Povidone–iodine at 0.1% to 1% can provide bacte-
ricidal activity in flushing solutions, although it can cause 
contact irritation. Because of ototoxicity, solutions with less 
than 0.5% iodine are preferred if the eardrum is ruptured. 
Iodine might also be administered as a polyhydroxidine com-
plex (Xenodine). Because it contains 0.5% of titratable iodine, 
it is less irritating and provides a longer duration of activity. 
Efficacy against Pseudomonas spp. has been established with 
this product. It must be used in an aqueous environment 
and therefore should be used within 2 hours after cleaning 
to maximize its effects.22 Acetic acid is a relatively inexpen-
sive agent, available as white or brown vinegar in a 5% solu-
tion. Antimicrobial effects occur because of direct damage as 
well as acidification of the local environment. The acidic pH 
may also facilitate removal of necrotic debris. Pseudomonas 
spp. succumbs to a 2% solution within 1 minute of contact,22 
whereas a 5% solution is effective against Staphylococcus spp. 
Streptococcus spp., E. coli, and Proteus spp. The preparation is 
irritating at 2% to 5% concentrations, however, and inhibition 
of wound healing and ototoxicity may occur at concentrations 

of 2.5%. Dilutions of 1:1, 1:2, or 1:3 in water daily or every 
other day have been recommended.

Topical antimicrobial treatment of otitis externa is gener-
ally indicated regardless of whether systemic therapy is imple-
mented. Topical products intended specifically for treatment 
of otitis externa (Tables 8-4 and 8-5) generally contain various 
drugs intended to target bacteria, yeast, and inflammation. 
Vehicles are designed to maximize drug solubility (only dis-
solved drug will passively diffuse) but must also allow drug 
movement from the vehicle into tissues. Antibacterial agents 
often include products that are associated with severe systemic 
toxicity when given orally or parenterally; topical administra-
tion generally is not associated with systemic adversities.

On the basis of a MEDLINE search and review of the litera-
ture in human medicine, the ototopic use of antimicrobials does 
not appear to be associated with an increased risk of antimi-
crobial resistance.23 However, the relevance to canine or feline 
ear, for which the pathophysiology is substantially different, is 
not clear. Ototoxicity is, however, likely for many antimicrobial 
drugs when administered in the ear canal, especially in the pres-
ence of a perforated tympanic membrane (see later discussion). 

Topical antimicrobials generally are selected on the basis of 
cytology and potentially Gram staining. A number of products 
are commercially available (see Table 8-4). For selected drugs, 
ophthalmic (directly or diluted) or injectable (diluted) products 
may also be used. Vehicles used in topical products represent 
a balance between drug solubility and drug delivery.It may be 
necessary for vehicles to be pH balanced to maximize solubil-
ity. Demulcents (polyethylene or propylene glycol or glycerin) 
act to suspend non–water-soluble drugs; the glycol agents may 
irritate an already irritated ear. DMSO is included in some otic 
preparations as a vehicle, although it also has significant antiin-
flammatory effects. The agent is very hygroscopic and as such 
is an effective carrier agent for other drugs included in an otic 
preparation. In addition, DMSO provides mild antibacterial 
and antifungal actions as well as antiinflammatory and antifi-
broplastic effects. Other vehicles used to administer drugs use-
ful for otic disorders include solutions, lotions, ointments, and 
other oil-based products. Occlusive oils may be undesirable 
for exudative lesions. Ointments and oil-based products can, 
however, be used in cases of chronic otitis externa that are dry. 
Generally, topical preparations should be applied twice daily. A 
number of home remedies have been recommended for treat-
ment of otitis externa (see Table 8-5). Caution is recommended 
when making new preparations or modifying old prepara-
tions. A number of drug interactions between drugs and their 
vehicles can inhibit the efficacy of any of the drugs. In addi-
tion, drugs must be dissolved to be effective, and the addition 
of solid drugs (i.e., as powders or crushed tablets) to ointment 
vehicles (e.g., petrolatum jelly) is likely to yield an occlusive but 
minimally effective agent. Some acceptable modifications of 
commercially available products are noted in Table 8-5.

KEY POINT 8-6 Topical treatment of otitis externa is gener-
ally indicated regardless of whether systemic therapy is 
implemented.

KEY POINT 8-5 The goals of therapy for otitis externa are to 
identify and resolve the primary factors, reduce inflamma-
tion, and control or eradicate infection. Repetitive sedation 
or anesthesia may be necessary for proper cleansing.
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Note that modification of a product may alter the stability, 
and a shelf-life of 1 week or less might be prudent unless data 
exist to support a longer beyond-use date. Several in-practice 
compounded preparations have been described elsewhere.24

Examples of antibacterials used in otic preparations to 
target gram-negative organisms include the aminoglycosides 
gentamicin (0.3%), tobramycin (0.3%), and neomycin (0.33%) 
and the cell membrane–active agents colistin (0.3%) and poly-
myxin B (5000 IU/mL). Topical aminoglycosides also target 

Staphylococcus spp. whereas systemically, amikacin is more 
effective toward Pseudomonas spp., and gentamicin is more 
effective toward Staphylococcus spp., systemic use of an ami-
noglycoside as sole therapy for treatment of Staphylococcus 
spp. is discouraged. An otic preparation for amikacin can be 
compounded from the commercially available injectable prod-
uct by adding 30 to 50 mg/mL to sterile saline or Tris-EDTA. 
Because aminoglycosides are more effective in an alkaline 
environment, they should be used either before or 1 or more 

Table 8-4  Examples of Commercially Available Topical Products Used for Treatment of Otitis Externa

ACTIVE INGREDIENT

Product Antibacterial Antifungal Antiinflammatory Vehicle/Other Ingredients
Baytril Otic Enrofloxacin 0.5% Silver sulfadiazine 1% — Benzyl alcohol
Coly-Mycin*† Colistin 0.3%

Neomycin
Hydrocortisone 1% Polysorbate 80, acetic acid, sodium 

acetate
Derma 4‡ Neomycin 0.25% Nystatin Triamcinolone acetonide 0.1% Polyethylene, mineral oil, gel 

( ointment)
Forte-Topical‡ Neomycin 0.25%

Polymyxin
Procaine penicillin G

Hydrocortisone acetate 0.2%
Hydrocortisone sodium suc-

cinate 0.125%

Suspension

Gentocin otic Gentamicin 0.3% Betamethasone valerate 0.1% Hydroxycellulose, glacial acetic acid, 
water, ethanol, alcohol, glycerin, 
propylene glycol

Liquichlor‡ Chloramphenicol Prednisolone 0.17% Mineral oil, petrolatum (ointment), 
squalane, tetracaine 0.42%

Neo-Predef‡ Neomycin 0.35% Isoflupredone acetate 0.1% Anhydrous lanolin, petrolatum, 
mineral oil (ointment)

Otic solution* Polymyxin B
Neomycin

Hydrocortisone 1%

Otomax† Gentamicin 0.3% Clotrimazole Betamethasone valerate 0.1% Ointment
Panolog‡ Neomycin Nystatin Triamcinolone acetonide 0.1% Polyethylene, mineral oil, gel 

( ointment)
Postatex Orbafloxacin Posaconazole Mometasone —
Tobrex ophthalmic* Tobramycin 0.3%
Tresaderm‡ Neomycin 0.32% Thiabendazole Dexamethasone 0.1% Glycerin, propylene glycol, water, 

alcohol

*Human preparation.
†Second-line product.
‡First-line product.

Table 8-5  Homemade Otic Products or Modifications of Commercially Available Otic Products
Drugs Antimicrobial Antiinflammatory Modification
Baytril Enrofloxacin 22.7 mg/mL None Dilute 1:1 up to 1:25 in water, 5% DMSO, saline, Synotic
Novalsan solution Chlorhexidine diacetate 2% None Dilute 1:1 in water
Silvadene Silver sulfadiazine 0.5% None Mix 1:1 with water
Synotic Enrofloxacin* 22.7 mg/mL Fluocinolone acetonide Replace 1 mL of Synotic solution with 1 mL of injectable 

preparation
Tris-EDTA Tris-EDTA None 6.05 mg EDTA, 12 g tromethamine (Trizma base), 

1 L  distilled water. pH must be adjusted to 8 with 
 hydrochloric acid.† Autoclave

Xenodine Polyhydroxidine 1% None Dilute 1:5 with water

DMSO, Dimethyl sulfoxide.
*Represents a modification.
†Addition of 0.3 g Gentocin/L has been recommended; see text for precautions.
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hours after acidifying agents. Silver sulfadiazine (0.5%) is an 
ointment approved for humans to prevent or treat infection 
in burn patients. Its spectrum also includes Pseudomonas spp. 
However, the product, as approved in humans, may cause skin 
irritation. Silver sulfadiazine (1%) is available in commercial 
products combined with enrofloxacin (0.5%) or as a micron-
ized powder (e.g., www.spectrumrx.com) that can be reconsti-
tuted in sterile water to a 0.5% to 1% solution (5 and 10 mg/mL, 
respectively). An otic preparation containing orbafloxacin and 
posaconazole as an antifungal drug with mometasone as an 
antiinflammatory has recently been approved for dogs (Table 
8-4). A number of other antimicrobials have been adminis-
tered topically, including the narrow-spectrum fusidic acid for 
treatment of Staphylococcus spp., antipseudomonadals such 
as colistin or polymyxin B (10,000 U/mL of Neosporin GU,24 
fluoroquinolones (discussed later), and ticarcillin (which also 
targets Staphylococcus spp.). Ciprofloxacin and ofloxacin are 
available as human otic preparations. Ciprofloxacin is gener-
ally more potent than enrofloxacin against Pseudomonas spp.

Trothmethamineethylenediamine-tetraacetate (EDTA, Tris-
EDTA, or commercial Triz/EDTA) is a topically applied com-
pound that chelates cations, thus rendering the cell wall and 
membrane of both gram-positive and gram-negative organisms 
more permeable to antimicrobials. Penetration of antibacterials 
subsequently is facilitated. Treatment should be timed such that 
microorganisms are exposed to Tris-EDTA before peak con-
centrations of antimicrobials reach the site of infection. Direct 
addition of antibiotics such as gentamicin to the buffer solu-
tion may be less desirable than pretreatment with Tris-EDTA, 
followed later by antimicrobials (to allow time for chelation of 
cations). Because cations are also removed from the lipopoly-
saccharide covering, EDTA may be particularly effective for 
treatment of gram-negative organisms. Aminoglycosides in 
particular are facilitated because cations that otherwise would 
repel positively charged drugs such as aminoglycosides are 
removed. Synergisim has been demonstrated with Tris-EDTA 
and aminoglycosides (amikacin and neomycin) against S. inter-
medius, Proteus mirabilis, P. aeruginosa, and E. coli. Combina-
tion solutions appear to be stable for at least 3 months.25

However Tris-EDTA synergisim also has been demon-
strated, albeit in vitro, for other drugs. These include fluoro-
quinolones and amoxicillin. Tris-EDTA also appeared to have 
a synergistic effect with 0.15% chlorhexidine digluconate in an 
open, unblinded clinical trial in dogs (n = 11) with chronic 
otitis externa associated with both gram-negative and gram-
positive infections. Enrofloxacin was also used in these dogs.26

A common otic preparation compounded by veterinarians 
for treatment of otitis externa combines 12 mL of 100 mg/mL 
enrofloxacin in 8 oz (240 mL) of T8 (alcohol combined with 
the spermicide nonoxynol-9), 4-8 mg of dexamethasone phos-
phate, and 1 to 2 mL of DMSO, yielding a final product of 0.5% 
enrofloxacin and 0.0016 to 0.0032% dexamethasone. Because 

T8 can be irritating, Tris-EDTA might be substituted, although 
the advantages of pretreatment with Tris-EDTA will be lost.

Topically applied antifungal otic agents generally target 
M. pachydermatis and include the imidazoles clotrimazole 
(1%), miconazole (1%), and the benzimidazole thiabendazole 
(1%) and the polyene macrolides nystatin and amphotericin 
B. Among these, those containing thiabendazole might be 
considered first line.17,22 Ketoconazole is available as a topical 
preparation that can be reformulated into solutions that can 
be used topically.24 The allylamine, terbinafine, is also effective 
against Malassezia spp. and is available as a 1% solution.

Antiinflammatories often are included in topical otic 
solutions. Examples include DMSO (60%) and glucocorti-
coids. Among the glucocorticoids used topically, the order of 
potency (which should not be confused with efficacy) is fluo-
cinolone > betamethasone or dexamethasone > isoflupredone 
> triamcinolone > prednisolone (prednisone should not be 
administered topically) > hydrocortisone. Note that sufficient 
drug may be absorbed with topical therapy that the hypotha-
lamic–pituitary–adrenal axis will be affected.27

Several clinical trials have addressed the topical treatment 
of otitis externa. A preparation containing marbofloxacin 
(0.3%), clotrimazole (1%), and dexamethasone (0.09%) (10 
gtt/ear/day) was prospectively compared with one contain-
ing polymyxin B (5.5 IU/mL), miconazole (2.3%), and pred-
nisolone acetate (0.5%) (5 gtt/ear/bid) in dogs (n = 140; ages 
4 months to 16 years) with clinical signs indicative of acute 
or subacute otitis externa.28 Treatments were randomized. 
Exclusion criteria included treatment within the previous 
10 days with topical or systemic antimicrobials (including 
antifungals), nonsteroidal antiinflammatories, glucocor-
ticoids (previous 14 days), or a long-acting steroidal anti-
inflammatory drugs (previous 60 days). The presence of 
concurrent auricular disease, including ear parasites, foreign 
bodies, and neoplasia or hyperplasia were also a basis for 
exclusion. Pregnant or nursing dogs were excluded. Culture 
(swab) revealed disease was associated with Staphylococcus 
spp. (39.5%; 82% S. intermedius), Pseudomonas spp. (12.9%; 
P. aeruginosa predominant), Enterobacteraceae spp. (17%; Pro-
teus, spp. E. coli), and Malassezia spp. (58%). Streptococcus spp. 
and other gram-positive isolates represented another 11.4%, 
whereas 10.5% were infected with other gram-negatives; 8.6% 
of ears were cultured as no growth. Susceptibility testing indi-
cated that 85% of isolates were susceptible to marbofloxacin. 
Interestingly, 43.5% were susceptible to polymyxin B, a drug 
generally considered ineffective against Staphylococcus spp. 
and other gram-positive as well as selective gram-negative 
organisms (e.g., Proteus  spp.). Ears were scored for severity 
of otitis (0-3, with 3 most severe) and cultured (in addition to 
baseline) before, in the event of failure, or 2 weeks into ther-
apy if the cause was Pseudomonas spp. Approximately 75% of 
yeast were susceptible to both antifungals studied. Owners 
and investigators were blinded to the treatment groups. Ears 
were cleaned according to a predefined schedule, based on 
the underlying classification scheme (erythematous [EO] or 
suppurative [SO]) approximately 2 to 3 times per week (with 
physiologic saline on days 0, 2, 4 (EO) or days 1 and 6 (SO). 

KEY POINT 8-7 Pretreatment of an infected site with tris-
EDTA has the potential to enhance efficacy of many antimi-
crobials against many bacteria.
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Response was assessed on days 7 and 14, with treatment con-
tinued to day 14 if indicated on day 7 assessment. The prepara-
tions were found to be equivalent with regard to success (58% 
for the marbofloxacin preparation compared to 41% for the 
polymyxin-based preparation; failure to identify this differ-
ence as significant may have reflected the sample size), but the 
marbofloxacin preparation was considerd superior in terms of 
control of pain, pus, appearance, and odor on day 14. The dif-
ferential response apparently was not statistically significant, 
although better efficacy would be expected for marbofloxacin 
based on the limited spectrum of  polymyxin B.

Systemic therapy is indicated for severe infections but 
should be coupled with topical therapy and should be based 
on culture and susceptibility testing. Doses should be designed 
with the site of infection in mind; distribution is likely to be 
limited to the site, particularly with marked inflammation. 
Water-soluble drugs might be administered topically, and 
lipid-soluble drugs systemically. No data support selection of 
the same versus different but complementary antimicrobials 
when both topical and systemic therapy are used. The advan-
tage of using the same antimicrobial topically as administered 
systemically is increased likelihood of effective drug concen-
trations at the site of infection. The advantages of combina-
tion therapy have been discussed previously (see Chapter 6) 
and are particularly appealing for the treatment of chronic, 
minimally responsive otitis externa. Oral antifungals such as 
ketoconazole or itraconazole may be indicated for control of 
infection caused by Malassezia spp. (see Chapter 9). Gluco-
corticoids may be necessary for rapid control of inflamma-
tion regardless of the cause or duration of infection. General 
principles of glucocorticoid therapy should be followed (see 
Chapter 30).

Treatment of Specific Causes of Otitis Externa
Acute otitis externa. Although ultimately the normal ear is 

clean and dry, severe swelling or proliferation indicates less 
aggressive therapy initially and the potential need for glu-
cocorticoid therapy (topical or systemic). Once swelling is 
decreased, cleaning will be more effective. If the tympanic 
membrane is intact, initial cleaning begins with an application 
of a ceruminolytic, which can then be rinsed with water, or an 
antimicrobial solution such as chlorhexidine, povidone, poly-
hydroxidine iodine, or acetic acid. If the tympanic membrane 
is ruptured, only water or saline should be used for cleansing 
because many of the cleansing agents are ototoxic. Cleans-
ing can be accomplished at home, although initial cleaning 
might be more thorough if performed under general anes-
thesia, particularly in intractable patients. For ears in which 
a large amount of debris has accumulated, removal of mate-
rial may require alligator forceps through an otoscope and 
flushing with either an open-ended Tomcat catheter or a 3.5 
to 5 French feeding tube and syringe or an in-house vacuum 
system. Hair that might obstruct drainage of the ear canal or 
facilitate collection of debris should be removed.

Because otitis externa tends to be associated with similar 
pathogens, regardless of the underlying cause, topical medica-
tion applied after cleaning generally contains an antimicrobial, 

antifungal, and glucocorticoid. Glucocorticoids decrease not 
only swelling and proliferation but also apocrine and seba-
ceous secretions. Note that topical administration does not 
preclude suppression of the hypothalamic–pituitary–adrenal 
axis, and the long-term use of these products is discouraged. 
In the event of moderate to marked swelling of the ear canal 
and pinna, short-term use of systemic glucocorticoids may be 
indicated. Note that care should be taken not to use glucocor-
ticoids in combination with nonsteroidal antiinflammatories 
(including treatment intended for control of osteoarthritis). 
To minimize the risk of antimicrobial resistance, products that 
contain commonly used first-line antimicrobial and antifun-
gals directed toward Malassezia spp. might be chosen for acute 
(nonrecurring) otitis externa. Culture and susceptibility data 
are the best basis for selection of the most appropriate second-
line antimicrobial. In the event of moderate swelling of the 
ear canal and pinna, topical antimicrobial therapy probably 
should be accompanied by systemic therapy. Therapy for acute 
otitis externa should be followed through rechecks at 10- to 
14-day intervals. Resolution generally requires 2 to 4 weeks.

Chronic otitis. Resolution of chronic or recurring otitis 
includes treatment of specific diseases of the ear that allow 
perpetuation of infection or inflammation. Culture and sus-
ceptibility data collected during cleansing of the ears under 
general anesthesia should be the basis of antimicrobial selec-
tion, particularly systemic. Thorough visual examination 
accompanied by cytologic examination can help identify other 
underlying causes. Antiinflammatories (e.g., oral predniso-
lone at 0.5 mg/kg every 12 hours, tapered when indicated) are 
indicated in the presence of marked inflammation and when 
proliferation precludes effective examination. Topical therapy 
with intense cleansing should be implemented; several months 
of topical therapy may be indicated. Systemic therapy should 
accompany topical therapy if deeper infection is suspected 
(i.e., marked proliferation or ulceration).23

Bacterial otitis. The need for antimicrobial therapy for bac-
terial otitis externa should be based on cytologic evidence of 
inflammatory debris and intracellular organisms supports 
bacterial infection. A first-line product containing neomycin 
or chloramphenicol might be appropriate. Severe inflamma-
tion may indicate the need for a lipid soluble systemic antimi-
crobial therapy. Among the more commonly selected systemic 
antimicrobials are amoxicillin–clavulanic acid, a fluorinated 
quinolone, or a first-generation cephalosporin.22 Failure to 
respond to first-line medicaments may indicate the need for 
culture. Some authors recommend discontinuing antimicro-
bial therapy for 3 to 5 days before culture; however, while a false 
negative might be ignored, a false positive is a clear indicator 
that therapy may fail. Otic  preparations containing gentamicin 
or tobramycin might represent the second line of medicaments 
for infections resistant to neomycin or chloramphenicol.

Otitis caused by Pseudomonas spp. can be among the more 
frustrating problems to treat and often is the incentive behind 
the formation of homemade otic products. Flushing with an 
acetic acid–based solution is indicated. Commercially avail-
able otic products have been modified by the addition of 
drugs effective against P. aeruginosa (amikacin, enrofloxacin, 
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polymyxin B, or colistin sulfate) or the addition of antiin-
flammatory drugs. Several alternatives can be considered for 
refractory cases. Enrofloxacin has been added to commer-
cially available otic solutions, but it (or ciprofloxacin or mar-
bofloxacin) also may be the oral antimicrobial of choice. Note 
that ciprofloxacin is more potent against Pseudomonas spp. 
and may be preferred topically; oral enrofloxacin will result in 
ciprofloxacin exposure, as well as enrofloxacin. The maximum 
end of the fluoroquinolone dosing regimen should be consid-
ered when treating a refractory case of Pseudomonas-induced 
otitis externa (i.e., 20 mg/kg once daily for enrofloxacin, 30 
to 40 mg/kg orally for ciprofloxacin in dogs). Other products 
to be used in resistant cases include silver sulfadiazine, xeno-
dine, and chlorhexidine (1.5%).

Malassezia pachydermatis. Malassezia pachydermatis is 
an opportunistic organism that, in large numbers, causes pro-
liferatory changes in the ear. Its presence may contribute to 
bacterial otitis, and thus its control may be important in the 
treatment of otitis. Because control of inflammation may be 
paramount to controlling infection by Malassezia, spp. gluco-
corticoids such as those provided in otic preparations may be 
indicated. Ketoconazole appears to be among the most effi-
cacious antifungal drugs, followed by miconazole, nystatin, 
clotrimazole, and amphotericin B.22 Thiabendazole (the active 
antifungal in Tresaderm), however, may be sufficiently effec-
tive, allowing other antifungals to be reserved for resistant 
cases. Routinely used cleaning and drying solutions should be 
used on a daily to alternate-day basis to facilitate control.

Ear mites generally occur in young animals, and their pres-
ence is determined by direct examination. Carbaryl and pyre-
thrin-based products should be used for at least a 3-week cycle 
to ensure killing of adults and immature mites. Products con-
taining thiabendazole should be selected because the product 
probably kills all stages of mites, including eggs. Polyhydroxi-
dine iodine may also be effective when administered once 
weekly for 4 weeks. Otodectes can be treated with ivermectin 
given orally once a week for 4 weeks or subcutaneously every 
10 to 14 days. With severe infestations ivermectin should be 
combined with other topical miticides. Because other portions 
of the body may harbor mites that infest the ear, affected ani-
mals should be dipped.

Seborrheic otitis or ceruminous otitis usually accompanies 
endocrinopathies. Secondary bacterial and Malassezia spp. 
infections are not uncommon with this disorder. The first-line 
medications should be effective for management of most cases, 
but longer-term management may require a combination of 
cleansing, drying, and glucocorticoid products applied once to 
thrice weekly. Cocker Spaniels and other breeds occasionally 
develop what appears to be a local hypersensitivity to ceru-
men, resulting in a progressively inflammatory, proliferative 
disease that ultimately may result in calcification of auricular 
cartilages. Control of inflammation initially may require oral 
glucocorticoids accompanied by topical application of a potent 
(e.g., dexamethasone or fluocinolone) glucocorticoid. Topical 
antimicrobials (antibacterial and antifungal) probably are also 
indicated; systemic antimicrobial therapy may also be neces-
sary. The ears should be frequently flushed with cleansing and 

drying agents. For some animals long-term, low-dose gluco-
corticoid therapy may be necessary.

Swimmer’s ear generally occurs because frequent swim-
ming encourages low-grade inflammation and subsequent 
maceration. Ears should be kept clean and dry. Topical antiin-
flammatory therapy and, in some cases, topical antimicrobial 
therapy may be necessary. Products should be used on the day 
of swimming and for several days after.

Otitis Media
Otitis media associated with infection of the middle ear gen-
erally results from extension of otitis externa through a per-
forated eardrum.17,29 A perforated eardrum may be hard to 
detect and must be distinguished from a “false” eardrum. Indi-
cations that infection of the external ear has extended into the 
middle ear include persistence of otitis externa, pain, swell-
ing or narrowing of the ear canal, and evidence of neurologic 
involvement such as facial palsy (ptosis or paralysis of the lip 
or ear) or vestibular abnormalities. Less commonly, infection 
may follow extension from the pharynx by way of the audi-
tory tube or hematogenous spread. Radiographs and surgical 
exploration may be necessary for both diagnosis and treat-
ment. Debris should be cytologically examined for evidence 
of predisposing conditions. Fungal infections (e.g., aspergil-
losis, infection caused by Malassezia) spp., foreign bodies such 
as grass awns, neoplasia, inflammatory polyps, and tumors, 
including cholesteatoma, are among the more common causes 
of otitis externa. Calcification of auricular cartilage may also 
predispose subjects to the development of infection. Breeds 
apparently predisposed to otitis media include Cocker Span-
iels and German Shepherd Dogs.

Medical management of otitis media is often unsuccessful 
unless accompanied by surgical management, particularly if 
inflammation is severe and chronic or if the ear canal is ste-
notic. Surgical intervention may be the most cost-effective 
means of management and should provide the most accurate 
diagnosis. Treatment includes removal of debris and topical 
application of an antimicrobial with or without an antifungal 
preparation until the infection appears resolved. After debris 
is cleaned from the external canal, myringotomy (under gen-
eral anesthesia) may be necessary to clean debris, collect a 
sample for culture and cytologic examination, and relieve 
pain associated with the infection. Intraoperative infusion of 
the bulla may be an effective means of providing higher con-
centrations of an antimicrobial,29 but duration of exposure 
is not clear and residual effects should not be anticipated. 
However, flushing the bulla is an effective means of reduc-
ing the microbial flora.30 In a retrospective study of 34 dogs 
afflicted with otitis media, the most likely causative organ-
isms were Enterococcus and Streptococcus spp., Pseudomonas 
spp., Proteus spp., and E. coli.30 The varied population among 
animals limits empirical prediction of either the organism or, 
as was demonstrated in the study, susceptibility. Disconcert-
ingly, empirical antimicrobial selection was inappropriate on 
the basis of culture and susceptiblitity data in nearly 60% of 
the patients. This probably reflects, in part, previous anti-
microbial therapy.30 This study also demonstrated that the 
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preflushing and postflushing cultures often did not match, 
and postflushing culture was recommended.

Systemic antibacterial therapy should begin in conjunc-
tion with topical therapy; current recommendations are to 
continue therapy for at least 4 to 6 weeks. For fungal infec-
tions (e.g., one caused by Malassezia spp.), oral therapy with 
an imidazole antifungal (e.g., thiabendazole, ketoconazole, 
itraconazole) should be implemented. For severe inflamma-
tion glucocorticoids may be given topically or, if indicated, 
systemically for the first 1 to 3 weeks of treatment. Topical glu-
cocorticoid therapy can be continued if inflammation persists 
after resolution of infection. When used as a vehicle, DMSO 
may also impart antiinflammatory effects. Daily flushes of 5% 
acetic acid in water (1:1 to 1:3) may further control symptoms. 
Therapy must be continued until the tympanic membrane 
is repaired (generally 21 to 35 days). Control of the inflam-
matory process may be necessary before tympanic healing is 
complete. Should the tympanum not heal, debris may once 
again accumulate, and the ear must be flushed again.

Topical therapy of otitis media is complicated by the risk of 
ototoxicity, which is complicated by inflammation.29 Although 
response to inflammation may decrease the risk of ototoxins 
reaching the inner ear, assessing the degree of protection is 
difficult. Ototoxins can affect either the vestibular apparatus 
or the cochlea; subtle changes in response to ototoxins may be 
difficult to detect. Either the active ingredient or the vehicle 
of a topical preparation may be ototoxic. Among the known 
ototoxins that might be used to treat the ear topically are 
chlorhexidine, fluoroquinolones, aminoglycosides, polymyx-
ins, eruthromycin, detergents, and alcohols.32 The lack of data 
regarding the ototoxic potential of a given product does not 
necessarily mean that the product is safe. In general, direct 
application of any antimicrobial to the external ear in the pres-
ence of a perforated eardrum is discouraged.

Otitis interna
Otitis interna or labyrinthitis resulting from infection of the 
inner ear also occurs as a result of extension from otitis externa 
and media (see discussion of otitis externa), movement of 
organisms through the auditory tube, or hematogenous 
spread. Foreign bodies, tumors (including cholesteatoma), 
or other occlusive or inflammatory objects may predispose 
the subject to infection.31 Clinical signs vary with the extent 
of vestibular dysfunction, which in turn reflects the extent of 
infection and accompanying inflammation. Continuation of 
infection into the meninges is more likely in cats than in dogs.

Cultures that reflect infecting organisms might be obtained 
by sampling the middle ear; alternatively, myringotomy may 
be necessary. Both topical and systemic antimicrobial therapy 
should be implemented. Because yeast is often present, topi-
cal therapy should include antifungal drugs (e.g., nystatin). A 
number of antimicrobials can be used for treatment of otitis 
interna, although distribution is likely to be limited for many 
(see Table 7-5). A lipid-soluble drug is preferred, and combi-
nation therapy should be considered to minimize the risk of 
resistance. Examples include the fluoroquinolones and chlor-
amphenicol; the latter, however, is not likely to reach killing 

concentrations at the site of infection. Ototoxicity of antimi-
crobial drugs must be considered.32

INFECTIONS OF THE SKIN

Pyoderma
Pathophysiology
Pyoderma is defined as a bacterial infection in skin associated 
with pus. Both the normal organ (skin) and the diseased local 
environment (pus) present barriers to drug movement and 
therefore efficacy.33 As such, pyoderma is a complex disease that 
may be difficult to treat effectively. The location of the infection 
in the skin, and particularly the depth (surface infection to cel-
lulitis), confounds therapy.34,35 Consequently, one of the goals 
of therapy for pyoderma is to prevent the progression of clini-
cal signs. Whereas a surface infection (e.g., intertrigo) is gener-
ally amenable to topical antimicrobial therapy, superficial skin 
structures (e.g., impetigo, superficial folliculitis) may be less 
responsive; however, even these infections may yet respond to 
proper topical therapy in lieu of systemic therapy. Certainly, as 
infection becomes more deep-seated, systemic antimicrobial 
therapy becomes more important (Figure 8-3, A).33-35 Lesions 
of deep pyoderma begin in the distal portion of the hair fol-
licle, often extend below the follicle, and may be accompanied 
by furunculosis and a granulomatous response. As the disease 
worsens, antimicrobial penetration becomes more limited, 
and successful therapy is more difficult to achieve, requiring 
higher doses and, for time-dependent drugs, shorter intervals 
.33-35 Cellulitis is the most severe manifestation of pyoderma 
and involves infection of the dermis and adjacent subcutane-
ous tissues. Although uncommon, infection at this depth can 
become life threatening if sepsis develops.

A

Figure 8-3 A, Histologic section of deep pyoderma. Scar-
ring and accumulation of inflammatory debris present both 
mechanical and functional barriers to drug penetration. 

Continued
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Figure 8-3, cont’d B, A suggested algorithm for treatment of canine pyoderma. Note empirical therapy of superficial pyoderma begins with topical rather than systemic 
therapy (center); treatment of deep pyoderma begins with culture and susceptibility testing (lower right). Once the decision is made to use systemic therapy, narrow 
spectrum, first-tier drugs should be chosen first (upper left). Topical therapy is a part of all therapies. Removal of underlying disease may be paramount to therapeutic 
success. Dosing regimens should be designed to minimize the advent of resistance; if successful, subsequent recurrences may continue to respond to first-tier drugs. 
Initial therapy should be reassessed within 7 to 10 days; failure to respond at this time should lead to alternate therapies, which may involve reculture and consultation 
with specialist. In responders, evidence regarding the duration of therapy is not clear and until such data exist, current recommendations focus on 4 to 6 weeks. (A, 
 Photograph courtesy Bayer Animal Health.)
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Not all pyodermas are difficult to treat; indeed, most will 
respond to initial therapy. Therapy with superficial pyoder-
mas should begin with topical therapy only (see Figure 8-3, B) 
However, some patients that initially respond to antimicrobial 
therapy experience recrudescence after therapy is discontinued. 
The most likely cause for recrudescence is failure or inability 
to control underlying skin diseases that predispose the skin to 
persistent or recurrent infections. Examples include ectopara-
sitism, seborrhea (cornification disorders), allergies (atopic 
dermatitis, flea or food allergies), and endocrinopathies (hyper-
adrenocorticism or hypothyroidism).33-35 Anatomic abnormal-
ities such as skin folds (intertrigo) also predispose the patient 
to bacterial infection.33-35 Failure or inability to correct these 
underlying factors increases the risk of therapeutic failure, and 
emergent resistance if multiple courses of antimicrobials are 
implemented. In addition to the physiologic barriers presented 
by the normal animal, a number of other factors complicate 
treatment of pyoderma. These include the effects of the infect-
ing microbe; mechanical, functional, and structural sequelae 
of progressive disease; and limitations of the drugs themselves. 
Although the sequelae of these interacting factors are difficult 
to predict in the individual patient, their impact can be mini-
mized by decision making that is based on these interactions.

The surface of the skin normally presents several barriers to 
bacterial invasion and colonization. Cells of the stratum cor-
neum desquamate from the surface of the skin and hair folli-
cles, and the lipid-rich environment between the cells impedes 
bacterial movement.34,35 Epithelial proliferation follows injury 
to the skin, decreasing the likelihood of bacterial invasion. 
Sebum and sweat contain antibacterial chemicals such as 
inorganic salts34,35 and lipids.36 Finally, resident microflora 
may be important by helping to keep invading microflora in 
check. Differences in the incidence and ease of treatment of 
pyoderma in dogs versus cats and other species may reflect 
anatomic and physiologic differences in their skin.34,35 Canine 
skin may be predisposed to pyoderma because the stratum 
corneum is thin and compact and contains less lipid material. 
Therefore canine stratum corneum may present a less efficient 
barrier to bacterial invasion compared with that of other spe-
cies. Canine hair follicles lack a lipid–squamous “plug,” which 
may facilitate bacterial penetration into the hair follicle.34,35,37 
Finally, the pH of canine skin is higher than that of other spe-
cies, perhaps providing an environment more conducive to 
bacterial proliferation.34,35

Skin also has a well-developed immune response, com-
posed of proteins, immunoglobulins located in the basement 
membrane, cells of the immune system located in the dermis 
and epidermis, and regional lymphoid tissue.34,35 However, 
materials released from microbes facilitate invasion, impair 
cellular phagocytosis, and damage host tissues. Under nor-
mal circumstances components of bacteria that penetrate the 

skin stimulate a humoral response (immunoglobulins G and 
M), which in turn activates effector mechanisms leading to an 
acute inflammatory response.34,35 Soluble mediators released 
by organisms (e.g., hemolysin, epidermolytic toxin, leuko-
cidin) may damage host tissues or alter host response.34,35 
Staphylococcus spp. in particular plays a role in perpetuat-
ing the inflammatory response. Cutaneous mast cells trig-
gered by antistaphylococcal immunoglobulin E may increase 
 epidermal permeability and facilitate bacteria or bacterial 
antigen penetration in patients with allergic skin disease.34-36 
Most staphylococci associated with canine pyoderma pro-
duce “slime,” a material that facilitates bacterial adhesion to 
cells. Staphylococcal organisms contain protein A, which 
impairs antibody response, activates complement, and causes 
chemotaxis.38 Some staphylococcal organisms release supe-
rantigens (enterotoxin), which may cause interleukin release 
and an inappropriately large T-lymphocyte response in the  
skin.34-36,39 Finally, selected Staphylococcus spp. suppress or 
prevent intracellular killing once phagocytized by leuko-
cytes.40 Viability of the organisms will be maintained inside 
the phagocyte, allowing not only survival but perhaps also 
continued replication inside the cell. Subsequent release of the 
organism on the death of the phagocyte allows  reinfection, 
leading to persistent or recurrent infections.

The phagocytic white blood cells (initially neutrophils) that 
respond to inflammatory mediators use a number of oxidative 
(e.g., myeloperoxidase) and nonoxidative (e.g., bactericidal 
permeability-increasing protein) mechanisms to kill phago-
cytized invading bacteria.41 Unfortunately, host responses to 
bacterial invasion may become deleterious and can negatively 
affect therapy. The inflammatory response to infection may 
facilitate bacterial penetration, is responsible for clinical signs 
associated with the disease, and may preclude antimicrobial 
penetration of the skin. The severe and persistent inflam-
matory response leads to pruritus, and self-trauma further 
aggravates bacterial penetration. The disease may develop an 
autoimmune component.34,35 These long-term changes, in 
conjunction with inflammatory disease, predispose the patient 
to recurrent pyoderma.

As bacterial skin disease progresses, pathologic changes 
become barriers to drug distribution at the site of infection, 
and dosing regimens should be modified accordingly. The bar-
riers vary with the site of infection, ranging from very superfi-
cial structures (epidermal and hair follicle) to deep structures 
below the hair follicle. Hair follicles may rupture, leading to 
furunculosis. Granulomatous changes and keratinaceous 
debris may act as foreign bodies, perpetuating the inflamma-
tory response.34,35 These deeper structures may become iso-
lated by fibrous tissue as disease progresses unchecked. Foci 
of organisms located in these isolated beds of scar tissue are a 
likely cause of recurrent infections with deep pyoderma (see 
Figure 8-3, A), as can intracellular survival of phagocytized 
organisms (see Figures 6-17 and 6-18).34,35

KEY POINT 8-9 As bacterial skin disease progresses, patho-
logic barriers impede drug distribution to the infecting 
organism. Dosing regimens should be modified accordingly.

KEY POINT 8-8 Focusing on topical therapy as the sole 
method of delivery of antmicrobial therapy should minimize 
the need for systemic antimicrobial therapy, which might 
contribute to resistance.
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Microbial Flora
The microflora of the skin is composed of both resident and 
transient organisms. Resident organisms in the skin of dogs 
include Micrococcus spp. beta-hemolytic streptococci, aerobic 
diphtheroids, Propionibacterium acnes, and Staphylococcus 
spp. Pseudomonas, Proteus, and Corynebacterium organisms 
have also been cultured from normal dogs. Among the resi-
dent organisms cultured from the skin of normal dogs, only S. 
intermedius is a likely initial cause of pyoderma. S. intermedius 
has recently been reclassified to Staphylococcus pseudinterme-
dius; however, the original terminology will be used through-
out this text until the newer terminology has been accepted 
and is in general use. S. aureus and other Staphylococcus spp.
are much rarer causes of superficial pyodermas in dogs.34,35,37 
S. intermedius is involved in approximately 90% of canine 
pyodermas.33-35 The resident status of S. intermedius in the 
skin is debatable. Although cultured frequently from either 
the skin or hair of normal dogs, S. intermedius may simply be 
a contaminant or a transient organism, acting as a “nomad,” 
proliferating only when environmental circumstances are sup-
portive of growth.42 The microflora of dogs with pyoderma 
differs from the microflora of the skin in normal dogs. Even 
skin not clinically affected by pyoderma is characterized by 
increased staphylococcal colonization.34,35 Eventually, Staphy-
lococcus spp. become the predominant organism in the skin. 
It can change the local environment, allowing proliferation of 
other organisms. Thus, even when disease has progressed to 
the point that gram-negative infections (e.g., E. coli, Proteus 
spp., and Pseudomonas spp.)34,35 are involved (generally deep 
pyodermas), S. intermedius is likely to be involved. In fact, if S. 
intermedius is not cultured from the skin lesion, the laboratory 
or culture technique may be questioned.33 When pyoderma is 
treated, concomitant infection with S. intermedius should be 
assumed, and control of infection by S. intermedius in such 
cases should facilitate treatment of other organisms, including 
gram-negative bacteria.

Several studies have addressed microbes causing skin 
infections, including prevelance of methicillin-resistant Staph-
ylococcus spp. (MRS) in dogs and cats. Among the caveats to 
the studies will be differences in methodology, particularly as 
it pertains to sample collection. Ideally, samples are based on 
tissue samples following adequate cleansing; more often than 
not, however, samples are collected by swabs. Diagnostic aids 
can be useful to discriminate infection from colonization in 
the skin. Gram staining and cytology are particularly help-
ful. The presence of rods indicates a mixed infection (with 
gram-negative organisms); intracellular organisms indicate 
phagocytosis and thus infection rather than colonization. 
Cytology may help stage or identify the cause of disease: 
Mononuclear infiltrations indicate deep, chronic infections; 
large numbers of Staphylococcus spp. in pustules may indicate 
hyperadrenocorticism.34,35

Petersen and coworkers18 reported on the frequency and 
susceptibility of S. intermedius and P. aeruginosa in samples 
collected between 1992 and 1997 from canine skin and ears 
(n = 497) and submitted to a state diagnostic laboratory (see 
Table 8-3). The method of sample collection was not provided 

but reflects methods used by practitioners. S. intermedius was 
isolated from 89% of skin samples and was the only isolate 
cultured from 47% of samples. P. aeruginosa was isolated from 
7.5% of skin samples, with the frequency of collection from the 
skin increasing during the 6-year period of the study. Of the 
isolates yielding P. aeruginosa, it was the only isolate in 33% of 
samples. Although Staphylococcus isolates were susceptible to 
drugs generally chosen empirically as first-choice treatment for 
pyoderma, as in the author’s institution, MRS appears to have 
begun increasing in the early 2000s. This is indicated by the 
difference in isolates collected from 2003 to 2005, versus 2006 
and 2007 (Table 8-3). These data demonstrate that initially 
the proportion of susceptible isolates collected from skin,and 
other tissues was nearly 100% for drugs traditionally selected 
empirically, only to decrease to nearly 65% susceptible during 
this period. These data underscore the limitations that appear 
to be emerging regarding empirical selection of antimicrobials 
even for those conditions traditionally considered safe, such as 
pyoderma. They also underscore the importance of appropri-
ate dosing regimens to minimize the advent of resistance.

The public health significance of treating MRS is addressed 
in greater depth in Chapter 7. The role of previous antimicrobial 
therapy facilitating multidrug-resistant Staphylococcus spp. has 
been well established (see Chapter 6). A report from Sweden 
demonstrated that S. intermedius isolates from dogs with recur-
ring pyoderma were more likely to be characterized by resistance 
than isolates of first-time infections.43 Approval and subsequent 
use of betalactamase inhibitors and cephalosporins are particu-
larly well associated with MRSA and MRSI. Overproduction 
of beta-lactamases coupled with changes in penicllin-binding 
 proteins contribute to oxacillin/methicillin-resistant Staphylo-
coccus spp., whether aureus (MRSA) or intermedius (MRSI).

Abraham44 prospectively studied the frequency of Staphy-
lococcus spp. as a cause of infection in cats. No cat had received 
antimicrobials within the previous 7 days. The prevalance of 
coagulase-negative isolates was higher than coagulase- positive 
isolates in all cats, and the proportion of each was similar in 
healthy cats compared to cats with inflammatory skin disease 
(ISD). For healthy cats (n = 50); 21 were coagulase-positive 
isolates (n = 17/50, or 34% of all healthy cats) and 49 were 
coagulase-negative (n = 49/50 cats or (98% of all cats). This 
compares to ISD cats (n = 48) of which 25 were coagulase-
positive isolates (n = 24/48 or 50% of cats) compared to 46 
coagulase-negative isolates (n = 46/48 or 96% of cats). Of the 
coagulase-positive isolates, approximately 50% were S. aureus 
and S. intermedius, respectively, in both groups. Specifically, 
in healthy cats 10 and 11 of 21 coagulase-positive (48% and 
52%) isolates were S. aureus and S. intermedius, respectively. 

KEY POINT 8-10 Methicillin-resistant Staphylococcus increas-
ingly is being identified in association with pyoderma.

KEY POINT 8-11 The role of previous antimicrobial therapy 
facilitating emergence of multidrug resistant Staphylococ-
cus has been well established.
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From the ISD cats, 14 and 11 of 25 (56% and 44%) were 
S.  aureus and S. intermedius, respectively. The proportions 
of staphylococci infections differ between dogs and cats.45 
In a separate study by the same group, 74% of healthy dogs  
(n = 37/50) were positive for growth compared with 88% 
of dogs with ISD (n = 52/59).45 The total number of isolates 
(from different body regions)  cultured was greater in ISD 
dogs compared with healthy dogs. For both healthy and ISD 
groups, coagulase-positive isolates far outweighed coagulase-
negative isolates, and S. intermedius outnumbered S. aureus. 
For coagulase-positive isolates in the 52 ISD dogs, the fre-
quency of isolation of S. aureus, intermedius, and schleiferi 
subsp. coagulans (SSc) (all coagulase positive isolates) was, 
respectively, 10, 134, and 6 isolates each, compared with 8, 
69, and 0 isolates, each respectively, in the 37 healthy dogs 
(2 coagulase-negative isolates). In the healthy dogs, 9 isolates 
of coagulase-negative S. schleiferi subsp. schleiferi [SSs] were 
identified, indicating the possible importance of subspeciated 
S. schleiferi. Methicillin resistance occurred in both coagulase-
positive (MRSA, MRSI, MRSSc) and -negative (MRSSs) iso-
lates and was more frequent for MRSI and in ISD (n = 4 MRSI, 
n = 1 MRSA, MRSC = 1, MRSS = 1) compared with healthy 
(MRSI = 1, MRSA = 0, MRSC = 1, MRSS = 0) dogs.

Other staphylococci are being recognized for their increas-
ing role in canine pyoderma. S. schleiferi has recently been 
recognized for its increasing role, particularly in recurrent 
infections;45,47,48 it was the second most common Staphylococ-
cus organism cultured in one study. The increasing recognition 
of this organism is important because multiple antimicrobial 
resistances can occur with S. schleiferi, 45,49 whereas the inci-
dence of multiple drug resistance (meaning resistance that 
includes drug classes other than beta-lactams) by S. interme-
dius remains low (see the discussion of antimicrobial resistance 
below). Concern might heighten if laboratories cannot or do 
not distinguish between S. schleiferi and S. intermedius, much 
as S. intermedius was confused with S. aureus in the 1970s. 
Further S. schleiferi exists as either coagulase-negative (schleif-
eri subspecies), which generally indicates contaminants, or 
coagulase-positive (coagulans subspecies), which has a greater 
clinical significance. The increasing prevalence of S. aureus 
infections coupled with the emergence of S. schleiferi warrants 
more caution and vigilance in the prevention of zoonosis.50

The role of P. aeruginosa as the sole infectious organism in 
canine pyoderma (n = 20) was retrospectively studied in 66 
dogs with mixed or pure infections associated with pyoderma.46 
As with Petersen,18 the incidence of Pseudomonas as the sole 
agent of pyoderma was observed to be increasing. Seven of the 
dogs presenting with deep pyoderma had not been previously 
presented for skin disease; these dogs responded well to 3 to 
4 weeks of fluoroquinolone therapy. The remaining 13 dogs 
had a protracted history of skin disease that had been treated 
with antimicrobials, immunomodulatory drugs, or both. Of 
these dogs, 11 had been previously treated with antimicrobials 
effective against Staphylococcus spp. Antimicrobials to which 
isolates should potentially have been susceptible but were 
resistant included enrofloxacin (40%; half of these dogs had 
previously been treated with a fluoroquinolone), ticarcillin 

(36%), ciprofloxacin (25%), and gentamicin or amikacin and 
norfloxacin (5%). Interestingly, all isolates were susceptible to 
marbofloxacin, a questionable finding based on likely cross-
resistance among fluoroquinolones. Doses of drugs used to 
treat the infection ranged from 6 to 13 mg/kg for enrofloxa-
cin qd, or 5 to 12 mg/kg bid; norfloxacin at 18 to 23 mg/kg 
qd, marbofloxacin at 3 to 5 mg/kg qd, and cephalexin 20 to 
25 mg/kg bid. All but two dogs responded after treatment for 
3 to 12 weeks (mean 4.8 weeks). However, a potentially impor-
tant observation that some dogs responded to cephalexin was 
interpreted to potentially imply that Pseudomonas was only a 
secondary pathogen in some of the dogs.

Considerations in Drug Selection
For most antimicrobials used to treat canine pyoderma, adverse 
events or side effects become less important to the selection 
and other considerations can take precedence. Exceptions 
might occur for erythromycin; up to 50% of animals should be 
expected to develop gastrointestinal upset when treated with 
erythromycin.51 Gastrointestinal side effects in particular are 
likely to increase if higher doses of antimicrobials are used. 
Immune-mediated side effects caused by potentiated sulfon-
amides may limit their long-term use.52 Sulfonamides are also 
able to decrease thyroid hormone synthesis at high doses that 
might otherwise be indicated to effectively treat pyoderma.

Drug Movement to the Site of Infection
Distribution of antimicrobials applied topically is limited by 
the presence of the stratum corneum, although distribution 
of topically applied drugs should be be enhanced in the pres-
ence of inflammation. Accumulation of inflammatory debris, 
however, also impedes drug movement after either topical 
or systemic administration. Shampooing not only removes 
inflammatory debris but also softens the stratum corneum, 
thus facilitating movement of topically applied antimicrobials 
to deeper tissues. Distribution of systemically administered 
antimicrobials to the skin is somewhat limited even with nor-
mal conditions. Despite the skin being the largest organ of the 
body, blood flow to the skin represents only 9% of the car-
diac output. Drug distribution to the skin takes longer than 
to tissues with greater blood flow. Although skin is well per-
fused, blood supply to the epidermis consists of capillaries that 
lie under the epidermis, and drugs must passively diffuse to 
the epidermis and, with folliculitis, through the hair follicle. 
The plexi of arteries and veins that supply the skin include 
 arteriovenous anastomoses that allow blood to bypass capil-
lary beds. Blood supply to the skin can be altered easily in dis-
ease, particularly in the extremities and deep dermis.

Many antimicrobials used to treat pyoderma are lipid sol-
uble, although the degree varies with each drug. Drugs that 
are characterized by a favorable distribution pattern to the 
skin include the fluoroquinolones, the sulfonamides (includ-
ing those potentiated), the macrolides (erythromycin), the 
lincosamides (clindamycin and lincomycin), and chloram-
phenicol.53 The distribution of water-soluble drugs (beta-lac-
tams, aminoglycosides) to interstitial fluid of skin should be 
anticipated to be less than that of plasma, particularly in the 
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presence of physical barriers presented by fibrosis. Note that 
the poorer distribution of beta-lactams coupled with their time 
dependence indicates that those drugs with longer elimination 
half-lives are preferred. The presence of marked inflammatory 
cells may be taken advantage of with use of antimicrobials 
that accumulate in white blood cells (e.g., fluoroquinolones, 
clindamycin, macrolides, rifampin); higher intracellular con-
centrations may also facilitate intracellular killing of microor-
ganisms that may survive phagocytosis.

Antimicrobial Resistance
Antimicrobial resistance may affect antimicrobial therapy 
of pyoderma or other infections associated with staphyloc-
cocci. Resistance to penicillins by S. aureus or S. intermedius 
generally reflects an increase in chromosomally mediated 
beta-lactamase production.49 However, use of beta-lactamase 
protectors (e.g., beta-lactams coupled with clavulanic acid or 
sulbactam) or beta-lactamase–resistant drugs (e.g., cephalo-
sporins) has led to adaptation by Staphylocccus spp. through 
mutations in the penicillin-binding proteins (PBP-2) encoded 
by the mecA gene, located on the staphylococcal chromosomal 
cassette (SCCmec). The expression of this gene prevents efficacy 
of any beta-lactam antibiotic.

S. aureus has developed an increasing pattern of resistance 
against many antimicrobials (discussed in depth in Chapter 6). 
Indeed, the proportion of S. aureus susceptible to drugs gener-
ally chosen to treat pyodermas is consistently less than that 
of S. intermedius. In contrast, S. intermedius has not appeared 
to be as adaptable; antimicrobial resistance in S. intermedius 
has been slow to emerge, and the impact of previous anti-
microbial use on the susceptibility pattern of the microbe to 
other drugs has been controversial.34,35 However, although S. 
intermedius is a species distinct from S. aureus, transmission 
between these organisms of plasmids responsible for multiple 
antimicrobial resistance may be a factor that appears to be 
contributing to antimicrobial failure in canine pyoderma.34,35 
In humans antimicrobial resistance is a rapidly emerging con-
cern in dermatology.54 In patients with skin wounds, S. aureus 
(44% methicillin resistant) and P. aeruginosa were the most 
common bacteria isolated. The incidence of MRSA increased 
from 26% in 1992 to 75% in 2001. Resistance was not limited 
to Staphylocccus spp.; P. aeruginosa resistance to quinolones 
increased in deep wounds from 19% in 1992 to 56% in 2001, 
and in superficial wounds from 0 to 18% by 2001. Although 
these statistics have been generated from human medicine, 
their changing pattern mimics what is occuring in veterinary 
medicine. Several studies have demonstrated the advent of 
MRS in veterinary patients (see previous discussion).

The frequency of methicillin resistance in coagulase-posi-
tive and -negative Staphylococcus spp. in dogs with and with-
out skin disease was previously cited.45 As early as 1998, in a 
retrospective study of 131 S. intermedius strains isolated from 
apparently healthy dogs and another 187 S. intermedius strains 
isolated from dog pyodermas, the proportion of multidrug-
resistant (three or more drug classes) strains increased from 
10.8% in 1986 to 1987 to 28% in 1995 to 1996.55 In dogs with 
pyoderma, 26% of the isolates in one study were associated 

with multidrug resistance, including resistance to methicillin, 
albeit in only 2 of 57 cases. However, although not revealed 
in the phenotype, close to 50% of the organisms studied car-
ried the gene (mecA) responsible for formation of PBP2a, the 
penicillin-binding protein that confers resistance to methi-
cillin. S. schleiferi was the second most common Staphylo-
coccus organism cultured; most were resistant to methicillin 
( coagulase-negative versus positive subspeciation not pro-
vided). 49 That previous antimicrobial therapy may have been 
associated with Staphyloccoccus antimicrobial resistance was 
supported by the more common isolation of S. schleiferi in dogs 
currently receiving antimicrobials (10 of 12) compared with 
dogs that were not (5 of 28).47 A multiclinic prospective study 
that compared susceptibility in organisms isolated from sam-
ples from first-time and recurrent cases of canine pyoderma 
(n = 394 Staphylococci) found that resistance to macrolides, 
lincosamides, fusidic acid, tetracycline, and streptomycin was 
significantly greater in recurrent cases (45%) compared with 
the first-time cases (20%). Identification of S. schleiferi was not 
addressed. Resistance was not detected in penicillinase-stable 
beta-lactams.43

More recently, Morris19 retrospectively determined the 
proportion of Staphyloccoccus isolates expressing methicil-
lin resistance in dogs and cats. Samples were collected from a 
variety of tissues; the method varied with the clinician; isolates 
were processed at a veterinary teaching hospital according to 
Clinical and Laboratory Standards Institute (CLSI) guide-
lines. Isolates included S. aureus (n = 139; resistant isolates = 
MRSA), S. intermedius (n = 463; MRSI), and S schleiferi (n = 
148; MRSSs vs MRSSc not distinguished). The frequency of 
resistance for each Staphylococcus spp. was as follows: MRSA 
35% (more commonly associated with deep infections), MRSS 
and MRSSc, together, 40% (more commonly associated with 
superficial infections), and MRSI, 17%. The higher percentage 
of resistance in this hospital population probably reflects the 
referral nature of the patients and the likelihood that patients 
had previously received antimicrobials. The frequency of 
MRSA was the same in both dogs and cats, whereas MRSI and 
MRSS were higher in dogs compared with cats. Of the resistant 
isolates, 28% of MRSA, 40% of MRSI, and 33% of MRSS were 
in the skin, and 5% of MRSA, 26% of MRSI, and 47% of MRSS 
were located in the ear. Among the organisms, MRSS remained 
most susceptible to all drugs save the fluoroquinolones, but 
susceptibility to the fluoroquinolones was ≤35% (see Table 
8-3). Although chloramphenicol was the most consistently 
effective drug, its use as the sole agent should be questioned.

A study of healthy cats (n = 50) and cats with ISD (n = 48) 
found that four healthy cats and one ISD cat harbored a 
coagulase-positive MRS.44 In healthy dogs (n = 50), zero of 
six S. aureus isolates were MRSA, whereas one S. intermedius 
(n = 34) isolate was MRSI. In dogs with ISD (n = 48), one of  
six S. aureus isolates were MRSA, whereas 4 of 52 S. interme-
dius isolates were MRSI.45

Note that not all multidrug-resistant Staphylococcus 
organisms are methicillin resistant. Disconcertingly, MRS is 
expanding to include drug classes other than beta-lactams.56 
Fluoroquinolone resistance may be associated with MRSA 
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(ciprofloxacin and levofloxacin) and also has been associated 
with emergent MRSA,57 although it is not clear if the resistant 
isolates emerge once other microbes are inhibited by drugs, 
or if fluoroquinolones facilitate infection by increasing adher-
ence of MRSA at the site of infection. On the other hand, mul-
tidrug resistance not in association with methicillin resistance 
(e.g., to clindamycin, chloramphenicol, doxycycline) also has 
emerged. Finally, resistance to vancomycin occurs with acqui-
sition of the vanA resistance gene, usually from enterococci, 
which also prevents the drug from binding to the target pep-
tidoglycan. Resistance to linezolid also has been documented.

The prudent clinician will take a proactive approach to 
prevent the development of antimicrobial resistance among 
organisms that cause canine pyoderma. Previous antimicro-
bial use should be considered in the selection of an antimi-
crobial without the benefit of culture and susceptibility data. 
Susceptibility data should be considered as a basis for selec-
tion of antimicrobials for patients with a history of recent anti-
microbial use. Persistent infections imply therapy has failed; 
recurrent infections may have previously been successfully 
treated, but underlying disease or other factors that as yet are 
not identified or cannot be corrected, have facilitated return. 
Certainly, previously used drugs that failed should be avoided 
if the infection is considered persistent rather than recurrent, 
with selection best based on susceptibility testing for both. 
Perhaps more so than gram-positive isolates, resistance more 
likely may be encountered in gram-negative organisms associ-
ated with deep pyoderma,34,35 and culture and susceptibility 
data become increasingly important for antimicrobial selec-
tion with these infections. Resistance is more likely to develop 
with long-term therapy (as must occur for deep pyoderma) 
and conditions that are likely to result in subtherapeutic con-
centrations at the site of infection (e.g., beta-lactam antibi-
otics, particularly those with short half-lives compared with 
the dosing interval). Repetitive cultures that yield increasing 
MICs for the same drug may indicate development of resis-
tance, and alternative drugs or combination antimicrobial 
therapy should be considered in such cases.53

Antimicrobial Selection
The number of antimicrobials recommended for initial therapy 
of pyoderma increases with the number of papers published 
regarding therapy. Clinician preferences vary, appropriately 
so, with experience. Although clinicians might not agree on 
their first-choice antimicrobial, there is little disagreement 
regarding the target organism. Initial therapy should be topi-
cal. If a decision is made that systemic drugs are indicated, 
therapy should begin with an orally bioavailable drug effec-
tive against S. intermedius. Ideally, the dosing interval should 
be 12 hours or longer to facilitate owner compliance; as such, 
time-dependent drugs with half-lives of less than 4 hours (e.g., 
amoxicillin, and potentially cephalexin) should be avoided in 
clients unwilling to dose every 8 hours. Subsequent consider-
ations regarding drug selection vary with the severity of the 
disease. The more severe the disease, the greater the care that 
must be taken with antimicrobial selection. Tissue penetration 
should be increasingly predictable as the infection deepens. 

Detection and avoidance of resistance become increasingly 
important as the duration of therapy and the risk of subthera-
peutic drug concentrations at the site of infection increase. 
With few exceptions, adverse effects are not a common cause 
of therapeutic failure and, as such, may not have a major 
impact on antimicrobial selection. Cost often has a major 
impact on selection. Clients may be reminded, however, that 
they might as well spend their money on an appropriate drug 
and dosing regimen rather than on prolonged therapy with an 
inappropriate drug or dosing regimen.

A number of drugs are indicated for initial therapy of pyo-
derma. Among the most frequent first-choice drugs for first 
time infections are beta-lactam antibiotics that tend to be resis-
tant to Staphylococcus beta-lactamases. Cephalexin has been 
the treatment of choice for many clinicians. It and cefadroxil 
were among the earliest studied.58 As time-dependent drugs, 
based on integration of maximum drug concentrations and 
MIC50 or MIC90, high doses and frequent intervals may be 
indicated (Tables 8-6 and 8-7). The approval of cefpodox-
ime, a third-generation cephalosporin, has been a potentially 
important addition to the armamentarium of drug therapy for 
treatment of canine pyoderma. Attributes include an MIC90 
for S.  intermedius of 0.5 μg/mL and plasma drug concentra-
tions that remain above this MIC for longer than 24 hours, 
with a dose of 10 mg/kg (but not 5 mg/kg if the 95th percen-
tile of animals is targeted). The large structure of cefpodox-
ime appears to render it less susceptible to the development 
of resistance due to production of cephalosporinases. Another 
recently approved drug that will facilitate compliance is cefo-
vecin. Based on plasma concentrations of unbound drug or 
interstitial concentrations,59 concentrations will remain above 
the MIC90 of S. intermedius, as reported on the package insert 
for at least 13 (plasma) to 18 days (interstitial fluid); the dura-
tion, however, will be much less if the 95th percentile is used. 
The advantages of this drug mandate its judicious use such 
that emergent methicillin resistance is minimized.

Amoxicillin–clavulanic acid also is chosen as an initial drug 
for treatment of canine pyoderma. Its efficacy is similar to the 
first-generation drugs cephalexin and cefadroxil, although 
cephalexin is probably the most cost effective. Amoxicillin–
clavulanic acid may be less likely than either first-generation 
cephalosporin to induce resistant bacteria at subinhibitory 
concentrations.34,35 However, its short half-life and low Cmax 
at recommended dose compared with the MIC50 or MIC90 for 
S. intermedius mandate an unacceptably short dosing interval 
if the targeted pharmacodynamic indices are to be achieved. 
The interpretive standards for amoxicillin have recently been 
updated by CLSI, causing many isolates previously considered 
susceptible now to be classified as resistant. Alternatively, beta–
lactamase–resistant beta-lactams such as oxacillin and dicloxa-
cillin might be used for initial or long-term therapy, although 
the cost may preclude their selection until initial therapy fails. 
Data regarding the current state of susceptibility of Staphylo-
coccus spp. to these drugs is not available. A disadvantage of 
the beta-lactams is their failure to accumulate in phagocytic 
white blood cells. Further, distribution into tissues character-
ized by marked inflammation and fibrosis may be limited.
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Chloramphenicol may also be an effective first-choice anti-
microbial, although concerns for human exposure and its bac-
teriostatic nature to the drug may preclude its use. Decreased 
use of this drug because of toxicity concerns has probably con-
tributed to its consistent efficacy against Staphylococcus spp., 
including methicillin resistance. If chloramphenicol is chosen, 
care must be taken to use it at appropriate dosing intervals. 
MIC90 data for S. intermedius was not available, but doses can 
be designed around MIC (generally 8 μg/mL in our hospital) 
from the patient’s data when available. Its use as sole agent for 
treatment of methicillin resistance should be avoided if possible 
because of its bacteriostatic nature. In our hospital, it has proven 
largely ineffective for treatment of MRS or multidrug resistant 
organisms. Combination with rifampin might be considered.

For infections that do not respond to initial therapy and 
become increasingly complicated, a drug that targets both 
S. intermedius and gram-negative organisms might be selected. 
Because bactericidal concentrations at the site of infection are 
desirable,37 a drug that is likely to distribute to and through the 
inflammatory site is desirable. The use of beta-lactams should 
be de-emphasized for infections associated with marked 

inflammatory debris or scarring because these drugs do not 
penetrate these barriers well.53

Appropriate drugs should be based on susceptibility test-
ing. Lipid-soluble drugs include the fluoroquinolones and 
potentiated sulfonamides (i.e., trimethoprim– or orme-
toprim–sulfonamide combinations), erythromycin, azithro-
mycin, and lincomycin or clindamycin; of these, only the 
potentiated sulfonamide and fluoroquinolones are classified 
as bactericidal. Each of these classes, except the potentiated 
sulfonamides, also accumulate in phagocytic WBC. Increas-
ingly common reports of immune-mediated diseases such as 
keratitis sicca or impaired thyroid hormone secretion may 
decrease the use of potentiated sulfonamides, particularly at 
high doses and for long-term therapy. An advantage might, 
however, be once- to twice-daily therapy (sulfadimethoxine/
ormetoprim), which has proved effective for some authors.34,35 
A cautious reminder, however: efficacy based on resolution of 
clinical signs does not preclude emerging resistance.

The fluoroquinolones, such as enrofloxacin and marbo-
floxacin, are the drugs of choice for complicated infections. 
They are characterized by rapid bactericidal activity, and their 
spectrum includes both S. intermedius and gram- negative 
organisms.34,35,37 These drugs distribute very well to the skin.60 
Inflammatory debris and fibrous tissue should be traversed 
well with little impact on antimicrobial efficacy.60 Efficacy of 
the fluoroquinolones is maintained despite slow growth of 

Table 8-6  Pharmacokinetic and Pharmacodynamic Indices for Treatment of Canine Staphylococcus 
pseudintermedius*

Time- 
Dependent Source† Dose Cmax MIC50 Half-Life Cmax/MIC50 T> MIC

Interval 
(h)+ MIC90 Cmax/MIC90 T>MIC90

Amoxicillin–  
clavulanic  
acid (1)

59 24 12 4 1.25 3.0 1.878 3.2813 32 0.375 None 

Cefadroxyl 59 30 30 8 1.7 3.8 3.4 5.95 16 1.875 None 
Cefovecin* 59 8 (SC) 4.2 0.5 130 8.4 390 682 1 4.200 390
Cefpodoxime PI, 131 5 8.2 0.5 5 16.4 20 35 256 0.032 None
Cephalexin 59 30 28 16 3 1.8 2 4 512 0.055 None
Doxycycline 5 6 2 8 3.0 32 0.188 None
Concentration‡ Dependent
Ciprofloxacin 131 20 2.8 0.03 NA 93 NA NA 32 0.088 NA
Difloxacin PI, 131 10 2.3 0.25 NA 9.2 NA NA 32 0.072 NA
Enrofloxacin† 131 20 6 0.06 NA 100.0 NA NA 32 0.188 NA
Marbofloxacin PI, 131 5.5 4.2 0.25 NA 16.8 NA NA NA 
Orbifloxacin PI, 131 2.5 2 0.125 NA 16.0 NA NA 32 0.063 NA 

MIC, Minimum inhibitory concentration; TMPS, trimethoprim–sulfonamide; SC, subcutaneous; NA, not applicable; PI, package insert.
Cmax = Peak plasma drug concentration when administered at the cited dose. Data collected from literature or package inserts (also see Table 7-1).
MIC = Refers to either the MIC50 or MIC90 (50th or 90th percentile, respectively) reported for S. intermedius in the cited reference.
Cmax/MIC = Calculated by dividing Cmax by MIC; for concentration-dependent drugs, a ratio of >12 was chosen to minimize resistance.
T>MIC = Calculated by dividing Cmax by MIC; for each doubling, plasma drug concentration is above the MIC (T>MIC) for one half-life.
Interval = Based on avoiding resistance; that is, a T>MIC for 75% of the dosing interval. Calculated by multiplying T>MIC by 1.75. A target interval is reached if considered sufficiently 
convenient to facilitate compliance.
Dose is in mg/kg, half-life is in hours; target Cmax/MIC50 or Cmax/MIC90 (preferred) is ≥10 and for most drugs, T >MIC is 50% of dosing interval.
*Unbound drug
†Reference number
‡With ciprofloxacin
§See Table 7-1

KEY POINT 8-12 A beta-lactam with a longer half-life should 
be selected for treatment of pyoderma; doses may need to 
be increased to adjust for reduced tissue distribution.
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organisms or low oxygen tension.61 All fluoroquinolones that 
have been studied accumulate in white blood cells,40,62–66 thus 
increasing drug at the site of inflammation.67 Fluoroquion-
lones are able to penetrate the lipopolysaccharide covering of 
gram-negative organisms. Their spectrum includes Pseudo-
monas spp., although increasing resistance to this organism 
and to S. aureus is reported. In one study of 383 isolates, the 
MIC for enrofloxacin against S. intermedius from 1995 to 1999 
ranged from 0.063 to 64 mg/mL; the MIC50 and MIC90 were 
0.125 and 0.25 mg/mL, respectively. Two resistant strains were 
found, but only among isolates collected in 1999. However, 
the authors concluded that the emergence of resistant mutants 
following 10 in vitro passages suggests that inappropriate use 
might favor the development of resistant strains in vivo. Like 
enrofloxacin, the MICs of marbofloxacin for S. intermedius 
are low, ranging from 0.125 to 2 μg/mL; MIC50 and MIC90 are 
both 0.25 μg/mL (according to the package insert). The fluoro-
quinolones are concentration-dependent drugs; doses should 
achieve a target Cmax:MIC of greater than 8 to 10. Both enro-
floxacin (with its active metabolite ciprofloxacin) and marbo-
floxacin achieve nearly 2 μg/mL in plasma at 5 mg/kg, yielding 
an inhibitory quotient of about 8. Tissue concentrations are 
likely to be even higher. Following administration of 5 mg/
kg of enrofloxacin daily for 3 days, concentrations reached 1.9 
and 4.2 μg/mL in the biopsied skin of animals with superficial 
and deep pyoderma, respectively, compared with 1.5 μg/mL in 
plasma and normal skin68; ciprofloxacin was not measured in 
either tissue. However, these studies are based on homogenate 
data, and relevancy to clinical response is not clear.

Despite favorable skin distribution of fluoroquinolones, use 
of high doses are recommended when possible. In one study, 
based on Staphylococcus organisms isolated from dogs with 
spontaneous disease (antimicrobial history unknown), a tar-
get Cmax:MIC90 ≥10 might be achievable based on the high-
est dose and the MIC50 for four of five fluoroquinolones used 
clinically in dogs (the exception being difloxacin), with ratios 
greatest for enrofloxacin and ciprofloxacin. However, no drug 
was able to achive the target when using the MIC90 (Table 
8-6).131 However, if the isolate is known to be susceptible to 
fluoroquinolones, the ratio of Cmax: MIC90 can be achieved for 
ciprofloxacin, enrofloxacin, or marbofloxacin using the MIC90 
at the high dose.131 These findings were supported by a study 
that found the MICs of orbifloxacin for S. intermedius isolates 
to be higher compared with enrofloxacin or marbofloxacin. 
In a study of 254 isolates (69 skin and 171 ear), the MICs for 
orbifloxacin ranged from 0.016 to 8 mg/mL; MIC50 and MIC90 
were 0.5 and 1 μg/mL, respectively. Peak concentrations at 2.5 
mg/kg achieve 2 μg/mL, yielding an inhibitory quotient at 2. 
Data are not available for 5 and 7.5 mg/kg. However, extrapo-
lating doses for 7.5 mg/kg from 2.5 mg/kg, a ratio of 6 might 
be anticipated. Orbifloxacin exhibited a concentration-depen-
dent, bactericidal effect against S. aureus reference strain, but 
a time-dependent bactericidal effect against S. intermedius.69 
Tissue concentrations for comparison with MIC data are not 
available for orbafloxacin.

Newer third-generation fluorquinolones may have the 
advantage of potentially being effective toward isolates resistant 

to second-generation drugs. This susceptibility should not be 
assumed but should be based on culture data and doses (using 
known pharmacokinetic data) designed around MIC.

Like the fluoroquinolones, clindamycin and the macro-
lides (including the azalide azithromycin) accumulate in white 
blood cells, distribute well to skin, and target Staphyloccoccus 
spp.; however, neither is characterized by a gram-negative 
spectrum. Although these drugs are bacteriostatic in action, 
bactericidal concentrations may be achieved in some tissues, 
including phagocytic WBC. (see Chapter 7). These may be 
reasonable choices for treatment of canine pyoderma. Note, 
however, that azithromycin will not reach steady-state concen-
trations for 4 to 7 days after therapy is begun; accordingly, a 
loading dose (twice the maintenance dose) should be given the 
first 2 days. In an uncontrolled study of superficial pyoderma 
in dogs (n = 21), clindamycin at 11 mg/kg every 24 hours for 
14 to 42 days (depending on response) yielded a clinical score 
of excellent in 71% of animals within 14 days of initiating ther-
apy. However, the authors noted that clinical response should 
be evaluated at 14 and 28 days because resistance developed. 
Cultures should be considered to detect resistance.70 Azithro-
mycin (10 mg/kg daily) was effective in 90% of dogs with either 
superficial or deep bacterial pyoderma in an uncontrolled clin-
ical trial.71 Interestingly, rifampin as sole therapy may be effec-
tive for treatment of S. pseudintermedius (but not S. aureus), 
although clinical trials supporting this approach are indicated. 
Accumulation in phagocytic cells may facilitate its efficacy.

The use of aminoglycosides for treatment of complicated 
pyoderma should be limited to life-threatening conditions 
associated with sepsis (e.g., cellulitis) or to organisms with 
known (i.e., based on susceptibility data) resistance to enro-
floxacin. The aminoglycosides are generally effective against 
Staphylococcus spp. (particularly gentamicin) and gram- 
negative organisms including Pseudomonas (particularly ami-
kacin). However, aminoglycosides generally should not be 
used as sole agents to treat Staphyloccoccus spp. unless evidence 
supports such use under the intended conditions. Combina-
tion with rifampin should be considered. For gram-negative 
organisms, resistance is less likely to develop against amikacin 
than against gentamicin, particularly for Pseudomonas spp. 
The aminoglycosides do not distribute well through inflamma-
tory debris and fibrous tissue, are not effective against faculta-
tive aerobes (i.e., in the presence of reduced oxygen tension), 
and are not accumulated in white blood cells.40 Therefore care 
must be taken to ensure that an adequate dose is given. Once-
daily administration is encouraged, and combination antimi-
crobial therapy with a beta-lactam effective against the target 
organism should be strongly considered.

As sole therapy, rifampin is generally discouraged in part 
because resistance develops rapidly (indeed, resistance to 
rifampin is used experimentally to detect mutation frequen-
cies). However, in an open, uncontrolled clinical trial in 
dogs (n = 20; all but 2 were superficial pyoderma), 40% were  
S. pseudintermedius positive.71a Treatment with rifampin at 
5 mg/kg once daily for 10 days was clinically successful in 90% 
of dogs; the two dogs that failed therapy had deep pyoderma. 
Recurrence did not occur for at least 1 month in responders.
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Table 8-7  Susceptibility Data for Selected Canine Gram-Positive Pathogens76,131

Drug
Amoxicillin- 
Clavulanic Acid Cefadroxyl Cephalexin Cefovecin Cefpodoxime

MICBP (sus) ≤0.25 (≤8/2:urine) ≤2 ≤2
MICBP (res) ≥1 ≥8 ≥8

Organism (Dose) (mg/kg)/
Cmax (μg/mL)

(13.5)
6

(11)
10.5

(25)
19

(8[SC])
4.2

(10)
16

Coagulase-negative 
Staphylococcus spp.

Mode ≤0.5/0.25 1 1 0.12

MIC50 ≤0.5/0.25 1 1 0.12
MIC90 ≤0.5/0.25 4 4 2
Range ≤0.5/0.25-1/0.5 ≤0.25-8 ≤0.5-16 ≤0.06-8
n 89 89 89 89
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Coagulase-positive 
Staphylococcus spp.

Mode ≤0.5/0.25 1 1 0.25

MIC50 ≤0.5/0.25 1 1 0.25
MIC90 ≤0.5/0.25 2 2 0.5
Range ≤0.5/0.25-16/8 0.5->32 ≤0.5->64 0.12->32
n 24 24 24 24
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Enterococcus spp. Mode 1/0.5 >32 >64 >32
MIC50 1/0.5 >32 >64 >32
MIC90 1/0.5 >32 >64 >32
Range ≤0.5/0.25-32/16 ≤0.25->32 ≤0.5->64 ≤0.06->32
n 45 45 45 45
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Staphylococcus aureus Mode ≤0.5/0.25 2 2 1
MIC50 1/0.5 2 2 1 2
MIC90 4/2 8 8 2 2
Range ≤0.5/0.25-16/8 1->32 1->64 0.5->32 0.12-2
n 36 36 36 36 19
Species D, C D, C D, C D, C D
Source 76 76 76 76
CLSI Y Y Y Y Y

Staphylococcus 
intermedius

Mode ≤0.5/0.25 1 1 0.12

MIC50 ≤0.5/0.25 1 1 0.12 0.12
MIC90 ≤0.5/0.25 2 2 0.25 0.5
Range ≤0.5/0.25-16/8 0.5->32 ≤0.5-64 ≤0.06->32 0.12->32
n 231 231 231 231 118
Species D, C D, C D, C D, C D
Source 76 76 76 76
CLSI Y Y Y Y Y

Streptococcus spp. Mode ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
MIC50 ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
MIC90 ≤0.5/0.25 2 4 0.5
Range ≤0.5/0.25-1/0.5 ≤0.25-8 ≤0.5-16 ≤0.06-0.5
n 27 27 27 27
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Continued
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Designing a Dosing Regimen
Perhaps an often overlooked reason that bacterial pyoderma 
is difficult to resolve in dogs is use of an inappropriate dos-
ing regimen of an otherwise appropriate drug. Although the 
importance of culture and susceptibility testing for chronic, 
recurrent, and deep pyoderma cannot be denied, it is critical 
to realize that in vitro conditions do not and cannot mimic 
the microenvironment of the host. They also do not reflect 
the ability of the drug to reach the site of infection, including 
inside white blood cells, nor do they take into account active 
metabolites. The effects of underlying skin disease including 
changes in the patient’s immune status (local or systemic) also 
cannot be taken into account by the in vitro system. Thus it is 
critical that both the dose and interval of a dosing regimen be 
designed such that drug concentrations are maximized at the 
site of infection.

In general, the dose of an antimicrobial should be as great 
as possible when treating complicated pyoderma to ensure 
effective concentrations at the site of infection. Twice the rec-
ommended dose has been suggested by some authors, and this 
is a reasonable starting point, but it is likely to be insufficient 
for some drugs in some patients, particularly if the drug is time 
dependent and characterized by a short half-life.34,35 Doses up to 

fourfold higher than recommended may be necessary for organ-
isms whose MIC for the drug is close to breakpoint or in the 
presence of factors that will decrease the movement or efficacy 
of antimicrobial at the site of infection. Higher doses are critical 
for concentration-dependent drugs (see Table 8-6). The greater 
the inflammatory response at the site (and particularly fibrosis) 
and the deeper the infection, the more important the need for 
increasing the dose. If necessary, selection of an antimicrobial 
might be made with an emphasis on safety so that doses can 
be increased with minimal risk of side effects. High tissue con-
centrations in relation to the MIC of the infecting organism are 
particularly important to the antimicrobial efficacy of selected 
drugs, most notably the aminoglycosides and the fluoroquino-
lones. For concentration-dependent drugs (aminoglycosides 
and fluoroquinolones), antimicrobial efficacy is enhanced in 
the presence of a high Cmax:MIC ratio in part because of an 
enhanced postantibiotic effect. In addition, both aminoglyco-
side efficacy and safety are facilitated by a moderately long drug-
free period during a dosing interval. Thus for aminoglycosides 
once-daily administration of the total daily recommended dose 
should be considered for pyoderma. With the fluoroquinolones, 
the dose should likewise be modified to maximize plasma (and 
thus tissue) drug concentration; this is particularly important 

Table 8-7  Susceptibility Data for Selected Canine Gram-Positive Pathogens76,131—cont’d

Drug
Amoxicillin- 
Clavulanic Acid Cefadroxyl Cephalexin Cefovecin Cefpodoxime

Streptococcus, 
β-hemolytic

Mode ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06

MIC50 ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
MIC90 ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
Range ≤0.5/0.25 ≤0.25-1 ≤0.5-2 ≤0.06-8
n 22 22 22 22
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Streptococcus canis Mode ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
MIC50 ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
MIC90 ≤0.5/0.25 ≤0.25 ≤0.5 ≤0.06
Range ≤0.5/0.25 ≤0.25-8 ≤0.5-8 ≤0.06-≤0.06
n 66 66 66 66
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Staphylococcus  
intermedius Ciprofloxacin Difloxacin Enrofloxacin Marbofloxacin Orbifloxacin

Mode 0.16 0.5 0.19 0.31 0.87
MIC50 0.125 0.25 0.25 0.25 0.5
MIC90 0.125 2 0.25 1 2
Range
n 19 19 19 16 15
Species D, C D, C D, C D, C D, C
Source 131 131 131 131 131
CLSI Y Y Y Y Y

MIC, Minimum inhibitory concentration; BP, breakpoint as established by CLSI; SC, subcutaneous; D, dog; C, cat; CLSI,: A yes (Y) indicates that data was collected following the 
guidelines of the Clinical and Laboratory Standards Institute; Source = reference.
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for organisms whose MIC approaches the breakpoint for enro-
floxacin (4 μg/mL). Once-daily dosing with enrofloxacin at a 
high dose (15 to 20 mg/kg) is recommended. However, because 
efficacy of fluoroquinolones also is based on area under the 
curve (see Chapter 6), the addition of a second dose may also 
enhance efficacy for complicated pyoderma.

For time-dependent antimicrobials, the interval of drug 
administration must be considered. These include the beta-
lactams and bacteriostatic antimicrobials. For these drugs the 
duration that the drug concentration at the site is above the 
MIC is more important to antimicrobial efficacy. Thus for beta-
lactams, antimicrobial efficacy is likely to be facilitated more by 
a shorter dosing interval than by increasing the dose. For exam-
ple, to improve the efficacy of amoxicillin–clavulanic acid or 
cephalexin, the dose should be increased such that 2 to 4 times 
the MIC is reached and then an 8-hour dosing interval should 
be used in lieu of 12-hour intervals when treating cases at risk 
for development of resistance. Unfortunately, owner compli-
ance is less likely with this regimen and may be a reason for 
considering an alternative class of drugs for treatment of com-
plicated pyodermas. The long half-life of cefpodoxime supports 
its use at 10 mg/kg at 24-hour dosing intervals for many suscep-
tible  organisms. Cefovecin is particularly appealing; it should 
be effective with a single dose, particularly if the underlying 
cause of the disease can be identified and corrected. If healing 
is  critical to resolution of infection (to be differentiated from 
resolution of clinical signs), a second dose may be indicated.

Duration of Therapy
An insufficient duration of therapy is another common cause 
of therapeutic failure in the treatment of pyoderma with an 
otherwise appropriate antimicrobial. However, clinical trials 
are indicated to establish if the issue may also be a less-than-
ideal dose (i.e., a dose that fails to achieve the highest MIC of 
the infecting colony) that would allow a shorter duration. Rec-
ommendations have varied with authors, although the con-
sensus is that the duration of therapy for pyoderma increases 
with the severity of infection.34,35 Historically, therapy has 
extended 7 to 21 days (depending on the severity of infection) 
after surface healing has occurred. However, whether this is 
based on resolution of infection versus resolution of clinical 
signs has not been established. Superficial infections should 
resolve within 3 to 4 weeks of antimicrobial therapy if the 
patient is immunologically normal. Recommendations for 
deep pyoderma or the presence of immune compromise have 
suggested at least 4 to 6 weeks of therapy. Treatment for 12 
weeks or longer is not unusual. Evaluation by the clinician at 7 
days and then at 14-day intervals may be prudent, and recul-
ture might be considered to reconfirm infection and should be 
implemented to detect resistance. Clinical evaluation should 
continue for several more weeks after therapy has been discon-
tinued to ensure resolution.

Several authors have suggested alternative dosing regimens 
for antimicrobials for patients whose disease will not resolve. 
Examples include dosing once daily, every other day, or pulse 
dosing. Pulse dosing involves administration of a drug using 
full dosing regimens either 2 days a week or every other 

week. With the every-other-week approach, if recurrence 
is prevented, the duration of the “off ” week can be gradu-
ally increased. Intervals of greater than 3 weeks are, however, 
likely to result in recrudescence.34,35 Conceivably, the risk of 
resistance should be increased if infecting microorganisms are 
exposed to intermittent concentrations of drugs. Clinically, 
however, this does not appear to happen, although clinical 
trials that focus on emerging resistance (rather than resolu-
tion of infection) are lacking. It is possible that the impact of 
prolonged antimicrobial therapy on normal skin microflora 
might be minimized by pulse dosing, particularly if dosing 
occurs at levels high enough to target those colony-forming 
units (CFUs) with the highest MIC whose survival otherwise 
would facilitate emergence of a resistant population. If pulse 
dosing is to be implemented, a drug with a narrow spectrum 
(i.e., oxacillin, clindamycin, erythromycin) should be used to 
minimally affect the normal flora; further, high doses should 
be used to ensure efficacy against targeted organisms. Com-
pliance may be an issue with pulse dosing, and care must be 
taken to ensure that drug therapy is maintained. Pulse dosing 
with cephalexin on the weekend (15 mg/kg every 12 hours) 
decreased the number of relapses compared with placebo 
(n  = 13) after 1 year of therapy for prevention of relapse of 
idiopathic superficial or deep pyodermas in dogs (n = 28). 
The time to relapse also was greater in the treatment group 
(6.6 months) compared with the placebo group (2.5 months). 
Dogs were assigned to either group after clinical resolution 
was acheived following cephalexin at 15 mg/kg twice daily 
until 2 weeks beyond clinical cure. Dogs did not receive other 
systemic antibacterial drugs or any antiinflammatory.

Other Clinical Trials
Efficacy for treatment of pyoderma exists for both enrofloxa-
cin72,73 and marbofloxacin.74 In an open (uncontrolled) study 
of dogs with superficial pyoderma (n = 66) caused predomi-
nantly by S. intermedius, marbofloxacin was effective in 86% 
and improved in another 8% after 21 to 28 days of therapy.74 In 
another study 81% of dogs with recurrent superficial or deep 
pyoderma (n = 228) associated primarily with S. intermedius 
receiving marbofloxacin (2 mg/kg) for 3 to 16 weeks were clas-
sified as having responded at 1 week after cessation of therapy; 
at 1 month 70% of the dogs were still classified as responders, 
whereas 11% were classified as having relapsed.75

The efficacy of azithromycin for treatment of canine pyo-
derma (n = 26; 8 superficial and 18 deep) was studied prospec-
tively using open uncontrolled design and was reported as an 
abstract.71 Underlying disease was accepted and diagnosis was 
based on cytologic examination. The duration of azithromycin 
(10 mg/kg qd) varied with the deepness of the lesions rang-
ing from 5 to 10 days. Eighty-eight percent of dogs recovered, 
with dogs that had superficial lesions requiring 5 to 7 days and 
dogs that had deep lesions requiring 7 to 10 days. Side effects 
occurred in only 24% of dogs, these included intense saliva-
tion, anorexia, and vomiting. One dog required antiemetic 
therapy (metaclopramide).

Stegemann and others76 reported the efficacy of cefovecin 
for treatment of canine pyoderma and skin wounds. Dogs  
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(n = 354) were from the United Kingdom and were evalu-
ated in three studies, each using a randomized parallel design 
such that dogs received either amoxicillin–clavulanic acid  
(12.5 mg/kg bid for 2 weeks; n = 112) as positive control or cef-
ovecin (8 mg/kg, administered subcutaneously; n = 242). The 
blinding method varied for each study, with a double-dummy 
design (each dog received placebo) implemented in one of the 
studies (Study B). Exclusion criteria included antimicrobial 
use within the past 14 days, short-acting glucocorticoids in the 
previous 10 days, or long-acting corticosteroids for 30  days. 
Up to 0.5 mg/kg/day of methylprednisolone or prednisone 
was allowed to control intense pruritis. Concurrent otitis 
was treated topically. Parasitic and fungal diseases were ruled 
out, and bacteria were confirmed by culture (sampling tech-
nique not delineated). Animals were evaluated 28 days after 
the final treatment. The most common organism cultured was  
S. intermedius (data are included in Table 8-7) (n = 223), with 
the MIC50 and MIC90 being 0.12 and 0.25 μg/mL, respectively. 
The next most common isolate was E. coli (MIC50 and MIC90 of 
0.1 and 1 μg/mL, respectively). The number of treatments did 
not differ between groups and depended on clinical response, 
with nearly 50% of animals with superficial pyoderma in both 
groups responding after a single 14-day course of therapy; 
for animals with deep pyoderma, the numbers approximated 
30% for both groups. For animals with deep pyoderma, 89% 
of animals enrolled in two of the studies had responded by the 
end of the third course of treatment (42) days, which is con-
sistent with the recommendation to treat deep pyoderma for 4 
to 6 weeks. Cefovecin was considered numerically more effec-
tive in treatment of superficial pyoderma. Criteria for success 
varied with the study and ranged from total absence of clinical 
signs to mild clinical signs. The study targeted a “noninferior-
ity” classification of cefovecin, demonstrating that it was not 
worse than the positive control. Clinical success with cefo-
vecin averaged 97% (study A & C) and 87% (study B) for all 
indications, compared with 92.5% and 80%, respectively, for 
amoxicillin–clavulanic acid. For cefovecin the lowest propor-
tion of responders was for deep pyoderma (n = 13), at 77% for 
the double-dummy study versus 96% for the other two studies; 
only one animal with deep pyoderma was treated with amox-
icillin–clavulanic acid. The incidence of side effects was simi-
lar in both groups, except for vomiting, which occurred more 
commonly in the group receiving amoxicillin–clavulanic acid.

The efficacy of pradofloxacin (n = 56, 3 mg/kg by mouth qd) 
was compared with that of amoxicillin–clavulanic acid (posi-
tive control; n = 51, 12.5 mg/kg by mouth bid) for the treat-
ment of deep pyoderma in dogs (n = 56) using a multicenter, 
randomized blinded controlled clinical trial.77 Treatment con-
tinued until 2 weeks past remission, for a maxium treatment 
period of 9 weeks; final assessment took place 2 weeks later. 
Exclusion criteria included antiinfective or antiinflammtory 

drugs in the previous 14 days. Inclusion criteria required a 
positive culture (swabs; two attempts made before exclusion); 
positive cultures were found in only 71% (n = 92) of the 130 
dogs studied. Bacteria isolated were predominantly Staphy-
lococcus spp. (n = 115), with other organisms including but 
not limited to Enterococcous spp. (n = 5), Pseudomonas spp. 
(2), and E. coli (2). For the pradofloxacin group, 86% achieved 
clinical remission and recurrence did not occur during the  
2 week posttreatment period. For the amoxicillin–clavulanic 
acid group, 73% (n = 37) achieved clinical remission; for the 
remaining dogs, 3 improved, 5 did not respond, and 6 had 
recurrence of clinical signs within 2 weeks of remission.

Topical Therapy
Topical antimicrobial therapy may be the only method of anti-
microbial administration needed to treat selected surface and 
superficial pyodermas. Antiseptic bathing (e.g., benzoyl perox-
ide, chlorhexidine, ethyl lactate, iodine, or triclosan) should be 
considered as initial sole therapy in uncomplicated pyodermas. 
Topical antimicrobials also might be considered, particularly for 
localized infections. Mupirocin might be considered for treat-
ment of localized dermatologic problems, including interdigital 
abcesses, pressure point pyodermas, and secondary pyodermas 
associated with lick dermatitis. Early use of mupirocin, in par-
ticular, may be beneficial in limiting the recurrence of pyoder-
mas. The efficacy of mupirocin 2% ointment (bid for 3 weeks) 
was reported as good to excellent in an open, uncontrolled 
design for treatment of chin acne in cats (n = 25). Therapy had 
to be discontinued in one cat because of a contact allergy.78

Topical antimicrobial therapy should also be considered 
an adjuvant for superficial and deep pyodermas. Shampoos 
remove debris that might impede drug movement or affect 
drug efficacy. In addition, the combined effect of a topical and 
systemic antimicrobial may result in additive or synergistic 
antibacterial effects in the patient with pyoderma. Although 
irritating with long-term use, products that contain benzoyl 
peroxide tend to be the most efficacious in controlling bacte-
rial growth and removing accumulated debris on the skin.79 
Products containing chlorhexidine, sulfur, triclosan, and ethyl 
lactate are also acceptable. Shampoos should be used twice 
weekly.34,35

A human clinical trial examined the effect of terbinafine 
cream (1%) compared with gentamicin (0.1%) using a con-
tralateral design in patients with pyoderma associated with  
S. aureus.80 After treatment, S. aureus could not be isolated in 
any patient treated with gentamicin and in only three patients 
treated with terbinafine; a negative control was not reported. 
Both groups markedly improved during the treatment period 
and treatments did not differ significantly. The authors con-
cluded that terbinafine might be beneficial for treatment 
of S. aureus, particularly that associated with fungal infec-
tions. Checkerboard MIC studies have demonstrated that the 

KEY POINT 8-13 The long half-life of cefovecin will facilitate 
appropriate dosing. However, the impact of persistent drug 
concentrations must be monitored, and indiscriminate use 
of this potentially important drug must be avoided.

KEY POINT 8-14 The combined effect of a topical and 
systemic antimicrobial may result in additive or synergistic 
antibacterial effects in the patient with pyoderma.
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combined effect of benzoyl peroxide and terbinafine is greater 
than that of either drug alone against Candida spp., S. aureus, 
and Pseudomonas spp., resulting in additive or synergistic 
effects against all three isolates.81

Adjuvant Therapy
The importance of adjuvant therapy should not be overlooked 
in the treatment of pyoderma.34,35 Adjuvant therapy may tar-
get the underlying skin disease or support antimicrobial ther-
apy. Antihistamines (see Chapter 29) and 3-omega fatty acids 
should be considered when appropriate in conjunction with 
antimicrobial therapy to control the inflammatory response 
associated with infection or the underlying disease. Antimicro-
bial efficacy will be complicated by coadministration of drugs 
that alter the immune response. Most notably, glucocorticoids 
should not be used in patients with pyoderma. Although these 
drugs effectively ameliorate the inflammatory response and 
are useful in cases of pruritus leading to self-trauma, they 
also may facilitate the spread of bacterial infection.34,35 Other 
adjuvant therapies to consider include immunomodulatory 
therapy and topical antimicrobial therapy. Although immu-
nomodulatory therapy (levamisole and cimetidine) may prove 
beneficial, there is often a bimodal effect with these drugs: if 
the proper dose is not given, immunosuppression rather than 
enhancement of the immune system may occur.34,35

Adjvant therapy may include immunomodulators. In a pilot 
study human recombinant interferon alpha-2b (1000 IU/day 
by mouth) was only minimally effective compared with pla-
cebo in dogs with idiopathic recurrent superficial pyoderma.82 
Analgesic therapy also should be considered, particularly in 
animals that are experiencing pain. To prevent immunosup-
pression, nonsteroidal antiinflammatories should be con-
sidered. Indeed, meloxicam proved better than a placebo in 
control of pain associated with pyotraumatic dermatitis or 
folliculitis.83 Tepoxalin might be worthwhile because it targets 
both prostaglandins and leukotrienes, the latter implicated in 
perpetuation of chronic inflammatory allergic diseases such 
as atopy (see Chapter 31). It is reasonable to consider the use 
of nonsteroidals, and tepoxalin in particular for treatment of 
pruritis associated with pyoderma. In a report from the Czech 
Republic, dogs (n = 18) with recurrent pyoderma received 
either cephalexin or cephalexin and an immunomodulator 
(characterized by natural killer cell activity, lymphocyte pro-
liferation, and enhanced macrophage activity). The study did 
not appear to be randomized or blinded; further, dogs had 
previously received glucocorticoids. The authors reported that 
dogs receiving the immunomodulator had a better cure rate 
and a shorter time to cure.84

Juvenile Cellulitis (Puppy Strangles)
Juvenile cellulitis is probably more appropriately addressed as 
an immune-mediated disease, but its potential microbial-based 
pathophysiology as well as its presentation warrant inclusion 
under bacterial infections. Juvenile cellulitis is an unusual but 
often painful nonpruritic inflammatory condition afflicting 
puppies generally from 4 weeks to 4 months of age.85,86 Clini-
cal signs of inflammation generally involve the face or head. 

Its presentation may begin as a mild inflammation (e.g., red-
ness and edema at tips of ears) but may rapidly become severe. 
Lymphadenopathly of nodes draining the inflamed areas (e.g., 
submandibular) has led to the misnomer “puppy strangles”; 
prescapular and other lymph nodes may become involved. 
Lesions range from (granulomatous) inflammation to pus-
tules, ulcers, or erosions; fistulae may develop. Pustular oti-
tis externa may be present. Less commonly, other areas of the 
body may be involved, including the abdomen, thorax, feet, 
vulva, prepuce, or anus. The extent of lesions may result in sys-
temic illness; leukocytosis caused by neutrophilia and anemia 
typical of chronic disease may be present. Occasionally, other 
body systems will be involved (e.g., sterile suppurative arthri-
tis)87. Cytologic examination reveals sterile pyogranulomatous 
inflammation; cultures generally are negative. Histopathology 
generally reveals granulomas and pyogranulomas consisting 
of clusters of large epithelioid macrophages. The cause of juve-
nile cellulitis is unknown, but the syndrome responds well to 
immunosuppressive doses (prednisolone at 2 mg/kg/day for 
up to 3 weeks), indicating a potential immune dysfunction. 
Hypersensitivity to (previously eradicated) microorganisms 
has been proposed. Therapy should be early and aggressive 
to prevent scarring. Antimicrobials are indicated only if sup-
ported by diagnostics. Although an etiologic agent has not been 
identified, a streptococcal-based reaction is suspected. Ideally, 
a lipid-soluble drug effective against Streptococcus spp. would 
be indicated to penetrate inflamed tissues. Fluoroquinolones 
are not recommended, not only because of questionable effi-
cacy toward Streptococcus spp. but also because of age-related 
effects on cartilage as well as the potential induction of bacte-
riophage toxolysins carried by Streptococcus spp. (see Chapter 
7). Assuming that there is a need for antimicrobial therapy 
targeting Streptococcus spp. high doses and frequent intervals 
of penicillin beta-lactams (amoxicillin–clavulinic acid) are 
indicated. Supportive therapy (e.g., cleaning of wounds, use of 
astringents) are indicated as needed. Analgesic therapy should 
be considered.

Wounds
The use of systemic antimicrobials for treatment of wounds 
is controversial, particularly in human medicine, for which 
diabetic and decubitus ulcers present a profound problem. 
Although the pathophysiology of these wounds may differ 
from that of the most common wounds treated in veterinary 
medicine, the principal approach should be similar. Disrup-
tion of skin or other tissue exposes the wound to infection, 
dehydration associated with fluid loss occurs, immunity is 
compromised, and scarring occurs. In contrast to the non-
infected surgical wound that heals by primary intention, all 
open skin wounds, including those healing by secondary 
intention,88 will be colonized with microbial organisms. This 
does not, however, indicate infection or the need for antimi-
crobial therapy. Host factors largely will determine if growth 
of the microbial population will be limited to colonization, 
with healing proceeding normally. Chronic wounds in partic-
ular are predisposed to infection because extensive synthesis 
of new, primarily granulation, tissue must occur. Scar tissue, 
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which contains no epidermal appendages, is more exten-
sive. As such, multiple aspects of the skin immune system 
are absent. Chronic wounds are further complicated by the 
presence of fibronectin, an adhesive glycoprotein that, while 
intended to serve as a matrix adhesive, also binds bacteria. 
Neutrophil and macrophage influx is critical to keeping bac-
teria in check.

Colonizing microbes generally do not penetrate to deeper 
tissues, whereas infecting microbes will; accordingly, swabs 
are undesirable culture methods. Whether colonization pro-
gresses to infection depends on the number of organisms 
per gram of tissue (thus tissue samples rather than swabs are 
critically important to proper culture) and the ability of the 
patient to mount an effective immune reponse. Infection gen-
erally requires greater than 100,000 CFU/g tissues in a wound. 
An exception occurs for beta–hemolytic Streptococcus, which 
is particularly virulent in humans. Successful wound healing 
depends on an organism load below 100,000 CFU/gm. Stud-
ies generally demonstrate that in contrast to acute wounds, 
systemically administered drugs generally do not reach 
deeper tissues where infection occurs. This reflects not only 
the changes associated with healing but also the formation of 
biofilm (see Chapter 6). The impact of biofilm on healing of 
chronic wounds can be profound. Infections involving biofilm 
are resistant to host immune responses and more resistant to 
antimicrobials and topical antibacterials. The moist environ-
ment generally associated with chronic wounds facilitates bio-
film, as does fibroinnectin.

In human medicine the consensus is that wound care should 
be optimal. Wound care should prevent microbial growth, 
which will inevitably occur on the surface of the wound, 
from progressing from colonization to infection. Accordingly, 
cleansing, débridement, nutritional support, and actions that 
enhance oxygenation, including increased perfusion, are para-
mount to success. A variety of wound-assessment tools have 
been developed in human medicine.88 Wound care should 
be thoroughly reviewed before implementing systemic anti-
microbial therapy. Topical antimicrobials are considered the 
key to successful management of wounds and are indicated if 
there is a risk that colonization will progress to infection. In 
humans wound contamination is treated simply with irriga-
tion and cleansing with sterile water or saline. Likewise, wound 
colonization is treated with irrigation and cleansing of wounds, 
removal of necrotic tissue and foreign bodies, and nanocrystal-
line silver dressings. Critical colonization may require systemic 

antimicrobials but should be accompanied by medicated ban-
dages and the topical application of slow-release antimicrobials 
(e.g., topical silver and cadexomer iodines). Wound infection is 
an indication that systemic antimicrobials should be added to 
topical therapy. Both systemic and topical medications are par-
ticularly critical in the face of poor wound perfusion.

The most common topical antimcirobials used for wound 
management in humans are mupirocin, neomycin, bacitracin, 
polymyxin, erythromyicn, gentamicin, and silver sulfadiazine. 
Other topical antimicrobials to consider include fusidic acid 
and metronidazole. Their use for wound management was 
reviewed by Spann et al.89 In addition to these traditional 
drugs, newer antimicrobials are under development. These 
include protegrin-1, an antimicrobial peptide that occurs 
naturally in a number of mammalian tissues, including neu-
trophils. These are particularly effective against gram-positive 
organism, including MRSA and vancomycin-resistant Entero-
coccus spp. Other topically applied antimicrobials are under 
investigation (see Box 8-1).

The use of antiseptics on wounds is controversial, in 
part because of their impact on wound healing. This impact 
appears to be concentration dependent.90 Topical antisep-
tics include sodium chloride, (preferred) chlorhexidine, and 
povidone–iodine. The Food and Drug Administration has 
approved povidone–iodine for short-term treatment of super-
ficial and acute wounds, indicating that its impact on wound 
healing is neither positive nor negative. A potential reason 
for using antiseptics, rather than antimicrobials, on wounds, 
is to prevent antimicrobial resistance. However, care should 
be taken not to use antiseptics and disinfectants indiscrimi-
nately. Resistance has developed toward most antiseptics or 
disinfectants for many microbes, with the mechanisms similar 
to those for which antimicrobial resistance has emerged. For 
example, a number of organisms, including Pseudomonas spp., 
have become resistant to quarternary ammonium compounds, 
Klebsiella and E. coli have expressed resistance to chlorine, and 
peroxides are among the compounds toward which the most 
resistance has emerged.91

Occlusive or vapor-permeable dressings may reduce the 
risk of bacterial contamination. Note that for all levels of 
infection, appropriate cleansing, including débridement, is 
key to the success of antimicrobial therapy, whether topical or 
systemic.

Dog or cat bite wounds may be deep, penetrating wounds. 
As such, the risk for infection may be greater compared with 

KEY POINT 8-16 The impact of biofilm on healing of chronic 
wounds can be profound, leading to resistance to host 
immune responses and resistance to both systemic and 
topical antimicrobials.

KEY POINT 8-17 Topical antimicrobials are considered the 
key to the successful management of wounds and are 
indicated if there is a risk that colonization will progress to 
infection.

KEY POINT 8-18 Resistance that has developed toward most 
antiseptics or disinfectants by many microbes occurs by 
way of mechanisms similar to those that result in antimicro-
bial drug resistance.

KEY POINT 8-15 All open skin wounds, including those heal-
ing by secondary intention,will be colonized with microbial 
organisms. This does not, however, indicate infection or the 
need for antimicrobial therapy.
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more superficial skin wounds. However, particularly with cat 
bite wounds that are open and in which the risk of cellulitis is 
minimal, antimicrobial therapy may not be indicated (Figure 
8-4). Hot-packing is an important component of therapy.

The microbiology of canine bite wounds was recently 
reviewed prospectively.92 Wounds were clipped and cleansed 
with 70% alcohol. Culture samples were collected before cyto-
logic samples, using swabs, which may limit accuracy and pre-
clude colony counts. Swabs were inserted deep within puncture 
wounds or deep pockets. Both aerobic and anaerobic cultures 
were collected from dogs (n = 50) in which wounds were 
inflicted within the previous 72 hours. A total of 104 wounds 
were studied, with 21 assessed cytologically as infected and 83 
noninfected. However, based on growth, 75% were positive. 
Sixty-six of the 83 noninfected (cytologically) wounds yielded 
positive growth, for a total of 213 isolates. Aerobic isolates were 
equally represented by gram-negative and gram-positive organ-
isms (see Table 8-1). Anaerobic organisms were cultured in 17 of 
50 wounds; 17 yielded anaerobic organisms. The most common 
anaerobic organisms (obligate) were Prevotella melaninogenica 
(59%) followed by Clostridium and Peptostreptococcus spp.

Cat bite wounds have also been studied (Australia).93 
P. multocida historically is recognized to be a causative agent 
on the basis of wounds in humans. However, as in the dog, 
a range of aerobic and anaerobic organisms are associated 
with feline bite wounds. In humans the sequelae of cat bites 

result in infection with a variety of aerobes, including Staphy-
lococcus spp., Streptococcus spp., including alpha-hemolytic; 
Moraxella spp., Enterobacteriaceae spp., Weeksella zoohelcum; 
and Capnocytophaga. Anaerobic organisms include a num-
ber of Fusobacterium spp., Bacteroides spp., Porphyromonas 
spp., Prevotella spp., Peptostreptococcus spp., and Propiono-
bacterium spp. Bite wounds as they develop in cats include 
Pasteurella spp. (the most common facultative anaerobe), 
Bacteroides spp. (including Prevotella, Porphyromonas; 29%), 
Fusobacterium spp. (19%), Peptostreptococcus spp. (13%), and 
Actinomyces spp. Closed abscesses in cats contain an average of 
three isolates, although as many as eight have been identified. 
Isolates have been confirmed to be of oral origin. Accordingly, 
the role of Porphyromonas, and particularly Porphyromonas 
gingivalis, is increasingly recognized for its importance.

Miscellaneous Infections
Dapsone is an antimicrobial that inhibits para-aminobenzoic 
acid metabolism to folic acid. Selected mycobacterial strains, 
most notably Mycobacteria leprae or Mycobacteria lepraem-
urium, are exquisitively sensitive to its effects. In addition, the 
drug appears to be capable of some form of immunomodula-
tion and may prove beneficial in deep skin infections associ-
ated with a pyogranulomatous response for which no organism 
has been identified. Because of difficulty associated with iden-
tifying infectious organisms such as Nocardia spp. and atypical 
mycobacterial organisms, however, use of dapsone should be 
reserved until a susceptible organism has been identified or 
other causes of inflammatory skin disease have been ruled out. 
The drug has not been studied in animals, and in humans, it 
is characterized by marked differences in disposition. Hemo-
lytic episodes have been reported in humans; however, gener-
ally these individuals are suffering from metabolic defects of 
red blood cells. Dapsone also is used to treat bites caused by 
brown recluse spiders in humans. When Dapsone is adminis-
tered within 48 hours of the bite, tissue necrosis is markedly 
decreased and wound healing is subsequently faster.

INFECTIONS OF THE 
MUSCULOSKELETAL SYSTEM

Osteomyelitis
Because bacterial myositis is rare unless it accompanies infec-
tion of the surrounding soft tissues, this discussion is limited 
to bacterial infections affecting the skeletal structures.

Pathophysiology
Similar to models described in humans,94 infections of the 
bone occur by a hematogenous route, secondary to a contigu-
ous focus or direct inoculation through surgery or trauma.95 
The metaphyses of long bones are the most common sites of 
hematogenous infection.94 Blood flow becomes slow and tur-
bulent in this region, and capillaries lack phagocytic cells. 
Acute infection causes local cellulitis resulting in leukocyte 
accumulation, increased bone pressure, decreased pH, and 
reduced oxygen tension. Contiguous infections generally 
result from direct inoculation of the bone because of trauma, 

Figure 8-4 Feline abscesses are an example of an infection 
that may not require treatment with antimicrobials, particularly 
if the abscess is open and draining well. Treatment is indi-
cated if associated with a risk of cellulitis.
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extension from surrounding soft tissues, or contamination 
associated with surgery. Vertebral osteomyelitis most com-
monly reflects a hematogenous source of infection, usually 
from an artery. Because each artery supplies two adjacent ver-
tebrae, the infection usually involves two vertebrae. Secondary 
osteomyelitis is further classified on the basis of the presence 
or absence of vascular insufficiency.

Both hematogenous and secondary osteomyelitis can be 
classified as acute or chronic. Acute osteomyelitis is a suppu-
rative infection accompanied by edema, vascular congestion, 
and small vessel thrombosis. Vascular supply to the site of 
infection becomes compromised as the infection extends into 
the soft tissue. Both medullary and periosteal blood supplies 
can become compromised, resulting in necrotic, ischemic, 
and ultimately dead bone forming a sequestrum. Bacteria 
located in this tissue become isolated, with acute osteomyeli-
tis progressing to chronic osteomyelitis. Chronic osteomyeli-
tis is characterized by local bone loss, a nidus of infected dead 
bone or scar tissue, an area of ischemic soft tissue, persistent 
drainage, and sinus tracts. The clinical course can be refrac-
tory. The risk of infection continues even in apparently cured 
osteomyelitis because of this nidus of infection. Indeed, the 
term arrested is often used instead of the term cured when 
referring to successful therapy in human patients. The pres-
ence of foreign bodies facilitates sustained infection through 
formation of biofilm (see Chapter 6), promotion of virulence 
factors (e.g., adherence receptors), and their negative impact 
on local immune function.95 Successful treatment of osteo-
myelitis is less likely in the presence of necrotic surround-
ing soft tissue, foreign bodies, bone instability, nonunion, 
or septic joints. Consequently, surgical removal of the nidus 
of infection and foreign bodies often must accompany anti-
microbial therapy.

In addition to the classes of osteomyelitis based on route 
of infection, a more clinically relevant classification system 
(Ciemy–Mader) developed in humans94 yields 12 distinct 
stages based on patient status, anatomic considerations, cause 
of infection, treatment factors, and prognosis. The advantages 
of this approach is that stages delineate factors that complicate 
therapy. Four stages are described on the basis of anatomic 
considerations, with each stage characterized by additional 
complications.

Stage 1 (medullary) occurs early; the primary site of infec-
tion is endosteal or may include infected intramedullary 
pins. Therapy may simply include antimicrobials but may 
also include surgical débridement or removal of the surgi-
cal foreign body. Stage 2 (superficial) osteomyelitis occurs as 
a result of extension of infection from soft tissue. As such, a 
secondary contiguous focus exists; this focus requires surgical 
débridement in conjunction with antimicrobial therapy. Stage 
3 (localized) osteomyelitis is characterized by full- thickness 
infection of the cortices with sequestration that requires 

surgical removal. Stage 4 (diffuse) osteomyelitis involves the 
full diameter of the infected bone and may cross a joint. Bone 
instability occurs as a result of either infection or surgical 
treatment. Therapy includes débridement, management of 
dead space, and stabilization. Each of these four stages can be 
further categorized on the basis of the status of the host: A 
(normal), B (local or systemic compromise), or C (treatment 
of the infection is more life threatening than the osteomyeli-
tis). Local compromise includes chronic lymphedema, venous 
stasis, compromise of major vessels, arteritis, and extensive 
scarring fibrosis. Systemic compromise includes malnutri-
tion, evidence of metabolic disease (e.g., renal or liver disease, 
diabetes mellitus), malignancy, age extremes, or immunosup-
pression. These stages are dynamic, being affected by therapy, 
progression of disease, and host status.

Microbial Targets
Hematogenous osteomyelitis is usually caused by a single 
pathogenic organism, with Staphylococcus spp. (50% to 70%) 
predominating and S. intermedius most common. Vertebral 
osteomyleitis also is most commonly caused by Staphylococcus 
spp. Common sites of infection in humans that lead to verte-
bral osteomyelitis are the genitourinary tract, skin and soft tis-
sue, respiratory tract, mouth, endocardium, and intravenous 
lines.94 Multiple pathogenic organisms are usually involved 
with contiguous infections, and as in hematogenous infec-
tions, Staphylococcus spp. is one of the most common organ-
isms isolated. Gram-negative and anaerobic organisms are 
also commonly involved.94 The most common gram-negative 
are E.  coli, Klebsiella, Pasteurella, Serratia, and Proteus spp. 
The most common anaerobes are Bacteroides, Fusobacterium, 
(including F.  necrophorum), Clostridium spp., and others. 
The risks of therapeutic failure associated with osteomyelitis 
outweigh the risks associated with culture and susceptibil-
ity testing; accordingly, drug selection and the design of the 
dosing regimen should be culture based. Care must be taken 
with sample collection to ensure that proper techniques are 
followed.

Antimicrobial Therapy
Clinical trials have provided only limited direction in the 
successful treatment of osteomyelitis, being handicapped by 
variations in duration (acute versus chronic), organisms stud-
ied, the model of osteomyelitis used, mode of infection (in 
nonspontaneous models), presence of foreign material, previ-
ous surgical procedures, and previous antimicrobial therapy. 
Among the critical host factors of concern when treating 
osteomyelitis is drug distribution to the site. Distribution 
may be limited because of changes in blood flow, presence of 
inflammation, and poor local immunity. Note that some drugs 
distribute to the bone only to bind to calcium or other cations 
(e.g., tetracyclines, potentially fluoroquinolones) (Table 8-8). 
As with other sites of infection, drug penetration in osteo-
myelitis is determined by the molecular weight and the lipid 
solubility of the drug. Protein-bound drugs do not distribute 
to the site of infection. The mechanisms of capillary transport 
in osteomyelitic bone are similar to those in normal bone, 

KEY POINT 8-19 Successful treatment of osteomyelitis is less 
likely in the presence of necrotic soft tissue, foreign bodies, 
bone instability, nonunion, or septic joints.
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although permeability ratios to the site of the drugs differ. 
A blood-bone barrier does not appear to exist. However, the 
impact of the intramedullary infection on blood distribution 
may limit drug delivery. The impact of biofilm on successful 
therapy also may be profound, particularly in the presence of 
foreign bodies.

Determining the extent of drug distribution to potential 
sites of infection in bone is difficult. Distribution studies often 
are based on cannulation of nutrient artery and the ipsilateral 
femoral vein. Detection of drug in bone is limited by recovery 
of the drug, which tends to be low because tissue is lost dur-
ing the extraction procedure. Volume of distribution studies 
generally have shown that concentrations of biologically active 
drug in the interstitial fluid space of normal cortical bone are 
equivalent to that in the serum, regardless of the lipophilicity 
of the drug. The characteristics of cefazolin have resulted in its 
use for surgical prophylaxis in patients undergoing orthopedic 
surgical procedures.96 Cefazolin readily traverses capillaries of 
both normal and osteomyelitic bone, and the pathophysiology 
of osteomyelitis enhances penetration. Although the volume 
of spaces (plasma and interstitial) increases in osteomyelitis 
by 330% and 941%, respectively, the distribution of cefazolin 
increases proportionately. Cefazolin is not as highly protein 
bound in dogs as it is in humans (35% versus 80%); accord-
ingly, effective concentrations of pharmacologically active drug 
should be expected in normal bone tissues of dogs.96 However, 
other drugs appear to penetrate infected bone better than 
cefazolin. The prophylactic use of antimicrobials increasingly 
is not considered necessary (see Chapter 6). Although the long 
half-life of cefovecin might support its indication for treat-
ment of osteomylitis caused by susceptible bacteria, it is not 
indicated for prophylaxis. Not only will maximum concentra-
tions take up to 8 to 24 hours to achieve (with efficacy depend-
ing on the MIC90 of the target microbe), but therapy cannot 

be discontinued after surgery (the elimination half-life causes 
drug to persist for 1 to 2 weeks), as is indicated for prophylaxis.

In experimental rabbit models of osteomyelitis caused by 
S. aureus, drugs characterized by the best bone-to-serum ratio 
were, in order, clindamycin, vancomycin, moxalactam (a beta-
lactam antibiotic), tobramycin, cefazolin, and cephalothin (see 
Table 8-8).94

Because of the potential difficulty in achieving high con-
centrations at the osteomyelitic site, a number of methods of 
local drug delivery might be considered, particularly for infec-
tions associated with multidrug-resistant organisms. Advan-
tages include high local concentrations for a longer period of 
time and avoidance of systemic exposure to antimicrobials 
that might otherwise be toxic. Among those methods most 
considered are antimicrobial-impregnated beads. Two forms 
of beads have been used. Beads made of polymethyl methac-
rylate (PMMA) are nonbiodegradable; their use in horses has 
been reviewed, and much of the information is applicable to 
dogs and cats.97 A number of commercially available PMMA 
cements are available; additionally, compounding pharmacies 
are beginning to offer antimicrobial-impregnated beads. Mix-
ing drug in PMMA results in an exothermic reaction, causing 
tissue damage and the potential release of toxins; bone-healing 
and phagocytic function may be impaired. Antimicrobials are 
added in powder form but must be heat stable. More recently, 
calcium-based (e.g., sulfate, plaster of paris) antimicrobial-
impregnated beads have been studied. In contrast to the 
PMMA, these beads are biodegradable and their formation 
is not exothermic. However, beads should be sterilized using 
non–heat-based methods. The advantages of calcium sulfate 
includes osteoconductivity, potentially facilitating bone heal-
ing; the biodegradable nature often precludes the need for 
retrieval surgery. Even more recently, biodegradable matrices 
are being studied.

Table 8-8  Concentrations of Selected Antimicrobials in Bone Experimentally Infected with 
Staphylococcus aureus

CONCENTRATIONS (μg/m)

Drug Dose Serum Bone
Bone to  
Serum Ratio Breakpoint MIC

Beta-lactams
Nafcillin 40 mg/kg 21.9 2.1 0.095 ≤2 to ≥4
Moxalactam 40 mg/kg 65.2 6.2 0.095 ≤8 to ≥64

5 mg/kg 45.6 3.2 0.07 ≤8 to ≥32
Cefazolin 15 mg/kg 67.2 2.6 0.04 ≤8 to ≥32
Cephalothin 40 mg/kg 34.8 1.3 0.04 ≤8 to ≥32
Aminoglycosides
Tobramycin 5 mg/kg 14.3 1.3 0.09 ≤4 to ≥16
Others
Clindamycin 70 mg/kg 12.1 11.9 0.98 ≤0.5 to ≥4
Vancomycin 2-3g (28.5-43 mg/kg) 35 5.3* 0.15 ≥14

MIC, Minimum  inhibitory  concentration.
*Monitoring recommended.
Adapted from Mader JT, Calhoun J: Osteomyelitis. In Mandell G, Bennett JE, Dolin R, editors: Principles and practice of infectious diseases, ed 4, New York, 1995, Churchill Livingstone, 
pp. 1039-1050.
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Regardless of the matrix type, antimicrobial release or elu-
tion tends to be bimodal, with an initial rapid release (12 to 
48 hours) followed by a slower release over weeks or months. 
For PMMA, elution rates (based on in vitro studies) vary with 
antimicrobial concentration, pore and bead size, and perme-
ability of the cement (which, in turn, can be affected by the 
amount and type of antimicrobial). The form (e.g., liquid ver-
sus powder form) of the antimicrobial will also influence elu-
tion. Host factors influencing elution rates include surface area 
available for bead exposure, blood flow, and fluid content. In 
general, concentrations in the first stage of elution surround-
ing the area can be anticipated to exceed the MIC90 of most 
susceptible organisms by more than a hundredfold, increas-
ing the likelihood of a quick kill. Concentrations during the 
second phase of elution will be much lower but may still sur-
pass the MIC90 of infecting microbes by several to a hundred-
fold. Sayegh97 indicates that encapsulation of the beads during 
healing results in therapeutic concentrations being achieved 
up to 2 to 3 mm surrounding the beads.

Atilla and others98 have demonstrated that the combina-
tion of drugs in beads alters their elution rate, causing it to 
be more rapid. Atlhough concentrations are initially higher, 
the duration of effective concentration may be shorter. The 
authors also demonstrated that, interestingly, the elution rate 
may change even if drugs are not mixed in the same bead but 
are in different beads. Antimicrobial-impregnated beads can 
be used to treat bone, synovial structures, and other soft tis-
sues; use of PMMA in joints is discouraged, however, because 
it tends to be irritating. Indications include refractory infec-
tions, particularly osteomyelitis, and prophylaxis after surgery 
of contaminated wounds.

A disadvantage of beads, particulary PMMA-based beads, 
is the foreign nature. Further, the PMMA can inhibit phago-
cytic function. Heat-damaged tissue may facilitate infection. 
Host response to the cement may also facilitate infection by S. 
aureus, and microorganisms can secrete materials that protect 
against host defense mechanisms. As such, they may be associ-
ated with risk of infection, as has been described in a series of 
human patients (n = 20). Cultures of gentamicin-loaded beads 
removed 2 weeks after implantation from prosthesis-related 
infections revealed 90% to be infected. Of the 28 isolates, 
nearly 70% were gentamicin-resistant.99 Interestingly, 12 of 
the 18 infected patients were considered infection free before 
removal of the infected beads. Most common isolates were P. 
aeruginosa and S. aureus. In contrast, the prosthetic devices in 
the area of the beads tended to not be infected.

The use of tobramycin antimicrobial-impregnated calcium 
sulfate beads in a series of dogs (n = 6) was recently reported.100 
The beads are commercially available, approved for use as bone 
filler. Sites included forelimb and hindlimbs. Infecting organ-
isms included S. intermedius, S. aureus, and P. aeruginosa. The 
number of beads implanted ranged from four to nine; one dog 

that received a total hip replacement received 24 beads. Beads 
generally lost their radio-opacity by 4 weeks and were no lon-
ger visible radiographically by 6 to 8 weeks. Clinical signs asso-
ciated with infection resolved in all but one dog.

A case report described the successful use of a commercially 
available gentamicin-impregnated collagen sponge (CollaRx) 
in the treatment of septic arthtritis associated with MRSA in a 
dog.12 Other matrices are under investigation, with a focus on 
those that slow release or are biodegradable. However, a com-
monality of most of the studies addressing drug elution from 
foreign matrices is of questionable applicability to the patient. 
This includes studies that expose representative pathogens 
(e.g., Staphylococcus spp.) to eluent containing the antimicro-
bial. The accuracy of concenterations measured in vitro from 
eluent representing matrices incubated in buffer as predictors 
of interstial concentrations in a surgical patient receiving these 
drug delivery devices is debatable. As such, studies are needed 
based on concentrations measured in vivo using ultrafiltration 
probes that collect interstitial fluid.

Medical management of chronic osteomyelitis in humans 
has not been well supported by well-designed controlled 
clinical trials; the knowledge base in veterinary medicine is 
even more limited. Variability in risk factors, pathophysiol-
ogy of infection, and etiologic agents and failure to identify 
the organism preclude the generation of consensus regard-
ing recommendations in humans. Further, outcome mea-
sures of therapeutic success are not always identified or clear. 
A large trial using expensive therapies for extended periods 
of time is prohibitively expensive and is complicated by the 
ability of pathogens to cause low-grade symptoms or lie dor-
mant for many years, requiring long-term follow-up.95 It is 
not surprising, therefore, that recommendations have been 
based on historical observations, experimental models, and 
nonrandomized trials.95 Retrospective studies have been 
helpful but generally are more representative of complicated 
cases.101

Although drug distribution to healthy bone is adequate, the 
detrimental effects of osteomyelitis minimize drug distribution 
to the site of infection. As such, culture-based drug selection 
and dosing regimen design is likely to be paramount to thera-
peutic success. Parenteral antimicrobial therapy should begin 
with drugs targeting the most likely organisms; drug therapy 
can be changed if indicated on the basis of susceptibility data. 
Duration of therapy for osteomyelitis is generally recom-
mended for 4 to 6 weeks, in part because tissue revasculariza-
tion after débridement requires at least 3 to 4 weeks.95 However, 
as with other therapies, the evidence for duration of therapy is 
limited by the lack of clinical trials. The need for longer term 
therapy might be anticipated for chronic osteomyelitis.

The first 2 weeks of therapy should be by parenteral 
administration (data from the start of therapy or after surgi-
cal débridement). For acute hematogenous osteomyelitis, the 
causative agent must be properly identified. Mismanagement 
with inappropriate antimicrobial can lead to extension of the 
infection, necrosis, and the formation of sequestra, as well as 
emergence of resistance. If the patient has not responded to 
specific antimicrobial therapy (i.e., based on culture) within  

KEY POINT 8-20 Local drug delivery may be a viable adjuvant 
for treatment of problematic osteomyelitis, particularly if 
infection involves a multidrug-resistant organism.
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48 hours, surgical intervention is indicated for human 
patients. Bone biopsy specimens are necessary for culture for 
human patients94 unless the patient also has positive blood 
cultures. Because of its excellent distribution characteristics, 
oral quinolone therapy may be an acceptable alternative for 
gram-negative and Staphylococcus spp. infections. Note, how-
ever, that the activity of the second-generation fluoroquino-
lones against anaerobes and other gram-positive organisms 
(e.g., Streptococcus spp., some Corynebacterium spp.) is less 
predictable, whereas third-generation fluoroquinolones have a 
broader spectrum. In addition, although bone concentrations 
of difloxacin are high (see package insert), concentrations do 
not decline over time, suggesting that the drug is bound and 
thus inactive. Whether this is true for other fluoroquinolones 
is not clear. Clindamycin, metronidazole, or amoxicillin–cla-
vulanic acid can be used in combination with the quinolones 
to provide gram-positive and anaerobic coverage. Intravenous 
therapy generally is recommended, in part because antimi-
crobials most commonly associated with clinical success (e.g., 
cefazolin and vancomycin) are characterized by poor oral bio-
availability. However, because of the potential risks and incon-
venience, alternative therapies, such as oral antimicrobial 
therapy, have been considered. The potential efficacy of oral 
therapy is more reasonable with the availability of several drugs 
that are safe and highly bioavailable after oral administration. 
Several oral antimicrobial agents have undergone evaluation 
for the treatment of acute and chronic osteomyelitis in human 
medicine. Oral antimicrobials are considered for treatment of 
acute osteomylitis in children and chronic infection caused 
by atypical gram-positive and selected gram-negative organ-
isms. Choices include the fluoroquinolones, clindamycin, 
and linezolid, the latter being reserved for MRS or potentially 
enterococci.95 Retained foreign material or prosthetic devices 
complicate oral management of osteomyelitis, and therapy is 
more likely to fail with oral rather than intravenous therapy.95 
Despite these drawbacks, a number of studies have supported 
oral therapy for chronic osteomyelitis. In general, oral ther-
apy with ciprofloxacin as sole agent compares favorably to 
parenteral therapy with single or combination antimicrobi-
als. However, resistance in gram-positive organisms appears 
to develop rapidly. Rifampin used in combination with other 
antimicrobials appears to be effective for treatment of staphy-
lococcal orthopedic implant-related infections. Thus whereas 
intravenous antimicrobials for 2 weeks followed by long-term 
oral (ciprofloxacin) therapy appears to be effective, longer-
term therapy (3 to 6 months or more) with a combination of 
ciprofloxacin and rifampin was associated with a 100% cure 
rate compared with a 58% cure rate for ciprofloxacin only.95 A 
meta-analysis study of 22 trials involving 927 human patients 
with orthopedic devices associated with S. aureus–induced 
osteomyelitis offers some insight into antimicrobial therapy. 
Disconcertingly, most of the studies were characterized as 
poor in quality, impaired by inappropriate methods and statis-
tical analysis. However, a trend of improvement was detected 
for the combination of rifampicin–ciprofloxacin compared 
with ciprofloxacin alone. Use of ticarcillin for bone infections 
associated with Pseudomonas spp. was described as favorable. 

Therapeutic success with oral fluoroquinolones did not differ 
from success with intravenous beta-lactams. Comparison of 
locally placed PMMA gentamicin bead chains compared with 
parenteral antimicrobials could not be evaluated well because 
all patients received systemic therapy.102

Chronic contiguous osteomyelitis may be particularly dif-
ficult to resolve. Assessment of vascular integrity by cutane-
ous oxygen tension can be useful for determining the extent of 
damaged tissue to be removed.94 Hyperbaric oxygen therapy 
may facilitate healing in tissues characterized by low oxygen 
tension. Dead space can be managed short term with anti-
microbial-impregnated acrylic beads; the beads are gener-
ally replaced with a cancellous bone graft after 2 to 4 weeks. 
Hyperbaric oxygen is an important adjunct therapy for human 
patients with osteomyelitis. It serves to restore intramedullary 
oxygen tension and thus facilitates phagocytic killing. Fur-
thermore, it supports collagen production, angiogenesis, and 
wound healing.94

Infections associated with prosthetic devices involving 
cement are particularly problematic to resolve. Infections 
generally occur at the bone–cement interface. Infectious 
pathogens are numerous and, in humans, often include micro-
organisms considered to be contaminants of cultures (e.g., 
corynebacteria, propionibacteria, and Bacillus spp.). PMMA 
cement may predispose the site to infection, as previously dis-
cussed. Infection can be treated with removal of the prosthetic 
device and 6 weeks of antimicrobial therapy followed by reim-
plantation or surgical removal and débridement with immedi-
ate reimplantation accompanied by polymethyl methacrylate 
cement inpregnated with an antimicrobial (an aminoglyco-
side). When the prosthesis cannot be removed, lifelong anti-
microbial therapy has been implemented for human patients, 
assuming that the microorganism is sufficiently susceptible 
to oral anti microbial therapy and the patient can tolerate the 
therapy.

Septic Arthritis
Pathophysiology
Septic arthritis most commonly reflects hematogenous inoc-
ulation. Patients with osteoarthritis or immune-mediated 
arthritis, trauma, or intraarticular inflammation are predis-
posed to infections in the inflamed joint. Trauma may pre-
dispose to infection because of a loss of vascular integrity. 
Synovial tissue is very vascular, and the lack of a basement 
membrane facilitates bacterial penetration. Bacteria can con-
tribute to the process of inflammation through production 
of tissue-damaging mediators such as proteases. S. aureus is 
among the organisms most commonly causing infection in 
humans, in part because of its ability to bind to bone sialo-
protein, a glycoprotein of joints.103 It is able to contribute to 
destruction of cartilage because of the production of chondro-
cyte proteases. Infection often affects a single joint and usually 
is limited to the joint. Exceptions are made in the presence of 
predisposing factors that affect multiple joints (e.g., immune-
mediated arthritis). Drug distribution into inflamed synovium 
occurs more rapidly and results in higher concentrations than 
in uninflamed joints.
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Clinical signs associated with septic arthritis include fever, 
limited joint motion, and swelling of peripheral joints associ-
ated with joint tenderness. Synovial fluid analysis discriminates 
between septic and nonseptic causes of arthritis. In general, 
septic arthritis more commonly is associated with increased 
polymorphonuclear leukocytes. The presence of immuno-
modulating drugs (e.g., glucocorticoids) may blunt leukocyte 
infiltration. In human patients the presence of bacteria can be 
detected in approximately 33% of cases by cytologic exami-
nation of a smear of synovial fluid. Cytologic examination 
should include Gram stains. Synovial fluid should be cultured; 
for human patients blood culturing also is recommended.103 
False-negative cultures may not, however, rule out bacterial 
arthritis; in human patients with documented infection, syno-
vial fluid cultures were negative 10% of the time. Radiographic 
examination may help rule in arthritis.

Microbial Targets
The most common causes of septic arthritis reported in animals 
are bacterial in origin. The potential for viral causes should not 
be ignored. In human patients two syndromes of arthritis are 
described: acute and chronic, nonarticular. The syndromes are 
caused by different types of organisms, with mycobacterial or 
fungal infections of the joint largely responsible for the chronic 
form. According to surgical texts, organisms most commonly 
associated with septic joints include Staphylococcus spp., Strep-
tococcus spp., E. coli, and Pasteurella spp.

Antimicrobial Therapy
In human patients septic arthritis is treated aggressively. Empir-
ical therapy is begun after culture collection using an intrave-
nously administered antimicrobial effective against S. aureus. 
Examples include cefuroxime, cefotaxime, and ceftriaxone; the 
role of extended-spectrum beta-lactamases and therapeutic 
success has not been addressed, and the prudent clinician might 
consider combining therapy with a drug that is not vulnerable 
to these destructive enzymes. The use of fluoroquinolones for 
treatment of infections associated with joints or ligaments 
should be done cautiously. Their impact on healing cartilage 
may be similar to that of cartilage in growing animals, and evi-
dence has emerged that demonstrates their negative impact on 
ligaments. Use of chondroprotective disease-modifying agents 
(including both glucosamine and chondroitin sulfates) should 
be considered in any patient with joint disease receiving any 
fluorinated quinolone. Note that fluoroquinolones have been 
associated with impaired healing in tendons103a; the impact on 
other skeletal tissues is not clear. The use of an antimicrobial-
impregnated collagen sponge was addressed previously.

Duration of therapy for treatment of septic arthritis in 
humans generally is at least 3 weeks, although these rec-
ommendations are based on older retrospective studies.101 
Shorter treatment periods are being promoted, particularly in 

children. Similarly, a recent trend is oral treatment after a brief 
period of intravenous therapy. Response to antimicrobial ther-
apy is based, in humans, on repetitive analysis of synovial fluid 
collected by joint aspiration. Persistence of infusion beyond 
7 days is interpreted as the need for surgical drainage. Use of 
appropriate antimicrobials early in the course of arthritis will 
minimize damage to the joint.103

Adjuvant Therapy
Because septic arthritis can be accompanied by the loss of col-
lagen and erosion of articular surfaces, therapy with disease-
modifying agents should strongly be considered. Injectable 
products such as polysulfated glycosaminoglycans (Adequan), 
pentosan polysulfate, and hyaluronic acid (the latter perhaps 
in combination with either of the former) are more apt to 
act more rapidly than oral products. Oral disease-modifying 
agents such as chondroitin sulfates, keratan sulfates, and glu-
cosamines (e.g., Cosequin) also should be strongly considered 
until the joint is healed.

URINARY TRACT INFECTIONS (UTIs)

UTIs include but are not limited to pyelonephritis, ureteritis, 
cystitis, urethritis, and prostatitis. Infection occasionally is 
restricted to urine (bacteriuria).104 Identification of the site 
of a UTI may be difficult, as might be discrimination of the 
infection as primary or secondary. However, because infection 
in any region of the urinary tract can be accompanied by or 
result in infection throughout the tract, terminology inclusive 
of all sites (i.e., UTI) often is preferred to terms limited to a 
single site of infection (e.g., upper or lower UTI). However, 
the site of infection has implications because of potential dif-
ferences in ease of treatment, including drug distribution. The 
incidence of UTIs in dogs is higher (estimated at 14%) than 
that in cats (1% to 3%).104 However, it is not clear whether this 
takes into account occult infections (see later discussion).

Microbial Targets
Because the urinary tract is a site for which bacterial contami-
nation is common, the size of the inoculum should be con-
sidered when identifying target pathogens and the need for 
treatment. This need increases in the face of emerging antimi-
crobial resistance. Generally, the urinary tract is sterile above 
the urethra. Bacteriuria simply refers to the presence of bacte-
ria in the urine. Infection of the urinary tract begins with bac-
terial adherence to uroepithelial cells of the urinary mucosal 
surface. The number of CFUs indicative of infection is higher 
than that for tissues for which contamination is unlikely and 
is influenced by both the method of sample collection and the 
gender. In his retrospective evaluating risk factors associated 
with UTI in dogs (n = 8354) from 1969 to 1995, Ling et al.105 
defined clinically important bacteriuria when samples were 
collected by catheterization as ≥100,000 CFUs/mL in female 
dogs and ≥10,000 CFUs/mL in males, whereas ≥100,000 CFUs 
were considered significant in either gender if collected mid-
stream. In an uncontaminated cystocentesis, any growth was 
considered significant. Other investigators (e.g., Seguin106) 

KEY POINT 8-21 The use of a fluoroquinolone for treatment 
of infections associated with joints or ligaments requires 
caution.
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have considered growth significant in cystocentesis samples 
only if CFUs are greater than 1000. This seems to be a reason-
able basis for criteria when considering treatment of UTI, as 
long as the criteria are considered in the context of the circum-
stances surrounding the infection, including the presence of 
clinical signs. The presence of three or more different organ-
isms was considered by Ling et al.105 as indicative of contami-
nation regardless of the method of collection and indicated the 
need to resample and reculture.

Historically, E. coli has been recognized as the predominant 
cause of UTIs in both dogs and cats (Table 8-9).107,108 Staphy-
lococcus spp. and other gram-positive organisms historically 
have accounted for 25% of UTIs in dogs. Other cited causative 
agents in the dog include Proteus, Klebsiella, Enterobacter, and 
Pseudomonas spp.110 Proteus and Staphylococcus spp. cause 
urinary alkalinization and as such often are associated with 
struvite formation in dogs. In the cat, organisms other than  
E. coli that cause UTIs have included Proteus, Klebsiella, Pasteu-
rella, Enterobacter, Pseudomonas, and Corynebacterium spp.108 
Mycoplasma spp. also should be considered as a less common 
cause of UTIs.111

Enterococcus spp. increasingly is competing with E. coli 
as the predominant organism associated with UTI. Ling and 
coworkers105 found that most UTIs were caused by a single 
agent, with E. coli the organism most commonly isolated 
(45%; see Table 8-1). The number of animals exhibiting signs 
associated with UTI was not indicated in the study nor was 
identification of the UTI as a first occurrence or a recurrence. 
Although UTIs occurred more frequently in female dogs, the 
frequency of specific organisms causing UTIs was generally 
similar between genders, with the exception of Proteus and 
Enterococcus spp., which were cultured more freqently from 
females (10.5% and 9.6%, respectively) compared with males 
(5% and 5% to 6%, respectively). Multiple organism infec-
tions were more likely to be found in females than in males. 
Age did not appear to be an important predictive factor of 
the most likely pathogen. The majority of infections were 
associated with ≥100,000 CFUs/mL, whereas approximately 
20% of infections, regardless of the number of infecting 
organisms or the gender of the dog, were characterized by 
≤1000 CFUs/mL.

A retrospective study of UTI in dogs admitted to a veteri-
nary teaching hospital and subsequently diagnosed with UTI 
(n = 240)112 found that E. coli was the causative organism 
in 50% of the cases. Although the majority of the remaining 
organisms were gram-negative coliforms (e.g., Proteus, Kleb-
siella spp.) selected gram-positive organisms (Staphylococcus 
and Enterococcus spp. being the majority) also were cultured.

KEY POINT 8-22 The need to treat a urinary tract infection 
should be carefully critiqued. Resolution of the cause of the 
infection is critical to therapeutic success, including avoid-
ance of resistance.

Table 8-9  Pharmacokinetic and Pharmacodynamic Indices for Treatment of Canine and Feline 
Escherichia coli Associated with Urinary Tract Infections

Drug
Resistant BP  
(μg/mL)

Mode  
(μg/mL)

MIC50 
(μg/mL)

MIC90 
(μg/mL) Range

Dose  
(mg/kg)

Cmax 
(μg/mL) Half-Life

Cmax: 
MIC50

†
T>MIC  
(hr)

Amoxicillin- 
clavuanic acid

≤ 1 is  
susceptible

4 4 32 0.5-2048 13.5  6 1.25 NA 1

Ampicillin 0.5-1 2 4 512 0.25-512 30 10 1 NA 2
Meropenem 16 0.25 0.25 0.5 0.25 20 (SC) 26 0.75 NA 4.5
Cefotaxime 64 1 1 16 1-2048 50 (IM) 47 0.75 NA 6
Cefoxitin 32 4 4 32 0.5-2048 30 (SC) 10 1 NA 2
Cefpodoxime 8 0.5 0.5 256 0.12-512 10 16 5 NA 20
Ceftazidime 32 0.5 0.5 16 0.25-512 30 (SC) 42 1 NA 6
Cephalothin 

(cephalexin)
8 8 16 2048 1-2048 25 19 1 NA 1

Gentamicin 16 1 1 8 1 4.4  7.5 NA 7.5 NA
Enrofloxacin 4 0.06 0.06 32 0.03-512 20  6 NA 100 NA
Ciprofloxacin 4 0.03 0.03 32 0.3-128 20  2.8 NA 93 NA
Azithromycin 8 8 8 64 1-512 24‡  4 35 NA 0
CHPC 32 8 8 32 2-2048 50 20 3 NA 6
Doxycycline 16 1 2 32 0.25-1024 5  5 5 NA 5

BP, Breakpoint, MIC, minimum inhibitory concentration; NA, not applicable; SC, subcutaneous; IM, intramuscular; TMPS, trimethoprim–sulfadoxine; CHPC, chloramphenicol.
*475 isolates are from the urinary tract. Personal data of author (in press).
†Data based on MIC50, but MIC90 preferred. However, this data includes dogs previously exposed to antimicrobials. MIC90 is likely to be lower if only antimicrobial-naïve dogs are 
considered (see Table 8-11). The MIC90 of susceptible isolates is likely to be lower (see Table 8-11).
‡This dose is approximately twofold higher than recommended.
§Doses are those delineated in Table 7-1.
Cmax/MIC (target ≥10) and T >MIC (target generally 50% of dosing interval) are likely to be higher and longer, respectively, for renally excreted drugs if infection is limited to the bladder, 
biofilm is minimal, and renal concentration is normal.
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The causative agents associated with recurrent UTI (defined 
later) appears to be similar in that E. coli is most common. 
However, the causative agents in the remainder may differ. 
Seguin106 retrospectively examined recurrent UTIs in dogs 
(n = 441 isolates from 373 positive cultures). E. coli (47%) was 
the most commonly isolated, followed by Enterococcus spp. 
(21%). Other organisms included Proteus (7.7%),  Klebsiella 
(5.9%), Staphyloccoccus (5.2%), and Pseudomonas spp. (4.1%). 
Mixed infections occurred in 17% of the cultures. In a pro-
spective study of dogs receiving glucocorticoids (n = 127), 
the most common organism isolated was E. coli followed by 
Enterococcus spp. A retrospective study in cats (n = 141) with 
diabetes mellitus113 also identified E. coli as the most com-
mon organism. However, a study of 123 specimens collected 
from asymptomatic cats found Enterococcus faecalis to be the 
most commonly isolated organism (43%), with E. coli the 
second most common (32%).114 There does not appear to be 
any information regarding the causative agent associated with 
infection in different regions of the urinary tract.

Limited information is available regarding the susceptibil-
ity of organisms causing UTI. Attention to this issue in clini-
cal studies generally addresses patterns of susceptibility but 
not the level; however, the latter becomes important to the 
detection of emerging resistance in those isolates considered 
susceptible based on CLSI criteria. Boothe and coworkers115 
(see Table 7-3) have described the proportion of E. coli iso-
lates susceptible to traditional first-choice antimicrobials, 
with regional differences apparent. Decreasing susceptibility 
is likely to limit empirical predictability of those drugs that 
remain effective. These data underscore the importance of sus-
ceptibility methods that allow discernment of different levels 
of susceptibility. The data also underscore the importance of 
designing dosing regimens that maximize doses or (for time-
dependent drugs) intervals such that resistance might be min-
imized (see Chapter 6).

In a retrospective study of UTI in dogs receiving glucocor-
ticoids,116 organism susceptibility was recorded (n = 32): tri-
methorpim–sulfonamide (97%), amoxicillin–clavulanic acid 
(76%), tetracycline (70%), ampicillin (61%), and cephalexin 
(52%). Interestingly, only 7% were susceptible to enrofloxacin, 
but only 6 dogs were receiving enrofloxacin.

Pathophysiology
The clinical signs of UTI vary with the site of infection. As 
with other body systems, the inflammatory response largely 
is responsible for the clinical signs of UTI. Bacteriuria can be 
asymptomatic, detected on urinalysis but causing no clini-
cal signs.109 Acute cystitis can cause dysuria but rarely causes 
signs of systemic inflammation. Acute pyelonephritis, how-
ever, is often associated with signs of systemic inflammation, 
including fever. As in any body system, evidence of inflamma-
tion is not necessarily evidence of infection and the need for 
antimicrobial therapy. Likewise, absence of inflammation does 
not rule out bacterial infection.

Possible sources of UTI include ascension from the urethra 
and hematogenous and lymphatic factors. Ascending infec-
tion is by far the most common route of infection, although 

the kidney is predisposed to develop infection associated with 
blood-borne organisms. In both humans and dogs the origin 
of bacteria infecting the urinary tract is generally fecal, with 
the frequency of infection by a particular strain depending 
on the virulence of the organism. Pathogens generally travel 
along the urethra to the bladder. Anatomic deformity and 
turbulent urine flow may facilitate antegrade movement of 
organisms toward the bladder. Female patients are more pre-
disposed to ascending infection because of the shorter length 
of the tract and increased risk of contamination. Once in the 
bladder, infection can continue to ascend the ureter to the kid-
ney, particularly if vesicoureteral reflux is present.

Because E. coli is consistently the most common organ-
ism associated with UTI, a focus on its pathophysiology is 
warranted. E. coli can be identified based on the presence of 
selected antigens that serve as a basis for serotyping: O, or 
somatic (more than 140 serotypes); K, or capsular (which may 
be associated with more virulence factors); and H, or flagella 
(necessary for ascending infection and renal invasion). E. coli 
is also represented by a number of pathogenic strains based on 
the presence of specific virulence factors that facilitate infec-
tion. Strains are broadly categorized as intestinal or extraintes-
tinal; the latter group generally is recognized to originate from 
intestinal strains that subsequently acquire virulence factors 
that facilitate extra-intestinal survival. Among the extraintes-
tinal strains are uropathogenic E. coli (UPEC) represented by 
many different serotypes.109 Initial infection by UPEC depends 
on adherence to uroepithelial cells (e.g., pili or fimbriae). Type 
1 pili are among the most important virulence factors facilitat-
ing invasion, adherence, and persistence of E. coli infections; 
similar factors are associated with infection by Proteus spp. 
and Klebsiella spp.117b Toxins are released; examples include 
hemolysin, causing uroepithelial cell death (thus providing 
nutrients for UPEC) and cytotoxic necrotizing factor, which 
stimulates apotosis and inflammatory cell chemotaxis. Other 
virulence factors act to scavenge environmental iron necessary 
for extra-intestinal survival of the bacteria (e.g., enterobactin, 
which itself is inactivated by lipocalin 2, a bacteriostatic factor 
secreted by host leukocytes); others impair the hosts’ defensive 
ability to scavenge iron. Factors also facilitate uroepithelial 
cell penetration by E. coli; rapid intra-epithelial proliferation 
of microbes is accompanied by biofilm formation. Exfolia-
tion of surface uroepithelial cells that occurs with urination 
is an important host protective mechanism but may facilitate 
recurrence as infected uroepithelial cells are exposed from the 
deeper layers. Inflammatory cells respond to cell destruction.

Much of the understanding associated with UPEC patho-
genesis comes from contrasting it to a UPEC strain that is 
associated with much less pathogenicity, causing asymptom-
atic bacturia (ASB; strain 83792). This strain has been used 
prophylactically to infect the bladder of humans afflicted 
with UTI associated with more pathogenic UPEC; this 
unique approach to treatment is currently undergoing clini-
cal trials.117c

Understanding the role of virulence factors in UTI is a 
prelude to identifying therapies and alternative antimicrobi-
als. Among the factors targeted are adherence factors, in part 
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because of their critically important role in initial infection. 
E. coli contains adhesins that bind to the glycolipid receptors. 
Mannose-containing receptors are present on most Entero-
bacteriaceae. On entry into the lower urinary tract E. coli 
organisms associated with canine UTI appear to adhere pri-
marily through these mannose-sensitive adhesins, initiat-
ing colonization. In contrast, mannose-resistant fimbriae 
and other adhesins appear to be critical for colonization of 
the renal structures. Binding between receptor and adhesin 
changes the receptor-bearing cell. The severity of a UTI may be 
correlated with the degree of adherence to uroepithelial cells. 
Organisms causing acute pyelonephritis in human patients are 
characterized by higher adherence compared with organisms 
causing asymptomatic bacteria.117 The interaction between 
microbe and receptors may offer a target for treatment. Treat-
ment with mannose or similar molecules has been proposed 
to block the receptors, thus reducing adherence.117 However, 
while this may decrease infection in the bladder, some of the 
most pathogenic E. coli do not recognize mannose (e.g, UPEC 
associated with renal infection). Further, interaction between 
the pathogen and the mannose receptor may be important 
in the initiation of host defense. Cranberry juice extract con-
tains proanthocyanidins that appear to block uroepithelial cell 
adherance (Type pili) receptors, presumably precluding bacte-
rial adherence. Several antimicrobials interfere with bacterial 
expression of fimbrial adhesins and thus may prevent bacte-
rial attachment and colonization. Examples include penicillin, 
ampicillin, amoxicillin, and streptomycin. Once-daily admin-
istration of antimicrobials at reduced (one half to as little as 
one eighth) doses also may be able to prevent UTIs because 
of interference with fimbrial expression or formation.119 The 
role of fosfomycin for this indication requires further develop-
ment. Among the adherence factors, biofilm has a profound 
influence on UTI, particularly persistent or recurrent UTI 
caused by E. coli.117a,b Although bioifilm clearly contributes to 
infections associated with urinary catheters, its role in chronic 
UTI is less appreciated. Biofilm physically and functionally 
contributes to antimicrobial resistance. A crystalline-based 
biofilm produced in association with urease production (and 
urinary alkalinization) appears to contribute to, and indeed, 
be necessary for the formation of struvite crystals. Use of com-
pounds such as iodoacetamide (IDA) and N -ethyl maleimide 
(NEM) that inhibit enzymes necessary for the formation of the 
biofilm matrix of these crystials is an area of investigation.

Predisposing Factors
A number of microbial factors increase the risk of UTI.104 
Siqueira and coworkers118 have described virulence factors 
associated with E. coli isolated from dogs with UTI (n = 51) 
and pyometra (n = 52) and feces of healthy dogs (n = 55). These 
include but are not limited to other microbial antigens, pro-
duction of toxins such as hemolysin or urease, and the mucoid 
polysaccharide capsules (e.g., Pseudomona spp.). Urease pro-
ducers (Staphylococcus, Proteus, or Mycoplasma spp.) increase 
the risk of struvite urolithiasis, predominantly in dogs.

Other host factors increase the risk of UTI. Anatomic 
predispositions to infection include perineal urethrostomy 

(particularly in cats). Bacterial infection is rarely the initial 
cause of disease of the lower urinary tract in cats, but develop-
ment of infection is a common sequela.108 The role of viruses 
in feline lower urinary tract disease has been reviewed.120 
Viruses that have been isolated from the urinary tract of cats 
with spontaneous disease include feline calicivirus, bovine 
herpesvirus 4, and feline syncytium-forming virus.121 Other 
potential uropathogens include mycoplasmas and urea-
plasmas.111,121 Risk factors have been described in cats with 
diabetes mellitus, with infection present in 18 of 141 cats.113 
Hyperthyroidism also is a risk factor. Immunosuppressive 
therapy is a risk factor, as has been demonstrated prospectively 
in dogs, (n = 127) receiving glucocorticoids (prednisolone or 
methylprednisolone): 18% were positive (compared with a 
matched control set of dogs not receiving glucocorticoids) on 
at least one culture.116

Recurrent UTIs reflect either persistence or relapse of the 
infection or reinfections.106,109 Persistent or relapsing infec-
tions reflect therapeutic failure, whereas reinfection reflects 
a new bacterial species or strain following a period of urine 
sterility (i.e., negative urine culture). Superinfection refers to 
infection with a different organism that emerges during treat-
ment of the original organism. Discriminating among per-
sistence, relapse, or reinfection is difficult. Drazenovich and 
coworkers122 used pulsed-field gel electrophoresis (PGFE) to 
pulsotype E. coli isolates associated with persistent UTI in 
dogs in an attempt to discriminate between recurrence and 
reinfection. Interestingly, of the E. coli in their study (n = 12 
dogs, 47 isolates), only two dogs had the same PFGE genetic 
pattern (pulsotype); further, few virulence factors were identi-
fied among infecting isolates. Frietag and coworkers123 studied 
whether antimicrobial susceptibility profiles could predict a 
recurrent infection as persistent or relapsing, versus reinfec-
tion, with pulsotypes as the determining factor. Susceptibility 
was effective only 58% of the time in predicting the pattern 
of recurrence. However, the study group included only five 
cats (17 isolates); the interval between diagnosis ranged from 
6 weeks to 2.5 years. Of the 17 isolates, 9 unique isolates were 
identified, with no more than 2 from each cat, but susceptibil-
ity patterns differed within and between clones. Because PGFE 
is based largely on chromosomal DNA (i.e., does not include 
plasmid DNA) and detects the presence of the gene but not its 
expression, pulsotypes may not be the most appropriate stan-
dard on which to base recurrence patterns.

Causes of recurrent UTI (defined as 2 or more in a 6-month 
period) were retrospectively studied in dogs (n = 100).106 The 
median age was 7.7 years. Persistence (defined as same organ-
ism and same susceptibility pattern; 42%) and reinfection 
(different isolate; 50%) were equally responsible for recur-
rence. Superinfections were identified in 2% of dogs; it is not 
clear how many animals were cultured while on antimicrobial 
therapy; the proportion may be higher if superinfections are 
prospectively sought. Dogs younger than 3 years of age were 
at greater risk, whereas dogs older than 10 years were asso-
ciated with a decreased risk of recurrence. This may reflect, 
in younger dogs, anatomic or other underlying causes being 
more important to recurrence. Females were at greater risk 
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than males, and sporting dogs, nonsporting dogs, and hounds 
were at risk compared with other breeds. E. coli (56%) and 
Enterococcus spp. (21%) were the most common organisms. 
Multiple isolates were present in 18% of infections. An under-
lying cause (or causes) was found in 71 of the dogs; correc-
tion occurred in approximately 25 of these. Disorders include 
abnormal micturition, anatomic defects, altered urothelium 
(i.e., tumors or uroliths), altered urine composition (hypoad-
renocorticism or diabetes mellitus), and impaired immunity 
(e.g., chemotherapy, hyperadrenocorticism). Dogs treated 
without removing the underlying cause of disease were more 
likely to be considered poorly controlled (74.5%), with dura-
tion of a disease-free period being less than 8 weeks. Correction 
of underlying disease or therapy intended to prevent reinfec-
tion (i.e., low-dose, long-term antimicrobials) was associated 
with better control. Over 29% of the infections were associated 
with multidrug resistant microbes, with abnormal micturition 
more commonly associated with resistant organisms. Interest-
ingly, 87% of the dogs in which relapse occurred were initially 
presented for a problem other than UTI, and 50% of the dogs 
studied were asymptomatic for UTI. Sediments in 15% of the 
dogs were not indicative of infection, and these isolates in par-
ticular tended to be resistant. The authors concluded that cul-
ture and susceptibility testing may be indicated in the presence 
of a predisposing disorder.

The need for preemptively culturing urine in animals pre-
disposed to infection was supported by the prospective find-
ings of Torres and others116 and Bailiff and others113 Torres 
and others116 studied UTI in dogs (n = 127) receiving gluco-
corticoids; 18% were positive (compared with a matched con-
trol set of dogs not receiving glucocorticoids) on at least one 
culture, although no dog had clinical signs of UTI. However, 
pyuria or bacturia predicted positive culture 90% and 95% of 
the time, respectively. The most common organism isolated 
was E. coli, followed by Enterococcus spp. Superinfection was 
present in 6 of 52 dogs whose urine was cultured while receiv-
ing glucocorticoids; each dog was receiving cephalexin (22 
mg/kg bid by mouth), and the cultured isolate was resistant 
to cephlexin. Bailiff et al.113 retrospectively studied 141 cats 
with diabetes mellitus. Of these, 13% also had UTI, with E. coli 
the most common organism. Risk factors were female and low 
body weight; no treatment-related risk factors were identified, 
including level of diabetic control, or glucosuria.

Occult UTIs are not limited only to animals with under-
lying disease; it is possible that “asymptomatic bacteria” is a 
more appropriate term. Occult UTI appears to occur more 
commonly than previously thought in cats.114 In a study of 
123 specimens collected from asymptomatic cats, 38% were 
positive. Positive cultures were more prevalent in older female 
cats. In contrast to most studies, E. faecalis was the most com-
monly isolated organism (43%), with E. coli the second most 
common (32%).

Other factors may contribute to recurrence or reinfection. 
Urinary tract catheterization contributes to an increased risk 
of UTI in an experimental model of male feline cystitis.124 
Catheterization is a common cause of ascension of bacteria 
from the urethra to the bladder. In human patients one cath-
eterization results in infection in 1% of patients, and infec-
tion develops in most, if not all, patients within 3 to 4 days of 
placement of an indwelling, open-drainage catheter system.109 
A study of infection in cats after perineal urethrostomy found 
that while the surgical procedure does not predispose the cat 
to recurrent bacterial UTI, surgical alteration of the urethral 
surface coupled with underlying uropathy may increase the 
risk and thus prevalence of ascending infection.125 Catheters 
should be used only in cats for which obstruction is likely if 
catheterization is not performed.126 Urinary calculi will con-
tribute to canine and feline lower UTIs. One study reports 
growth of bacteria in urine or calculi of 41% of cats with uri-
nary calculi.127 Staphylococcus spp. were responsible for most 
(45%) of these infections. Pyometra may serve as a source of 
reinfecting organisms,128 as might tumors (e.g., transmissible 
venereal tumors).129

Resistant Urinary Tract Infection
Resistant microbes, and particularly E. coli, are increasingly 
common causes of UTI (Figure 8-5; see also Table 7-3). In a 
prospective study of E. coli isolates, the majority of which were 
associated with UTI in dogs (n = 240) at a teaching hospital, 
Boothe and coworkers115 found the rate of resistance of E. coli 
to common first-choice antimicrobials limited empirical selec-
tion of an appropriate antimicrobial at that hospital (Figure 
8-5). The percentage of organisms resistant to first-choice drugs 
exceeded 50% for ampicillin (e.g., amoxicillin) and was 40% or 
more for drugs considered relatively invulnerable resistant to 
beta-lactam resistance (i.e., amoxicillin–clavulanic acid and 
cephalothin). Moreover, 40% of the E. coli organisms also were 
resistant to trimethoprim–sulfamethoxazole. Disconcertingly, 
40% of organisms were resistant to fluoroquinolones, the first 
choice for complicated infections, and 50% were resistant to 
extended-spectrum penicillins (carbenicillin, piperacillin, and 
ticarcillin). Indeed, the only drugs to which E. coli was predict-
ably susceptible were nitrofurantoin and the aminoglycosides, 
particularly amikacin. Third-generation cephalosporins ceft-
iofur and particularly ceftazidime also exhibited susceptibility, 
although extended-spectrum beta-lactamases (see Chapter 7) 
were not tested. Several factors were associated with UTI resis-
tance in these organisms, with antimicrobial therapy within the 
past 5 days and duration of hospital stay being the most impor-
tant. The incidence of resistance in this retrospective study is 
in contrast to earlier reports of UTI resistance. For example, in 
a 2001 study, E. coli isolates (the majority being UTI) cultured 
from dogs were susceptible to norfloxacin (90%), enrofloxa-
cin (87.5%), gentamicin (90.7%), and amikacin (85.9%).130 
The proportion of E. coli classified as resistant to amoxicillin 
or amoxicillin–clavulanic acid is likely to increase in the next 
few years because CLSI has lowered the breakpoints for these 
two drugs (along with cephalexin). Other investigators have 
reported E. coli resistance, particularly to fluoroquinolone. 

KEY POINT 8-23 Culture and susceptibility testing should be 
strongly considered as the basis of therapy in any urinary 
tract infection that is not occurring for the first time.
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In a study by the author of E. coli organisms (n = 50)—most 
of which were isolated from the urine—the MIC90 for the 
fluroquinolones was greater than 64 μg/mL, suggesting high-
level multistep resistance.131 Multidrug-resistant E. coli has 
emerged as a cause of nosocomial infections in dogs132 and 
UTI in canine critical care patients.106,133 Data generated by 
the author suggest that resistance to fluoroquinolones is mul-
tidrug in nature, reflecting not only mutations in topoisom-
erases but also induction of efflux pumps.134 E. coli is not the 
only organism associated with UTI to which resistance has 
emerged in clinical cases. Enterococcus resistance in particular 

has emerged, probably reflecting its presence as the major 
gram-positive aerobe in the gastrointestinal tract, although its 
role as a uropathogen is not clear.

Although in vitro resistance may not necessarily predict 
in vivo failure, evidence in human medicine suggests other-
wise. As in dogs, E. coli, is the most prevalent uropathogen 
in humans. However, antimicrobial resistance to first-choice 
drugs, trimethoprim–sulfonamethoxazole (TMP-SMX) and 
ampicillin, often exceeds 30% in humans. In women with UTI 
caused by E. coli characterized by in vitro resistance to TMP-
SMX and subsequently treated with the combination drug, 
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approximately 50% were bacteriologic failures and another 
40% clinical failures.135 Previous antimicrobial therapy pro-
foundly affected the likelihood of resistance, with the risk 
greater if the antimicrobial of interest has been used. Again, 
in women the most important independent risk factors for 
TMP-SMX resistance in nonhospitalized cases was use of the 
antimicrobial within the past 3 months. Those who had taken 
any antimicrobial were more than twice as likely to be infected 
with a resistant isolate; use of TMP-SMX within the past 2 
weeks was associated with a sixteenfold greater risk of infec-
tion with a resistant isolate.135 Interestingly, trimethoprim 
by itself results in cure rates that are similar to combination 
with sulfamethoxazole; because it is associated with fewer side 
effects, it is the preferred drug for treatment of uncomplicated 
UTI by some.135

Urinary catheterization is not only a recognized risk factor 
for UTI but also for antimicrobial resistance. Catheterization 
has resulted in bacteriuria in previous bacteria-free urine and 
has been associated with changes in urine microflora, as well 
as increased resistance.136 Although aseptic techniques will 
reduce the risk of infection, infection is not prevented. The 
risk of persistent UTI in cats with experimentally induced cys-
titis was increased with catheter placement, despite the use of a 
closed system of urine drainage.110 The risk of infection can be 
correlated with duration of catheter placement, with the risk 
being reduced in patients catheterized for less than 3 days.137 
Previous antimicrobial therapy is likely to contribute to the 
risk: resistance in dogs catheterized more than 5 days was 
strongly associated with the advent of resistant microrgan-
isms.115 Catheter type influences the risk of infection, probably 
because of its impact on biofilm formation (see Chapter 6) and 
bacterial swarming.138 However, isolation of organisms within 
microcosms associated with biofilm and subsequently isolated 
from urine collected from the catheter—or from the catheter 
tip itself—does not necessarily indicate infection137; The inci-
dence of resistance in E. coli collected from catheters tips is 
greater than that collected by cystocentesis112 If infection is 
present, the causative organism should be identified based on 
cystocentesis, or urine collected from the passage of a fresh, 
sterile catheter. However, catheterization should be kept to a 
minimum. Intermittent catheterization in spinal patients offers 
unique challenges. In humans, risk of resistance was related to 
frequency of catheterization (three times was associated with 
a greater risk than six times per day) and bladder overfilling 
(overfilling increased risk); previous indwelling catheteriza-
tion also increased the risk. Trauma to the urethera during 
catheterization in itself did not increase the risk of infection, 
but the development of “false passages” or strictures result-
ing from repeat trauma did. Hydrophilic catheters appeared 
to reduce the risk of infection. Antimicrobials should be used 
judiciously in spinal patients. Whereas symptomatic infec-
tions are treated, asymptomatic bacteriuria is not necessarily 
treated; not surprisingly, long-term prophylactic antimicrobial 
therapy is associated with an increased risk of infection. As 
such, antimicrobials therapy tends to be limited to treatment 
of symptomatic infections or prophylaxis during initial (short-
term) catheterization.139 The efficacy of antimicrobial infusion 

at the end of catheterization is not clear, with studies generat-
ing conflicting results. However, in contrast to multiple sys-
temic dosing, single local infusion of high concentrations of 
drug is less likely to lead to resistance and potentially might do 
less harm than systemic therapy. Local intravesicular infusion 
of an antimicrobial might be considered of inducing minimal 
risk to resistance.

Difficulties encountered in the successful treatment of 
UTI, and particularly multidrug-resistant UTI, mandate that 
approaches be taken to prevent resistance, which includes 
preventing infection. Because previous use of antimicrobials 
consistently is a major predictor of emerging resistance, the 
question of the need to treat should be the first consideration 
for all infections. If reasonable alternatives exist to antimicro-
bial drug therapy, they might be considered first or in addition 
to antimicrobial therapy.

Prevention of Urinary Tract Infection
A number of host factors prevent or limit bacterial infection in 
the bladder.109 Among the host factors important in preventing 
infection are normal micturition, normal anatomic barriers, 
systemic immunocompetence, mucosal defense barriers, and 
the inherent antibacterial properties of urine. Recurring infec-
tions are most likely to reflect failed host defenses, whether 
originating spontaneously or iatrogenically (e.g., immuno-
suppressive drugs).106 Support of factors can be targeted with 
adjuvant therapies instead of antimicrobial treatment, when 
possible, or to facilitate antimicrobial therapy, particularly in 
the patient at risk for recurrent infections.

The decision to treat or not treat an infection might take 
into account the size of the inoculum (i.e., CFU/mL of urine) 
but should also take into account host factors (e.g., clinical 
signs, history, ability to control underlying cause, contributing 
factors, previous response to therapy). The location of infec-
tion may play a major role in determining the need for ther-
apy. Whereas asymptomatic bacteriuria will often resolve or 
become self-limiting if left untreated, bacterial pyelonephritis 
is likely to progress.104,117 Virulence testing or serotyping even-
tually may be helpful in the decision to treat or not treat. The 
normal flora of the vulva and prepuce may be an important 
host defense mechanism against infecting microorganisms of 
the urinary tract. Normal flora may prevent colonization by 
pathogenic organisms or disrupt metabolism of pathogens. 
Secretory antibodies may coat infecting organisms, preventing 
adherence, and reduced antibody production may promote 
infection. Mucus may have other antibacterial effects. In the 
bladder, mucosal secretion of surface mucopolysaccharides is 
important to host defense by preventing attachment of bac-
teria. Destruction of this layer facilitates infection. Treatment 
with sulfonated glycosaminoglycans intraluminally may coat 
the uroepithelium and thus provide a barrier to bacterial 
adherence. Administration of carbenoxolone (a licorice deriv-
ative) stimulates secretion of mucosal polysaccharide and (in 
rabbits and humans) increases the clearance of E. coli infec-
tion. In the bladder, the composition of urine can affect bacte-
rial growth. Urine concentration (unless extreme) is not likely 
to affect bacteria (bacteria are generally hypertonic compared 
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with their environment), but high concentrations of urea or 
other compounds or low pH may impair bacterial growth. The 
addition of prostatic fluid inhibits bacterial growth. Excep-
tions include selected Staphylococcus and Proteus spp., which 
are relatively resistant to the antibacterial effects of urea.109 
Tamm–Horsfall protein secreted by the cells of the ascending 
loop of Henle binds to E. coli by way of mannose-containing 
side chains and, as such, probably acts as a urinary bacterial 
defense mechanism. Other factors that help prevent or reduce 
bacterial infection include frequent urination, a small residual 
urine volume in the bladder, and rapid urination.

Therapy
The Need for Drug Therapy
The presence of bacteriuria is not necessarily an indication of 
the need for antimicrobial therapy (Figure 8-6). Antimicro-
bial therapy should be used only when reasonable evidence 
of infection exists. Bacterial UTI occurs much less frequently 
in cats than in dogs, and even the presence of clinical signs 
indicative of cystitis should not be interpreted as a need for 
antimicrobial drug therapy.

In humans, to prevent resistance, treatment generally is not 
indicated in asymptomatic bacteriuria except under certain 
conditions in which the patient is at risk, such as during preg-
nancy or invasive surgical procedures.140 Likewise, for veteri-
nary patients the risk of emerging resistance must be weighed 
against the risk of failing to treat. If the patient is one for which 
aminoglycoside therapy is inadvisable, the need for treatment 
should be even more closely examined. With Enterococcus 
bacteriuria, treatment should not be implemented unless the 
need is clear. Clearly, if the decision is made to treat a UTI, 
therapy must be aggressive, designed to kill invading patho-
gens as well as emerging mutants as rapidly as possible. Non-
antimicrobial alternatives should be considered in lieu of or in 
addition to antimicrobial therapy.

The Sequelae of Drug Therapy
The traditional goal of drug therapy for UTI is to eliminate 
bacteriuria in animals exhibiting clinical signs and urinalyses 
consistent with UTI. However, four sequelae of antimicro-
bial therapy may occur.104,109 Cure can be defined as negative 
urine cultures during and after (usually 1 to 2 weeks) antimi-
crobial therapy. Quantitative bacterial counts should decrease 
within 48 hours after initiation of an appropriate antimicro-
bial. Cure does not rule out the possibility of reinfection. UTIs 
may reflect first-time or recurrent infections. Chronic UTI is 
often used to refer to persistence of infection. The previously 
defined terms recurrence, persistence, and relapse often are 
used interchangeably when referring to UTIs. Persistence, or 
recurrence, can refer to presence of significant or low num-
bers of bacteria after 48 hours of therapy. If the numbers are 

significant, antimicrobial resistance or insufficient drug con-
centrations (e.g., improper dose, poor oral absorption, poor 
renal elimination) should be suspected. If numbers are very 
low, a continuous source of bacteria in the urinary tract (e.g., 
urinary calculi, prostate, kidney) or contamination from the 
lower urinary tract might be suspected.109 In such cases, cul-
tures can identify persistent organisms after therapy has been 
discontinued. An appropriate approach would be classifica-
tion of recurrent or persistent infections into three categories. 
Relapse occurs when the same organism causes infection 1 to 
2 weeks after therapy has been discontinued. Relapse generally 
occurs within 1 to 2 weeks of cessation of therapy and may 
reflect either a very deep-seated infection or an abnormality of 
the urinary tract (e.g., structural, renal, or prostatic infection). 
The presence of a different organism is considered reinfection 
(i.e., a new infection). A new infection also can occur by the 
same organism located outside of the urinary tract. Generally, 
reinfection occurs more than 1 to 2 weeks after cessation of 
therapy. Superinfection may also occur and reflects infection 
with an additional organism during the course of antimicro-
bial treatment.104 Evidence of persistent or relapsing infection 
or superinfection should lead to more aggressive therapy and 
to the use of bactericidal rather than static drugs. Among the 
common causes of complications associated with UTI, antimi-
crobial resistance, unidentified underlying disease, and inap-
propriate dosing regimen should be considered.

Identification of the Target
In all but simple UTI, culture is indicated. Culture is recom-
mended in patients whose history includes exposure to anti-
microbial therapy within the last 3 months; exposure may 
include any household member, including other pets. The 
more complicated the infection or the greater the patient is at 
risk for resistance to emerge, the more important it is to base 
therapy on susceptibility data. In human patients diagnosis of 
UTI in asymptomatic patients is. based on at least two clean-
catch midstream urine collections. The same organism should 
be present in significant (see previous discussion) amounts in 
both cultures. A single culture is sufficient in the presence of 
symptoms. Urinary cultures should be the basis of antimicro-
bial selection in complicated infections (e.g., reinfection or 
relapse, history of antimicrobial use in the past 4 to 6 weeks)104 
or if the infection represents a risk to the patient’s health. 
Infection after recent urinary catheterization also should lead 
to culture collection. Increasingly, culturing at the outset, even 
in simple, first-time infections, may become prudent.

Quantitative urine culture (i.e., colony counts) should be 
implemented to facilitate discrimination of harmless bacte-
rial contaminations (e.g., from the urethra) from pathogenic 
organisms (see previous discussion). Bacterial counts of more 
than 105 CFU are clearly indicative of infection regardless of 
the method of collection, whereas counts between 103 and 105 
organisms are considered suspect if not collected by cysto-
centesis or if collected from female dogs. Counts of less than 
1000 CFU should lead to a second culture and, in the absence 
of clinical signs or mitigating circumstances, consideration 
of alternative therapies. Methods have been described for 

KEY POINT 8-24 The use of adjuvant therapies, particularly in 
the prevention of urinary tract infections, should be consid-
ered carefully, particularly with regard to clinical evidence of 
efficacy.
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Figure 8-6 Suggested algorithm for treatment of urinary tract infections in dogs or cats. Treatment should be begun with assessing the need to treat with antimicrobial drugs 
(upper left) versus alternative therapies. Empirical treatment (upper right) should be pursued only for uncomplicated infections, including animals not recently exposed to 
antimicrobials (this may include any household member or pet). Culture and susceptibility data (lower right) should be used to both select drug and design the dose; in its 
absence, population pharmacodynamic data (MIC90) can be used if the identity of the infecting microbe is known. Treament of recurring infections (lower left) requires a 
series of reassessments, including recultures. With continued recurrence, the need for continued therapy should be balanced with the risk of therapy to the patient; pro-
phylactic therapy might be considered to prevent recurrence once the urine has been cleared of infection (far lower left).
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culture procedures performed in practice.104 In addition to the 
method of collection, consideration must be given to sample 
handling. Samples should be kept refrigerated if the time from 
collection to processing by the lab is anticipated to exceed 12 
hours, unless an appropriate amount of preservative is added. 
A viable alternative for submission of urine samples that will 
be in transit longer than 12 hours is collection and subsequent 
submission using a “paddle” apparatus (e.g., UriCult®).

Antimicrobial Selection
Presumably, a drug that is renally excreted should be selected 
for treatment of UTIs. Urinary concentrations of such drugs 
often surpass serum concentrations (up to 300-fold), which 
is particularly helpful for concentration-dependent drugs 
(Table 8-10). Susceptibility data do not take these higher con-
centrations into account, but this may be appropriate. Several 
caveats must be recognized when basing antimicrobial selec-
tion on renal elimination and anticipation of high urine drug 
concentrations:

 1.  Drug is not likely to be concentrated in some situa-
tions. Examples include but are not limited to fluid ther-
apy, diuretic use, renal disease, and other diseases (e.g., 
hyperadrenocorticism).

 2.  Drugs characterized by a short elimination half-life may 
be limited in efficacy if they are time dependent in action. 
However, plasma elimination half-life may not accurately 
reflect contact time of drug in the urine if the drug is 
excreted renally. Contact can be enhanced by drug admin-
istration immediately after micturition or before an antici-
pated micturition-free period (e.g., at night).

 3.  Intraepithelial growth and biofilm may preclude drug effi-
cacy even if concentrations are high in urine.

 4.  If the UTI is associated with infection in the blood (or in 
the presence of bacteremia), kidney, or prostate, then anti-
microbial selection should be based on anticipated plasma 
(or tissue) drug concentrations and serum breakpoint 
MICs. A similar approach should be taken for recurrent 
infections or complicated infections.
A prudent approach for treatment of UTI is choice of a 

renally excreted drug but dosing based on drug concentra-
tions achieved in plasma. Data from a few prospective stud-
ies, including animal model studies and human patient–based 
clinical trials, generally demonstrate that breakpoints based on 
plasma drug concentrations rather than urine appear to mod-
erately predict outcomes associated with treatment of UTI.45 
For example, maximum efficacy of aminopenicillins in treat-
ing UTI in human clinical trials is achieved when plasma drug 
concentrations are maintained above the MIC for 30 hours or 
more.271 Accordingly, CLSI interpretive criteria for infections 
in other tissues are relevant to UTI. Drugs that are not elimi-
nated in urine might be characterized by lower concentrations 
in urine compared with tissues but still can be beneficial for 

UTI if dosing regimens are appropriate. Some drugs used to 
treat UTIs (e.g., indanyl–carbenicillin, nitrofurantoin) are rec-
ognized not to achieve effective concentrations in other tis-
sues, and therefore use in areas other than the urinary bladder 
should be done cautiously.

As resistance to E. coli and other uropathogens increases, 
empirical therapy for UTI increasingly will be limited (Table 
8-9). Caution is recommended because of the recent recognition 

Table 8-10  Mean Urine Concentrations for 
Antimicrobials Used to Treat 
Urinary Tract Infections in Dogs

Drug Dose Route Freq*

Mean 
Urine Drug 
Concentration  
(μg/mL)

Penicillins
Penicillin G 37,000 U/kg PO 8 295 ± 210
Penicillin 500 (7 mg/kg) PO 100
Amoxicillin 11 mg/kg PO 8 202 ± 93
Ampicillin 500 mg (7 mg/kg) PO 500
Indanyl 

 carbenicillin
26 mg/kg PO 8 309 ± 55

382 mg PO 1000
500 mg PO 300

Cephalosporins
Cefaclor 500 mg PO 900
Cefadroxil 500 mg PO 1800
Cephalexin 500 mg PO 1000
Cephradine 500 mg PO 1000
Aminoglycosides
Gentamicin 2 mg/kg SC 8 107 ± 33
Amikacin 5 mg/kg SC 8 342 ± 143
Tobramycin 2.2 mg/kg SC 8 66 + 39
Fluorinated quinolones
Enrofloxacin 5 mg/kg PO 12 40 ± 10
Other
Sulfisoxazole 1000 mg PO 100
Trimethoprim 100 mg PO 30-160
Trimethoprim–

sulfadiazine
13 mg/kg PO 12 55 ± 19

4.4 mg/kg PO 8 100
Nitrofurantoin 100 mg PO 100

1000 mg PO 8 200
Nalidixic acid 18 mg/kg PO 138 ± 65
Tetracycline 500 mg  

(7 mg/kg)
PO 8 300

123 ± 40
Chloramphenicol 33 mg/kg PO 30
Erythromycin 500 mg PO
Fosfomycin 80 mg/kg PO 12-24

PO, By mouth; SC, subcutaneously.
*Frequency.
†Assumes normal renal function.
Modified from Barsanti107

KEY POINT 8-25 The design of the dosing regimen for 
treatment of a urinary tract infection should be based on 
plasma, not urine, drug concentrations.
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of the growing incidence of antimicrobial resistance. Among 
the organisms frequently causing UTIs in dogs and cats, E. coli, 
Proteus spp., P. aeruginosa, and Enterobacter spp. are among the 
organisms that vary widely in their susceptibility pattern and 
for which empirical therapy is more risky (Table 8-11; see also 
Tables 7-3 and 7-9). Empirical therapy, if it is to be pursued, 
is indicated only for uncomplicated infection—that is, those 
patients in which no underlying structural, neurologic, or func-
tional abnormality can be identified.104 The absence of previous 
antimicrobial therapy should also be interpreted as uncompli-
cated. Once relapse occurs (see later discussion), an infection 
should no longer be considered uncomplicated.

Attention should be paid to the pH of the urine compared 
with the pKa of the chosen drug. In the presence of an alka-
line pH, weakly basic antimicrobials might be considered 
(aminoglycosides, and fluoroquinolones, with the latter being 
amphoteric but more effective in an alkaline urine). Because 
urease producers may alkalinize the urine, drugs targeting 
such organisms (e.g., Proteus, Staphyloccocus, and some Kleb-
siella spp.) should be selected. In the presence of an acidic uri-
nary pH (perhaps caused by E. coli), weakly acid drugs (e.g., 
penicillins, cephalosporins, potentiated sulfonamides) might 
be better empirical selections. However, if the drug is highly 
concentrated in the urine, even a predominantly ionized drug 
(e.g., a weak base in an acidic environment), may be suffi-
ciently un-ionized to ensure effective concentrations.

Infections uncomplicated by previous antimicrobial 
therapy or in regions for which resistance has minimally 
emerged may respond to empiric therapy. E. coli or Entero-
bacter spp. traditionally have been considered responsive to 
trimethoprim–sulfadiazine, third-generation cephalospo-
rins (cefpodoxime, cefovecin), or amoxicillin–clavulanic 
acid combinations. Among these, penicillins may be pre-
ferred because of their effects of fimbriae. Approximately 
60% of E. coli are resistant to cephalexin. Klebsiella, Proteus, 
and Staphylococcus spp. are likely to respond to a first- or 
third-generation cephalosporin or to amoxicillin–clavulanic 
acid. Amoxicillin or ampicillin (preferably combined with a 
beta-lactamase protector) should be effective if a decision is 
made to treat Enterococcus spp. (see Tables 7-9, 8-3, and 8-6). 
However, for Enterobacteriaceae in particular, integration 
of pharmacokinetics and pharmacodynamics raise concerns 
regarding efficacy for drugs with short elimination half-lives, 
particularly if infection involves tissue other than the urinary 
bladder. In the absence of an MIC, the more stringent MIC90 
(see Tables 8-9 and 8-11) and Cmax from package inserts or 
the literature (see Table 7-1) can be used to design dosing 
regimens. The highest end of the dosing regimen is indicated, 
particulary for at-risk patients. For selected concentration-
dependent drugs, Cmax:MIC should exceed 10 to 12, and for 
time-dependent drugs, T>MIC should be at least 50% if not 
more of the dosing interval (generally, initial target concen-
trations should exceed the MIC by at least two to four fold 
(see Table 8-9). For time-dependent drugs, those with longer 
half-lives might be preferred (e.g., cefovecin and cefpodox-
ime). Although the package insert for cefovecin indicates that 
MIC90 concentrations for E. coli (1 μg/mL) are not achieved 

after a recommended dose of 8 mg/kg subcutaneously, pre-
dicted unbound plasma drug concentrations will be main-
tained at or above this concentration for 3 days. Cefovecin 
is approved for treatment of canine E. coli UTI in Canada at 
8 mg/kg. Note that neither cefovecin nor cefpodoxime are 
effective against Enterococcus spp., indicating that the Gram-
staining characteristics of the infecting organism might facili-
tate proper antimicrobial choice for empirical treatment of 
a UTI in dogs or cats. Because resistance in E. coli toward 
fluoroquinolones with rare exception is associated with 
MDR, their use for treatment of UTI should be considered 
second tier and ideally, be based on culture and susceptibility 
testing. Care should be taken using the fluoroquinolones for 
Enterococcus spp., for which efficacy can be variable. Boothe 
et al demonsrated that for E. coli, when using the MIC90 for 
fluoroquinolones, the Cmax:MIC90 failed to reach ≥10—as is 
suggested for concentration-dependent drugs—even with 
the highest dose for each drug. (see Tables 7-12 and 8-9 for 
additional MIC data).131 However, for isolates that are known 
to be susceptible to ciprofloxacin, enrofloxacin, and marbo-
floxacin reached the target Cmax:MIC90 at the high (but not 
low) dose. Even with susceptibility data that provide MIC, 
because the tested concentrations are close to the breakpoint 
MICs, isolates considered susceptible to fluoroquinolones 
may have already developed low-level resistance, increasing 
the risk of emergent resistance in at-risk patients.142 Certainly 
an “I” to any one fluoroquinolone should be interpreted as 
emerging resistance to others. Isolates with MIC approach-
ing the breakpoint should be treated with alternative drugs, 
combination drugs, or “added doses” (e.g., high dose, twice 
daily). Marbofloxacin is preferred for cats at risk for retinal 
adversities, particularly if dosing twice daily. Although cip-
rofloxacin is more potent against gram-negative isolates, dos-
ing should be increased to compensate for differences in oral 
bioavailability and oral dosing should not be used in cats. 
Fluoroquinolones are also effective against Mycoplasma and 
Ureaplasma spp.

A summary of treatment of UTI in humans might offer 
some guidance for empirical therapy in dogs or cats. In 
women with risk factors for infection with resistant bacte-
ria, or in the setting of a high prevalence of TMP/SMX resis-
tance, a fluoroquinolone or nitrofurantoin is recommended 
for empirical treatment. The goal of treatment is eradication 
of infection using shorter courses of therapy (i.e., 3 days) 
with once-daily dosing of a selected drug or a single dose of 
a particularly efficacious antimicrobial.141 The role of nitro-
furantoin is increasing for treatment of UTI in women, par-
ticularly in the presence of increasing antimicrobial resistance 
to other urinary antimicrobials. Resistance among uropatho-
gens to nitrofurantoin generally is consistently at a low level 
despite its use for 5 decades. An advantage to nitrofurantoin 
is its minimal effect on the normal gut flora. Consequently, 
selection pressure for antimicrobial resistance is reduced 
compared with other antimicrobials.135 Further, nitrofuran-
toin does not share cross-resistance with more commonly 
prescribed antimicrobials, and its use is justified from a pub-
lic health perspective as a fluoroquinolone-sparing agent. For 
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Table 8-11  Susceptibility Data (μg/mL) for Drugs for Gram-Negative Pathogens Collected from 
Antimicrobial-Free Dogs and Cats*

Drug
Amoxicillin–Clavulanic  
acid Cefadroxyl Cephalexin Cefovecin Cefpodoxime

MICBP (sus) ≤0.25
≤8/2 (urine)

≤2 ≤2

MICBP (res) > 1 ≥ 8 ≥ 8
Escherichia coli Mode 4/2 8 8 0.5

MIC50 4/2 8 8 0.5 0.25
MIC90 8/4 16 16 1 0.5
Range 1/0.5-64/32 4->32 2->64 0.12->32 0.12->32
n 223 223 223 223 41
Species D, C D, C D, C D, C D
Source 76 76 76 76 P
CLSI Y Y Y Y Y

Klebsiella 
pneumoniae

Mode 2/1 8 4 0.5

MIC50 2/1 8 4 0.5
MIC90 16/8 16 4 1
Range 2/1-64/32 8->32 4-64 0.25-2
n 16 16 16 16
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

Pasteurella 
multocida

Mode ≤0.5/0.25 4 2 ≤0.06

MIC50 ≤0.5/0.25 4 2 ≤0.06 ≤0.03
MIC90 ≤0.5/0.25 4 2 ≤0.06 ≤0.03
Range ≤0.5/0.25-2/1 1-16 ≤0.5-8 ≤0.06-0.12 ≤0.03-0.12
n 188 188 188 188 32
Species D, C D, C D, C D, C D
Source 76 76 76 76 P
CLSI Y Y Y Y Y

Proteus mirabilis Mode 1/0.5 16 8 0.25
MIC50 1/0.5 16 8 0.25 ≤0.03
MIC90 1/0.5 16 16 0.5 0.06
Range ≤0.5/0.25-8/4 8->32 8-32 0.12-0.5 ≤0.03-0.06
n 110 110 110 110 14
Species D, C D, C D, C D, C D
Source 76 76 76 76 P
CLSI Y Y Y Y Y

Drug Ceftazidime Cefotaxime Imipenem Meropenem
Piperacillin/
tazobactam

MICBP (sus) ≤8 ≤8 ≤4 ≤4 ≤16
MICBP (res) ≥32 ≥64 ≥16 ≥64 ≥128

Pseudomonas spp. MIC50 2 32 1 1 1
MIC90 8 >64 4 2 2
Range 0.25-128 0.25-64 0.15-16 1-8 4-64
n 106 106 106 106 106
Species D D D D D
Source 20 20 20 20 20
CLSI Y Y Y Y Y
Drug Ciprofloxacin Difloxacin Enrofloxacin Marbofloxacin Orbifloxacin
MICBP (sus) ≤1 ≤0.5 ≤0.5 ≤1 ≤1
MICBP (res) ≥4 ≥4 ≥4 ≥4 ≥8

Escherichia coli Mode 0.35 0.69 0.4 0.67 0.66
MIC50 0.0625 0.25 0.0625 0.25 0.125

Continued
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example, single-dose ciprofloxacin prophylaxis increased the 
prevalence of ciprofloxacin-resistant fecal E. coli from 3% 
to 12%.135 After treatment with ciprofloxacin for prostatitis, 
50% resulted in post-treatment fecal colonization with qui-
nolone-resistant E. coli genetically distinct from the prostatic 
infection. Indeed, in humans, although flouroquinolones are 
effective as short-course therapy for acute cystitis, widespread 
empirical use is discouraged because of potential promotion 
of resistance.140 An exception is made for acute (nonobstruc-
tive) pyelonephritis but only if culture results direct continu-
ing therapy.

Beta-lactams and fosfomycin are also considered second-
line (to TMP-SMX) agents for empirical treatment of cystitis 
in humans. Fosfomycin may be a reasonable first choice for 
treatment of UTI in dogs if data support its use for treatment 
of canine UTI. Advantages to fosfomycin tromethamine jus-
tify consideration of its use in dogs. Despite many years of use 
in humans, it is characterized by an extremely low incidence 
of resistance. Indeed, canine and feline isolates expressing 
MDR maintain susceptibility to fosfomycin.135a Further, phar-
macokinetics in dogs support its use for treatment of UTI. 
Its role for treatment of UTI in dogs is emerging; a prudent 
approach might be as a second- or third-tier drug because of 

its importance in human medicine. In general, drugs metab-
olized by the liver (chloramphenicol) or excreted in the bile 
(macrolides, clindamycin) do not achieve high concentrations 
in the urine and should generally be avoided for treatment of 
UTI. Doxycycline might be appropriate if susceptibility data is 
available, although concentrations achieved in urine might be 
bacteriostatic.

Duration of Therapy
The “test for cure”104 (or perhaps, more appropriately, 
“response”) can be based on a second culture 3 to 5 days 
into therapy. Cure should be anticipated only if the organ-
ism count is less than 100 per mL of urine. Urine culture a 
second time just before discontinuation of therapy has been 
recommended,104 particularly if antimicrobial prophylaxis is 
to be implemented. The duration for successful treatment of 
uncomplicated lower UTIs might be as short as 3 to 5 days, 
particularly if doses are designed to target all infecting isolates, 
including those with the highest MICs.104 Such an approach is 
more likely to be successful if high doses and appropriate inter-
vals are chosen. Treatment may need to be extended, however, 
if infection occurs anywhere other than the uroepithelium. 
Traditionally, a 10- to 14-day therapeutic regimen has been 

Drug Ciprofloxacin Difloxacin Enrofloxacin Marbofloxacin Orbifloxacin
Escherichia coli MIC90 ≥64 ≥64 ≥64 ≥64 ≥64

Range
n 61 61 61 45 45
Species D, C D, C D, C D, C D, C
Source 131 131 131 131 131
CLSI Y Y Y Y Y

Proteus spp. Mode 0.08 0.64 0.17 0.21 0.72
MIC50 0.065 1 0.125 0.125 1
MIC90 0.5 4 1 1 8
n 28 28 28 18 15
Species D, C D, C D, C D, C D, C
Source 131 131 131 131 131
CLSI Y Y Y Y Y

Pseudomonas spp. Mean 0.25 0.93 0.45 0.69 1.3
MIC50 0.125 1 0.5 0.5 1
MIC90 1 16 8 8 16
n 58 58 58 38 34
Species D, C D, C D, C D, C D, C
Source 131 131 131 131 131
CLSI Y Y Y Y Y

Pseudomonas spp. MIC50 0.25 2 1 0.25 8
MIC90 8 ≥32 32 16 >32
Range 0.015-32 0.015-32 0.015-32 0.015-32 0.015-32
n 106 106 106 106 106
Species D D D D D
Source 20 20 20 20 20
CLSI Y Y Y Y Y

MIC, Minimum inhibitory concentration; BP, breakpoint, SC, subcutaneous; Y indicates that data were collected following guidelines of Clinical Laboratory and Standards Institute 
(CLSI). D, dog; C, cat; Y, yes; P, package insert.
*Pharmacokinetic data from Table 7-1.
†Based on cephalothin.

Table 8-11  Susceptibility Data (μg/mL) for Drugs for Gram-Negative Pathogens Collected from 
Antimicrobial-Free Dogs and Cats*—cont’d
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recommended for the first episode of therapy; the evidence 
for this recommendation is limited and clinical trials demon-
strating appropriate duration of therapy are needed. Shorter-
term antimicrobial therapy (a single high dose) has proved 
effective for female human patients with a lower UTI. Drugs 
that have been used successfully in humans for short-term 
dosing include trimethoprim–sulfonamide combinations, 
aminoglycosides, selected cephalosporins, and fluoroquino-
lones. Both single-dose and 3-day antimicrobial treatment 
regimens have been studied with dogs receiving amikacin and 
a trimethoprim–sulfonamide combination. Therapy was not 
uniformly successful, suggesting that caution should be used 
with this treatment regimen.143 However, these studies were 
implemented before understanding the importance of reach-
ing targeted PDI (i.e., Cmax:MIC > 10-12 and T>MIC for more 
than 50% of the dosing interval). Factors that should preclude 
single-dose antimicrobial therapy for a lower UTI include 
recurrence, historical poor response to single-dose therapy, 
underlying predisposing factors to a UTI (including structural 
abnormalities or metabolic disorders, such as diabetes melli-
tus, and hyperadrenocorticism), and either pyelonephritis or 
symptoms of a UTI that have occurred for more than 7 days.

For infections that reflect a relapse, the duration of therapy 
should be at least 2 weeks; however, for human patients suffer-
ing from a relapse, a higher cure rate occurred with a 6-week 
course of therapy. For animals a duration of 4 to 6 weeks is 
recommended.104 The duration also might be based on the 
cause of the relapse and whether the underlying cause is cur-
able and treated. Because relapse is likely to occur shortly after 
antimicrobial therapy is discontinued, cultures should be col-
lected again 7 to 10 days after cessation of therapy to detect 
the recurrence. In general, regardless of the sequence of UTI, 
doses should always maximize efficacy and avoidance of resis-
tance. A new antimicrobial should be selected if infection 
occurs more than 10 days after cessation of therapy;104 as more 
time elapses between cessation of therapy and the presence of 
bacteriuria, the more likely it is that reinfection is the cause of 
recurrence.

In the event of relapse after 6 weeks of therapy, 6 months of 
therapy or more may be necessary. A 3- to 6-month duration 
of therapy may be indicated for animals. However, clinical tri-
als are lacking to document these recommendations as well. 
Greater care must be taken, in the selection of antimicrobials 
for longer-term therapy, with special consideration to tox-
icity. Drugs that are used for long-term therapy in human 
patients include amoxicillin, cephalexin, trimethoprim–sul-
fonamide combination, or a fluorinated quinolone. Cultures 
should be repeated monthly, and as long as significant bac-
teria are not present, the drug need not be changed. Should 
relapse occur after a drug is discontinued, the same drug or 
a new drug should be administered for a longer course of 
therapy. Long-term therapy may be particularly important 
for animals in which renal parenchymal damage is a risk. As 
with first-time infection, and perhaps more so, the need for 
treatment must be balanced with the disadvantages of treat-
ment (or the risks of not treating should be balanced with the 
benefits of treating).

Clinical Trials
Despite the frequency of UTI in dogs and cats, the number 
of clinical trials examining therapy are limited. Pradofloxacin  
(n = 27 dogs; 5 mg/kg) has been compared with doxycycline  
(n = 23; 5 mg/kg load, followed by 2.5 mg/kg bid for 2 doses, 
then 2.5 mg qd) and amoxicillin–clavulanic acid (n = 28;  
62.5 mg/kg bid for 10 days) in cats with clinical signs of UTI.144 
Cats were not randomly assigned; assignment to treatment 
group was based on susceptibility; if more than one drug was 
designated susceptible, animals were assigned to keep groups 
balanced. All cats receiving pradofloxacin responded, with 
13% and 10%, respectively, of the doxycycline and amoxicillin–-
clavulanic acid groups remaining infected after treatment. 
However, the proportion of responders was not different 
among treatment groups, probably reflecting small sample size.

Efficacy of cefovecin (8 mg/kg, administered subcutane-
ously) was compared with that of cephalexin for treatment of 
canine (n = 129) UTI.145 Efficacy was based on elimination 
of the pretreatment uropathogen. Exclusion criteria included 
local or systemic antimicrobials within the previous 14 days, 
or short- (7 days) or long-acting (30 days) glucocorticoids.  
The study was implemented as a multicenter, blinded, ran-
domized study, with cephalexin (15 mg/kg, administered 
orally bid) serving as the positive control. Animals were 
treated for 14 days. The most common uropathogen was  
E. coli (60%), followed by P. mirabilis (12%) and S. intermedius 
(12%). As would be expected on the basis of the cephalexin 
MIC90 of E. coli, the overall cure rate for animals infected with 
E. coli was 79% in the cefovecin group compared with 36% 
for cephalexin. Bacteria were eliminated in 59% of cefovecin-
treated dogs compared with 35% of cephalexin-treated dogs. 
Of the infecting isolates, 90.5% of E. coli infections were eradi-
cated compared with 53% of E. coli infections for cephalexin. 
Of infections caused by S. intermedius, 6 of 6 were eliminated 
by cefovecin, compared with 7 of 10 for cephalexin; for Proteus 
mirabilius, 9 of 9 were eliminated by cefovecin, compared with 
5 of  7 for cephalexin. Interestingly, although 319 dogs with 
clinical signs of UTI were evaluated for inclusion, only 137 
(43%) actually were bacteriuric.

Prophylaxis
Long-term prophylaxis can be implemented for patients at 
risk for recurrence. Prophylaxis (by definition) can occur 
only after the infection has been eradicated. The use of low 
doses of antimicrobials in the presence of bacteriuria is likely 
to lead to the generation of resistant organisms and is con-
traindicated. Thus prophylactic antimicrobial therapy of UTIs 
is indicated for reinfection but not relapse (the latter suggests 
that the organism was never completely eradicated). The anti-
microbial chosen for long-term prophylaxis should be both 
safe and inexpensive. Trimethoprim–sulfonamide combina-
tions (monitor for immune-mediated reactions), nitrofuran-
toin, and fluoroquinolones are examples. However, neurologic 
side effects with nitrofurantoin may preclude its use, particu-
larly long term. Fosfomycin might also fill this role. The dose 
for prophylaxis is generally reduced to 30% to 50% of the full 
dose.104 Subtherapeutic concentrations of drugs often are 
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sufficiently inhibitory to prevent infection of the uroepithe-
lium. The drug should be administered at night to maximize 
contact of the drug with the urinary tract. Intermittent urine 
cultures (monthly) are indicated to detect breakthrough infec-
tions in animals receiving long-term antimicrobial prophy-
laxis. Negative cultures for 6 to 9 months or more may indicate 
that prophylaxis is no longer necessary.

Adjuvant Therapy
Diuresis has been advocated in the treatment of UTIs in 
humans. Advantages include rapid dilution of bacteria, 
removal of infected urine, and subsequent rapid reduction 
of bacterial counts. In patients with pyelonephritis, an added 
advantage may be enhanced host defenses: medullary hyper-
tonicity inhibits leukocyte migration, and high ammonia 
concentration inactivates complement. In the presence of vesi-
coureteral reflux, however, diuresis may increase the risk of 
acute urinary retention.

Use of drugs to modify urinary pH may facilitate the anti-
bacterial effects of urine. The presence of ionizable organic 
acids (hippuric and gamma-hydroxybutyric acid) in an acidic 
pH may enhance the antibacterial activity of the urine. Anti-
bacterial activity may be increased by ingestion of cranberry 
juice (if urinary pH is acidic), which contains precursors of 
hippuric acid. Cranberry juice extract also should be consid-
ered because of its potential ability to block adherence recep-
tors. Methenamine, available as a hippuric acid or mandelate 
salt, releases formaldehyde at a urinary pH of 5.5 or less, which 
also can increase antibacterial activity of urine.

Local urinary analgesics, such as phenazopyridine, rarely are 
indicated for the management of UTIs. Dysuria is most likely 
to respond to appropriate antimicrobial therapy. These drugs 
cause methemoglobinemia and are contraindicated in cats.

Drugs or nutraceutical products that enhance polysulfated 
glycosaminoglycan synthesis (e.g., Adequan, pentosan poly-
sulfate, glucosamine, chondroitin sulfate) might be consid-
ered for patients with complicated UTI. Such products may 
cover or help repair the uroepithelium, thus decreasing bac-
terial adherence. Gunn-Moore and Shenoy146 prospectively 
studied the effects of 60 days oral n-acetyl glucosamine in 
cats (n = 40) with feline idiopathic cystitis using a random-
ized, double-blinded, placebo controlled study. Response was 
based on owner assessment. Both groups improved signifi-
cantly, with 26 of 40 cats suffering recurrences. Although the 
power of the study was large, the size of the placebo response 
limited the ability to detect a significant difference between 
treatment groups. Improvement in both groups was poten-
tially attributed to owners, most of whom changed the cats to 
moist rather than dry diets. The quality of the glucosamine 
was not addressed. Wallius and Tidholm147 studied the effects 
of polysulfated glycosaminoglycans (PGAGs) in cats (n = 19) 
with clinical signs indicative of cystitis but culture negative. 
Cats were randomly assigned to receive either saline placebo 
or 3 mg/kg PGAGs on days 1, 2, 5, and 10. Assessment was 
based on owner perceptions of improvement. A treatment 
effect could not be detected because clinical signs resolved 
in essentially all cats (save one from each group). As with the 

previous study, the authors of this study could not conclude 
that PGAGs were not beneficial for treatment of inflamma-
tion, including that associated with UTI. Treatment with man-
nose or similar molecules may block mannose receptors, thus 
reducing adherence.119

The use of probiotics in the treatment of UTIs in human 
patients was reviewed by Lenoir-Wijnkoop.148 In general, Lac-
tobacillus spp. are most commonly recommended for treat-
ment of UTI. However, selected species are likely to emerge 
as more effective than others and microbiota may need to 
originate from the target species. The use of probiotics in the 
treatment of renal oxalate stones in human patients was also 
reviewed by Lenoir-Wijnkoop and coworkers.148 The absence 
of Oxalobacter formigenes from fecal microbiota increases the 
risk of kidney stones. Although no study has demonstrated 
an association between probiotic therapy and decreased renal 
stones, both animal and human studies have documented 
that O. formigenes can become established in the gastro-
intestinal tract, and establishment reduces urinary oxalate 
concentrations.

Pyelonephritis
Treatment of pyelonephritis may require hospitalization with 
intravenous fluid administration. Oral antimicrobial therapy is 
acceptable for mild to moderate cases as long as oral therapy 
is tolerated well. Because renal dysfunction can be life threat-
ening, antimicrobial selection should ultimately be based on 
culture and susceptibility data. Therapy can be initiated empiri-
cally; however, resistance among E. coli organisms should lead 
to selections with known susceptibility. Combination therapy 
should be considered. Urine is not likely to be concentrated, 
thus added attention must be paid to ensure that effective con-
centrations reach the target tissue. Pyelonephritis can be asso-
ciated with bacteremia, particularly gram-negative bacteremia. 
Clinical signs indicative of severe, life-threatening infection 
should lead to parenteral antimicrobial therapy with predict-
ably effective drugs (e.g., aminoglycosides, fluoroquinolones, 
extended-spectrum beta-lactams, and third-generation cepha-
losporins known to not be extended-spectrum beta-lactam 
producers). Combination therapy also should be strongly con-
sidered. The high concentration of antimicrobial that facilitates 
treatment of the lower urinary tract (bladder and lower) may 
not occur in pyelonephritis; thus close attention must be paid to 
using sufficiently high doses and frequent dosing. Drugs whose 
efficacy is dependent on a hypotonic environment (compared 
with the target organism), such as beta-lactams, fosfomycin, 
or vancomycin, may be less effective in the face of medullary 
hypertonicity, although this may be less than normal in the face 
of pyelonephritis. Nonetheless, if drug combinations are used, 
at least one of the two drugs should not target cell walls. As with 
infection lower in the tract, bacterial numbers should decrease 
dramatically within the first 48 hours of treatment. For uncom-
plicated pyelonephritis, 14 days of therapy may be sufficient of 
treatment. Cultures should be repeated as previously indicated 
during and within 1 to 2 weeks of discontinuation of therapy. 
Complications such as abscessation may require surgical inter-
vention and longer-term therapy.
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Prostatitis
Pathophysiology
Bacterial prostatitis can present as either an acute or chronic 
infection. One does not necessarily precede or follow the other. 
Among the causes of prostatic infection, ascending infection 
and urine reflux appear to be most likely. Acute prostatitis 
often is accompanied by fever, pain, and symptoms typical of 
a UTI. Palpation of the prostate reveals tenderness, swelling, 
and (potentially) a fluctuant surface (Figure 8-7). Care should 
be taken when palpating the prostate so that the risk of bacte-
remia is minimized. Chronic bacterial prostatitis most com-
monly is caused by gram-negative coliforms, with E. coli being 
most common, followed by Klebsiella spp., Enterobacter spp., 
P. mirabilis, and S. aureus.

Antimicrobial Selection and Use
Antimicrobial penetration into the noninflamed canine pros-
tate is limited. Drugs that are basic and lipid soluble appear to 
diffuse through tissues best, including macrolides (e.g., eryth-
romycin and presumably azithromycin and clarithromycin), 
fluoroquinolones, and trimethoprim–sulfonamide combina-
tions. The intense inflammatory response that accompanies 
acute prostatitis facilitates antimicrobial movement into the 
prostate,109 although high doses should be used to ensure ade-
quate concentrations at the site of infection. Parenteral antimi-
crobials based on culture (prostatic fluid or urine) should be 
used in the presence of life-threatening infection; otherwise, 
oral therapy is acceptable. Duration of therapy should be at 

least 4 weeks to minimize the risk of progression to chronic 
prostatitis. Prostatic abscessation generally requires surgical 
intervention. Chronic prostatitis in human patients is difficult 
to cure unless infected tissue is surgically excised. Chronic 
prostatitis generally results in relapse. Therapy, when success-
ful, generally requires 1 to 2 months of therapy. Antimicrobials 
that penetrate the noninflamed prostate (e.g., fluoroquino-
lones, trimethoprim–sulfonamide combinations, or macro-
lides) should be selected.109

Adjuvant therapy for the treatment of prostatitis includes 
stool softeners and, if indicated, analgesics. Neutering should 
be considered.

INFECTIONS OF THE UTERUS

Endometritis
Endometritis is associated with sanguineous or purulent 
vaginal discharge in either the pregnant bitch (if the cervix is 
open) or nonpregnant bitch.149 As with many organ systems, 
organisms causing uterine infections tend to be members of 
the normal flora of the reproductive tract. Organisms most 
commonly associated with uterine infections include Strepto-
coccus spp., E. coli, Salmonella, Campylobacter, Mycoplasma, 
and Chlamydia spp.149 Bacterial infections of the uterus result-
ing in endometritis can be responsible for infertility, abortion, 
stillbirths, and fetal death. Treatment of endometritis differs 
in the presence of pregnancy (live fetuses) in part because of 
potential injury to developing fetuses. Regardless of the anti-
microbial, any type of placentation is sufficiently intimate to 
allow movement of drug administered to the dam or queen to 
cross the placenta and enter the fetus. In general, however, the 
fetus can excrete water-soluble drugs more easily than lipid-
soluble drugs because water-soluble drugs can be eliminated 
in the allantoic fluid. In contrast, drug-metabolizing enzymes 
of the fetal liver are immature and essentially nonfunctional. 
Although metabolizing activity increases as the term of preg-
nancy ends, activity remains sufficiently weak that drug elimi-
nation is probably ineffectual. Thus lipid-soluble drugs tend 
to remain in the fetus. When possible, drugs that are water 
soluble should be selected for treatment of infections in the 
pregnant bitch.

The beta-lactams are preferred with amoxicillin com-
bined with clavulanic acid or a cephalosporin as first choice, 
assuming the target organism is included in the spectrum. 
Care should be taken to avoid cephalexin if an E. coli is sus-
pected. Culture and susceptibility data should be the basis for 
antimicrobial selection for treatment of endometritis, even if 
antimicrobials are begun before results are received. Should 
susceptibility data indicate beta-lactams as resistant, ami-
noglycosides can be used. Pediatric (and presumably fetal) 
canine kidneys are protected from aminoglycoside damage 
because the cortical regions do not fully develop until several 
weeks postpartum. Fluoroquinolones also appear to be safe for 
the developing fetus (e.g, enrofloxacin at 15 mg/kg), although 
the risk of cartilage damage even in the developing fetus might 
lead to an alternative class of drugs. Response to antimicrobial 
therapy is indicated by resolution of vaginal discharge, which 

KEY POINT 8-27 Treatment of pyelonephritis should be 
approached as a potentially life-threatening disease requir-
ing aggressive but appropriate antimicrobial therapy.

KEY POINT 8-26 E. coli resistance to fluoroquinolones, when 
it does emerge, is generally characterized by multidrug 
resistance.

Figure 8-7 Aspiration of a prostatic abscess. Most prostatic 
abscesses require surgical removal. Abscessation carries the 
risk of peritonitis and bacteremia. Fluid should be submitted 
for culture and susceptibility testing. (Photo courtesy Harry W. 
Boothe, DVM, MS, DACVS, Auburn, AL.)
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should occur within several days of beginning therapy. Ther-
apy should continue for 2 to 3 weeks.149 In the case of fetal 
death, prostaglandin therapy may be indicated to evacuate the 
uterus. Evidence of septicemia indicates more dramatic and 
aggressive therapy (see the section on bacteremia).

Pyometra
Although bacterial infection is secondary to the cystic changes 
associated with pyometra, the infection is the primary cause 
of illness and death. Organisms most commonly associated 
with pyometra include E. coli (the majority of infections), 
hemolytic Streptococcus, Staphylococcus, Klebsiella, Pasteu-
rella, Pseudomonas, Proteus, and Moraxella spp.150 Wadas and 
coworkers128 demonstrated that E. coli associated with pyome-
tra in dogs was derived from fecal flora and was also identi-
cal to those simultaneously cultured from the urine. Hagman 
and Kühn151 confirmed that E. coli was from the normal flora 
and was the same as that cultured from the urinary bladder. 
Host and microbial factors (see Chapter 6) play a large role in 
the pathogenesis of pyometra and response to drug therapy. 
In addition to the obvious impact of inflammatory and other 
debris on antimicrobial efficacy, the local immune response of 
the uterus is impaired.150 Complications such as bacterial peri-
tonitis and endotoxin contribute to mortality. Endotoxin con-
centrations generally are increased before implementation of 
drug therapy, further complicating antimicrobial selection.150

Surgical removal of the infected uterus is the treatment of 
choice; however, antimicrobial therapy should be implemented 
regardless of whether ovariohysterectomy is performed. Pros-
taglandin therapy may be implemented in selected cases (see 
Chapter 23).

Culture and susceptibility data should be collected before 
empirical therapy with a bactericidal drug that includes E. coli 
in its spectrum is begun. Although a beta-lactam antibiotic 
is generally an excellent first choice, concern with rapid cell 
death and release of lethal quantities of endotoxin should lead 
to (1) selection of a carbapenem (meropenem or imipenem), 
the beta-lactam associated with the least endotoxin release; 
(2) combination therapy with a non–beta-lactam antimicro-
bial (e.g., an aminoglycoside or fluorinated quinolone) that is 
administered before (1 to 2 hours) the beta-lactam; or (3) slow 
administration of the beta-lactam, perhaps over the course 
of 1 hour. Therapy for pyometra should include supportive 
measures such as fluid rehydration and, if indicated, therapy 
for endotoxic shock. Glucocorticoid therapy is discouraged 
unless the patient is characterized as adrenocortico-deficient 
(see Chapter 30).

RESPIRATORY TRACT INFECTIONS

Principles of Antimicrobial Treatment
A major barrier to passive drug movement from the blood to 
the site of infection in the respiratory tract is the bronchial–
alveolar–blood barrier.152,153 Whereas drugs of a molecular 
weight up to 1000 can move easily through the open junc-
tions of the capillaries, drugs must passively diffuse through 
the tight junctions of the alveolar epithelial cells.152 Movement 

of drugs into bronchial secretions occurs primarily by passive 
diffusion and is more likely to occur for drugs with favor-
able physiochemical characteristics such as high lipophilicity 
and low molecular weight (<450). Few drugs achieve con-
centrations in respiratory tissues equal to concentrations in 
the plasma.154 Thus achieving simply the MIC in the plasma 
against an organism infecting the respiratory tract is likely to 
result in therapeutic failure.154–156 Rather, the targeted plasma 
drug concentration must be sufficiently great to ensure that 
the MIC will be reached at the site of infection. The relation-
ship between plasma and bronchial drug concentrations can 
be described by the partition ratio,152,153 which is the area 
under the plasma drug concentration versus time curve in 
plasma divided by the same in bronchial secretions. Such 
a relationship would compare not only peak concentrations 
but also the time that drug stays in tissues, which generally 
is longer than in plasma. Collection of sequential bronchial 
secretion samples necessary for kinetic analysis is, however, 
difficult, and such information currently is not available for 
many drugs. A more practical relationship is the ratio of bron-
chial drug concentration to plasma drug concentration. This 
ratio has been established for a number of antimicrobial drugs 
and is often available in package inserts and textbooks. The 
ratio can serve as a basis for antimicrobial selection and dose 
manipulation.152,153 Ratios can be further manipulated to take 
into account phagocytic accumulation of antimicrobials.154

Among the antimicrobial classes, the penicillin antibiot-
ics are characterized by one of the lowest plasma to bronchial 
tissue drug concentrations (mean of 9%), although variation 
exists among the individual drugs (see Table 7-5). For example, 
amoxicillin reaches four to five times higher concentrations in 
bronchial secretions than ampicillin when given at the same 
dose, although this is probably due to higher plasma concen-
trations.152,153 As little as 1% of some beta-lactams and no more 
than 23% of plasma amoxicillin, however, reaches bronchial 
secretions. An exception can be made for meropenem, which 
appears to reach approximately 50% of plasma concentrations 
(see Table 7-5). The cephalosporins may be distributed slightly, 
albeit probably not clinically, better than the penicillins (mean 
of 15%), again with variation among the individual members. 
For example, cephalexin achieves only 15% of plasma con-
centrations, whereas cefoxitin and cefotaxime reach 25% of 
plasma concentrations. Selected third-generation cephalospo-
rins may reach even higher concentrations.152,153

Of the aminoglycosides, amikacin distributes into bron-
chial secretions somewhat better than most beta-lactams, 
generally reaching 20% to 30% of plasma concentrations. 
Clindamycin achieves 61% of plasma concentrations. 
Tetracyclines, and particularly doxycycline (38%) and 
minocycline, can reach 30% to 60% of plasma concentra-
tions after a single dose. Macrolides such as erythromycin 

KEY POINT 8-28 Among the antimicrobial classes, the 
penicillin antibiotics are characterized by one of the low-
est (often less than 10%) plasma to bronchial tissue drug 
concentrations.
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generally distribute well into bronchial secretions (41% to 
43%), although newer drugs such as azithromycin (which 
can accumulate up to 200-fold in pulmonary tissues) dis-
tribute much better than erythromycin.152,153 The fluoro-
quinolones reach 70% or more of plasma concentrations; 
they also accumulate over fiftyfold to a 100-fold in alveo-
lar macrophages. The potentiated sulfonamides have vari-
able distribution. Whereas trimethoprim reaches 100% of 
serum concentrations in bronchial fluid, the sulfonamide 
component may achieve much lower concentrations. For 
example, sulfamethoxazole achieves only 18% of serum con-
centrations. Metronidazole, useful for anaerobic infections, 
achieves 100% of plasma concentrations in respiratory secre-
tions.152,153 For drugs with a long elimination half-life (e.g., 
doxycycline, the azalides), the ratios of bronchial concentra-
tions to plasma concentration may increase with repetitive 
dosing as drugs accumulate.152,153

Inflammation generally increases concentrations of 
selected antibacterials (e.g., beta-lactams and aminoglyco-
sides) in bronchial secretions because of local vasodilation 
and vascular permeability. Excessive inflammation can, how-
ever, preclude antimicrobial distribution (Figure 8-8).152,153 In 
such instances, a drug that accumulates in white blood cells 
should be considered. Mucus produced in response to a bacte-
rial infection in the respiratory tract can also interfere with 

antimicrobial therapy.152,153 Aminoglycoside efficacy may be 
decreased by chelation with magnesium and calcium in the 
mucus. Antimicrobials may bind to glycoproteins, and mucus 
may present a barrier to passive diffusion. In addition, some 
antimicrobials may alter function of the mucociliary appara-
tus, either by increasing mucous viscosity or decreasing ciliary 
activity (e.g., tetracyclines). Because of these negative effects, 
drugs that decrease mucous viscosity (e.g., expectorants or 
bromhexine, a drug available outside of the United States) or 
are mucolytic (e.g., acetylcysteine) may facilitate antimicrobial 
therapy.152,153 Cysteine-containing drugs may facilitate pen-
etration of antimicrobials.157 N–acetylcysteine may be given 
by any route and reach effective concentrations in the lung. In 
addition to its mucolytic effects, the drug imparts some anti-
inflammatory effects (oxygen radical scavenging) and appears 
to help bacterial penetration of the mucopolysaccharide cap-
sule of gram-negative bacteria. The use of N-acetylcysteine is 
addressed in Chapter 20.

Increasingly, the nonantimicrobial benefits of selected anti-
microbial drugs are being realized. The effects of long-term 
azithromycin use on lung function and progression of cystic 
fibrosis is discussed later in this chapter. The azolides have 
demonstrated synergistic effects against P. aeruginosa with a 
number of antimicrobials (see the discussion of bacterial rhi-
nitis and sinusitis).
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Figure 8-8 The accumulation of inflammatory debris in the peribronchiolar region (A), the alveolus (B), lung lobe (C and D), or tra-
chea (E) is likely to impair drug distribution to the site of infection and may hinder the activity of the drug that is able to penetrate 
the debris. (Courtesy Bayer Animal Health.)
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Bacterial Rhinitis and Sinusitis in Cats
Pathophysiology
The pathophysiology of bacterial rhinitis and sinusitis has not 
been confirmed in cats, but the role of viral disease in chronic 
infection increasingly is evident (see the section on microbial 
targets). Acute manifestations of rhinitis are likely to reflect 
viral infections; causative agents include FHV-1 (generally 
identified as the causative agent in the majority of cases), FCV, 
and Chlamydia spp.

Viruses can cause profound local changes in the respi-
ratory epithelium of upper airways. In humans rhinoviral 
adherence to the epithelium upregulates production of bio-
genic amines, tumor necrosis factor (TNF), and other cyto-
kines, as well as leukotrienes.158 At the same time, viruses 
suppress local immune response. The negative impact of viral 
infections on local (and potentially systemic) immune mech-
anisms, particularly if coupled with lysis of nasal turbinates, 
as can occur in cats, likely predisposes the nares and sinuses 
to secondary bacterial infection. As the syndrome progresses, 
the role of viral organisms is likely to become less important. 
The loss or reduction of mucociliary tract function probably 
has a profound impact on the pathophysiology of respiratory 
tract infections in dogs and cats (see Chapter 20). Impaired 
removal of inflammatory and bacterial debris or bacterial 
biofilm allows accumulation and retention of material that 
not only is responsible for clinical signs (e.g., sneezing) but 
also contributes to infection by promoting an environment 
conducive to microbial growth. Successful therapy is con-
founded by (presumed) limited drug distribution to the nares 
and sinuses, particularly in the face of chronic inflammatory 
debris. Bacterial adherence to epithelial cells might also pro-
foundly affect therapeutic success. Initial clinical response 
may be followed by recrudescence of clinical signs and failed 
response to repeated antimicrobial therapy.

Complicating the treatment of chronic sinusitis is the inabil-
ity to discriminate commensal organisms from pathogens (see 
Chapter 6). Culture of nasal flushes may be a better means to 
assess infection than rhinoscopy-guided biopsy.159 Cytology 
may be important in distinguishing a bacterial infection from 
sinusitis that is primarily chronic allergic inflammatory in ori-
gin and more likely to respond to immunomodulatory therapy 
(see Chapter 20). Properly identifying an infectious cause helps 
prevent the indiscriminate use of antimicrobials, which may 
contribute to the emergence of resistant bacterial infection.

Microbial Targets
Several studies have addressed the microbes associated with 
upper respiratory disease in cats, with varied results. Vari-
ability reflects, in part, variation in study methods and often 

failure to discriminate commensals from infection. A com-
mon void is lack of data in control animals. Johnson and 
coworkers160 have studied the organisms associated with rhi-
nosinusitis in affected (10) cats, comparing the flora to normal 
cats (7). Aerobic bacteria were present in 5 of 7 normal and 9 
of 10 affected cats; Mycoplasma spp. was present in only 2 of 
10 diseased cats. Potential pathogens were cultured more fre-
quently from diseased cats, but it was not clear if their growth 
reflected infection as opposed to colonization of previously 
diseased tissue. FHV-1 was detected using polymerase chain 
reaction (PCR) in 4 of 7 normal cats and 3 of 10 diseased cats. 
Bordetella bronchiseptica was cultured in 1 cat with disease 
that had been vaccinated with the same strain. In the review 
Johnson and coworkers160 also indicated that a previous study 
(by the same investigators) found that swab culture of 15 of 
21 cats with rhinitis yielded Pseudomonas spp. (53%) and 
E. coli (40%). Both Pasteurella (4 of 11) and Pseudomonas spp. 
(7 of 11) also have been cultured from the frontal sinuses of 
affected cats.

Bannasch and Foley161 evaluated pathogens in animal shel-
ter cats that were either normal (n = 259) or afflicted with 
clinically mild to severe upper respiratory infection (n = 314). 
The proportion of all isolates identified for all cats were FCV 
(54.7%), FHV-1 (28%), Mycoplasma spp. (14.4%), B. bron-
chiseptica (9.5%), and C. felis (2.8%). Unfortunately, the inci-
dence of pathogens in controlled versus affected cats was not 
described, limiting interpretation of the role of pathogens in 
disease. More recently, Spindel and coworkers162 cultured cats 
with feline rhinitis before a clinical trial. Organisms most fre-
quently cultured or detected based on PCR from nasal swabs 
included FHV-1 (75%), Mycoplasma spp. (75%), and Bordetella 
spp. (47.5%). Additionally, Staphyoloccoccus and Streptococcus 
were recovered in 12.5% and 10% of cases, respectively. Hart-
mann and colleagues163 prospectively studied cats (n = 39) pre-
sented to a veterinary teaching hospital with clinical signs of 
upper respiratory disease or conjunctivitis. Cats were tested for 
FCV, FHV-1, C. felis, and Mycoplasma spp.; 37 of 39 cats had 
at least one organism present. Both C. felis and Mycoplasma 
spp. were each present in approximately 50% of cats, with both 
present in 28% of cats and neither in approximately 5%. The 
role of other microorganisms was not addressed. Finally, Veir 
and coworkers164 described bacterial and viral pathogens iso-
lated from nasal and pharyngeal swabs in affected (acute rhi-
nitis) cats (n = 52). However, the impact of the findings on the 
relevance to clinical signs was limited by the lack of studies 
in control cats. Cultures in affected cats included an anterior 
nares swab (using a urethral swab after mucus was removed) 
and pharyngeal swabs from the oropharyngeal area. Infectious 
organisms were also detected using PCR for FHV-1, FCV, 
Mycoplasma, and Chlamydia spp. Eleven different organisms 
were cultured from nasal swabs, with the most common being 
Mycoplasma (48%) and Pasteurella spp. (32%). Thirteen differ-
ent organisms were cultured from the pharyngeal swab, with 
the most common being Pasteurella (73%), Mycoplasma (52%), 
and Moraxella spp. (21%); Flavobacterium spp. was cultured 
from 17% of animals. Pharyngeal and nasal swabs matched 
in only 12% of the animals. Bordetella sp. was present only in 

KEY POINT 8-29 Although the initial role of viruses in the 
pathophysiology of upper respiratory disease is clear, the 
role of bacteria in perpetuating the syndrome is not clear 
despite multiple studies that have demonstrated a micro-
bial presence.
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nasal swabs (n = 3; 5%). FHV-1 was detected in 69% of the 
nasal swabs despite being PCR positive in 82% of cases. The 
authors considered B. bronchiseptica, C. felis, FCV, and FHV-1 
as the primary pathogens, although detection of FHV-1 did 
not always indicate infection. Nine afflicted cats were negative 
for primary organisms in nasal culture but positive in pharyn-
geal culture. Agreement between nasal and pharyngeal data 
was considered moderate for FHV-1 and Mycoplasma PCR; 
substantial for FHV-1 isolation, Mycoplasma culture, and 
FCV; and perfect for C. felis. Collection of nasal swab data was 
described as difficult, time consuming, and uncomfortable for 
the subjects. The authors concluded that information yielded 
from aerobic culture of either nasal discharge or pharynx of 
cats is not sufficiently useful to justify collection; accordingly, 
empirical therapy was suggested by the authors. Previous stud-
ies had revealed that 80% of aerobic (non-Mycoplasma spp.) 
isolates were susceptibile to amoxicillin–clavulanic acid, ceph-
alosporins, chloramphenicol, enrofloxacin, and tetracylines.

Based on these studies, although consensus has not been 
reached, the most likely initiating pathogens associated with 
rhinitis are FHV-1 and FCV. If bacteria are involved in the 
initiation, Mycoplasma spp., B. bronchiseptica, and C. felis are 
the primary bacterial causes.162 Previous antimicrobial history 
might be important for discerning the role of gram-negative 
organisms, particularly in sinusitis.

Antimicrobial Drugs and Treatment
Care must be taken to ensure proper antimicrobial selection 
and dosing regimen in to minimize the advent of resistance 
in upper respiratory tract infections. Indiscriminate therapy 
must be avoided. As infection becomes chronic, persistent 
antimicrobial therapy is likely to encourage development of 
resistant organisms through antimicrobial selection pres-
sure. Although the normal lung may be well perfused, marked 
inflammatory debris will affect the ability of the drug to reach 
the site in effective concentrations (see Figure 8-8). Drug dis-
tribution to normal bronchial or sinus secretions is limited; 
inflammatory debris may pose an even greater risk of poor 
delivery. Even drug concentrations that achieve the MIC of 
the infecting organisms may contribute to antimicrobial fail-
ure. As weaker organisms die (e.g., P. multocida), persistent 
environmental changes coupled with the continued presence 
of antimicrobials will select the more hardy organisms (e.g., 
B. bronchiseptica). Eventually, organisms largely resistant to 
most clinically relevant bacteria (e.g., P. aeruginosa) emerge. 
In part because of the concern of emerging resistance and the 
desire to avoid the indiscriminate use of antimicrobials, fever 
in humans with acute rhinitis is not to be interpreted as sec-
ondary bacterial infection, nor is a change in the color of the 
discharge. Secondary bacterial infection is considered in cases 
for which acute clinical signs persist for 10 days or more or 
worsens after 5 to 7 days. Treatment is implemented for 10 to 
14 days.158

Curing chronic rhinitis or sinusitis in cats may be an unrea-
sonable expectation, particularly if damage to nasal turbinates 
precludes adequate mucociliary tract function or other local 
immune protections. Control of clinical signs, particularly 

during flare-ups, may be a more reasonable expectation. Lit-
tle information exists regarding the role of bacteria in per-
sistence of infection, but human patients with cystic fibrosis 
are frequently infected with P. aeruginosa, so much so that its 
appearance is generally associated with a downward spiral in 
clinical response. Consequently, much research has focused on 
infection by this organism, some of which may apply to cats 
with chonic sinusitis or rhinitis. The propensity of infection 
of cystic fibrosis patients with P. aeruginosa may reflect, in 
part, adherence of the organism to epithelial cells as well as 
generation of biofilm.165 Isolates causing infection appear to 
be different from isolates infecting other tissues. Biofilm may 
be induced by the presence of hypoxia and appears to be asso-
ciated with resistant organisms; low oxygen tension also may 
cause emergence of the more resistant, nonmucoid pseudo-
monad organisms. Hypermutability of the organism has been 
associated with antimicrobial-induced selection pressure.165 
“Late” infection with Burkholderia sp. and aspergillosis has 
been recognized.

Although chronic sinusitis or rhinitis is generally not life 
threatening in cats, a therapeutic approach similar to that for 
cystic fibrosis might be reasonable. Thus focusing on removal 
of organized bacterial debris is an important component of 
therapy.166 Two rules of antimicrobial therapy recommended 
in patients with cystic fibrosis may apply to chronic sinusitis 
or rhinitis: (1) Antimicrobial selection should be based on 
periodic isolation and identification of pathogens and their 
susceptibility, and (2) indiscriminate use should be avoided. 
Rather, a rational, clinical endpoint should be considered in 
the context of duration of therapy.165 Even with appropriate 
culture techniques, identifying the infecting organism may be 
difficult. For example, nonmucoid Pseudomonas spp., which 
tends to cause early infections in humans with cystic fibrosis, 
is slow growing and harder to culture, making MIC determi-
nation more difficult.

When the decision to use antimicrobials is made, their use 
should be aggressive, designed to achieve effective concentra-
tions—sufficient to kill even the potential mutants. Lipid-solu-
ble drugs and drugs that concentrate in phagocytic cells should 
be considered; as infection progresses, combination (double to 
triple) therapy should be implemented. Pulse dosing at inter-
vals sufficiently long to allow the microflora to normalize as 
much as possible is a reasonable approach. Early antipseudo-
monadal therapy designed to eradicate infection is recom-
mended in humans with cystic fibrosis to prevent infection by 
resistant pseudomonads. Long-term azithromycin appears to 
improve lung function and slow the progression of the disease 
in humans with cystic fibrosis and increasingly is included in 

KEY POINT 8-30 Effective therapy of URI in cats may depend 
more on adjuvant therapy that alters the environment rather 
than repetitive antimicrobial therapy. Antimicrobial therapy 
might be approached with the goal of control, rather than 
cure, with dosing regimens designed to ensure eradication 
of infection with each therapeutic interlude.
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the therapeutic regimen.167,168 The effects of azithromycin may 
be immunomodulatory insofar as they occur at concentrations 
below the MIC of the infecting organisms. Proposed mecha-
nisms have included, among others, a reduction in inteleukins 
(IL)-1β, IL-8, and neutrophils in bronchoalveolar lavage fluid; 
reduction in immune complexes directed toward the biofilm 
produced by mucoid P. aeruginosa; and impaired adherence of 
P. aeruginosa to the epithelium.169 Azithromycin and clarithro-
mycin also have exhibited in vitro synergistic effects against 
both mucoid and nonmucoid P. aeruginosa. The most active 
combinations demonstrating synergy in patients with cystic 
fibrosis were azithromycin–sulfadiazine–trimethoprim and 
azithromycin–doxycycline. Azithromycin occasionally dem-
onstrated synergism when combined with extended-spectrum 
beta-lactam antibiotics (meropenem, imipenem, and others), 
ciprofloxacin, chloramphenicol, and tobramycin.170 Azithromy-
cin has a long half-life in lung tissues of cats (see Chapter 7) and 
is a reasonable choice for combination, but not sole, therapy of 
cats with sinusitis infected with Pseudomonas spp. Care should 
be taken in using antistaphylococcal drugs (unless specifically 
indicated on the basis of culture and susceptibility data) because 
of the potential advent of MRS.165 When used, doses should be 
modified to ensure concentrations that well exceed the MIC of 
the infecting organisms for most of the  dosing interval.

Several clinical trials have examined the efficacy of selected 
antimicrobials. The efficacy of amoxicillin (22 mg/kg by mouth 
bid, tablet form) was compared with that of azithromycin (15 
mg/kg by mouth; n = 10) in shelter cats (n = 31) suspected to 
have bacterial rhinitis (on the basis of nasal discharge). Treat-
ments were randomized, but blinding was not addressed; 
negative controls were not included.171 Animals had been cul-
tured before initiation of antimicrobial therapy.164 Response 
was based on clinical signs assessed before and every 3 days 
until infection resolved. Failures in one group were subse-
quently crossed over to the alternative drug for an additional  
9 days. For azithromycin, 3 of 10 cats (30%) initially responded, 
whereas 6 were switched to amoxicillin. For amoxicillin 8 of 21 
(38%) responded, whereas 13 were switched to azithromycin. In 
the second treatment period, 5 of 10 (50%) responded to amox-
icillin, and 3 of 6 (50%) responded to azithromycin. No differ-
ences were detected in clinical outcome or scores at cross-over; 
the limitation may be sample size. At the time of the report, the 
cost of amoxicillin treatment (drug alone) was approximately 
35% of that for azithromycin, but the inconvenience of twice-
daily dosing was not included in the cost assessment. However, 
some limitations of this study complicate interpretation. No 
loading dose was given for azithromycin; therefore azithromy-
cin was not quite at steady state at the 9-day crossover time, 
and treatment did not occur while drug concentrations were at 
steady state. For the same reason, because a washout was not 
implemented to accommodate for the long half-life of azithro-
mycin, those cats switched from azithromycin to amoxicillin 
were likely to have significant azithromycin concentrations dur-
ing at least 6 days of the second treatment period.

Pradofloxacin (5 mg/kg [n = 13] or 10 mg/kg [n = 12] qd) 
also has been compared with amoxicillin (22 mg/kg every 
12 hr; n = 15) for treatment of feline rhinitis in shelter cats  

(n = 40) using a randomized design (blinding not addressed; 
no control included); cats that failed the first therapy (7 days’ 
duration) were treated with the alternative therapy.162 Organ-
isms most frequently cultured or detected based on PCR from 
nasal swabs included FHV-1 (75%), Mycoplasma (75%), and 
Bordetella spp. (47.5%). Additionally, Staphyloccoccus and 
Streptococcus were recovered in 12.5% and 10% of cases, 
respectively. Response rates were 67% for amoxicillin and 85% 
and 92%, respectively, for 5 and 10 mg/kg pradofloxacin. Dif-
ferences were not statistically significant, but this may reflect 
the small number of animals: All except one cat that failed ini-
tial therapy responded to the second therapy. Because cats that 
were infected with Mycoplasma spp. responded after treatment 
with amoxicillin (n = 3), Mycoplasma spp. may not have been 
associated with infection.

Although the contribution of Chlamydia spp. to upper respi-
ratory infection (URI) is less clear, several studies have exam-
ined reponse to therapy. Experimentally induced C. felis was 
not eradicated, but clinical signs resolved in cats receiving 10 to 
15 mg/kg azithromycin for 3 days, followed by twice-weekly for 
3 weeks. In contrast to azithromycin, infection was eradicated  
at 5 to 10 mg/kg doxycycline for 3 to 4 weeks.16 Differences 
in the pathogenicity among strains may complicate application 
of the experimental infections to spontaneous disease; how-
ever, studies suggest that azithromycin may not offer sufficient 
advantages to doxycycline for treatment of chlamydiosis in 
cats.16 Hartmann and coworkers163 prospectively studied cats 
(n = 39) presented to a veterinary teaching hospital with clinical 
signs of upper respiratory disease or conjunctivitis. Cats were 
tested for FCV, FHV-1, C. felis and Mycoplasma; 37 of 39 cats 
had at least one organism present with the breakdown as fol-
lows:  FCV (72%), C. felis (59%), Mycoplasma spp. (46 to 64%), 
FHV (28%) and the combination of C. felis and Mycoplasma 
spp. (28%) or FHV-FCV (13%); 10% had all four organisms 
present. The study was placebo controlled and double blinded; 
all cats were randomly assigned to receive either doxycycline 
(5 mg/kg bid by mouth) or pradofloxacin (5 mg/kg qd) for 42 
days. Cats in both groups responded within 1 week of therapy, 
including those cats with viral, but not microbial, infection. 
Mycoplasma spp. was eliminated in all cats; C. felis was elimi-
nated in all doxycycline-treated cats (n = 22) but remained in 4 
of the 17 pradofloxacin-treated cats.

Inhalant therapy coupled with systemic therapy prolongs 
duration of eradication (mean of 8 months extended to 12 
months) of Pseudomonas spp. infections in human patients 
with cystic fibrosis. However, the depth of penetration of 
sinuses in cats with inhaled therapy is questionable. Never-
theless, inhalant therapy should be helpful if coupled with 
appropriate systemic therapy. The ability to achieve high ami-
noglycoside concentrations in the presence of mucoid mate-
rial is important because of the negative effects such debris has 
on aminoglycoside therapy; inhalation of aminoglycosides 
(28 days on, 28 days off) has been successful as sole therapy 
in humans with cystic fibrosis. The use of topical (e.g., oph-
thalmic solution) aminoglycoside therapy often implemented 
by clinicians dealing with chronic sinusitis in cats might pro-
vide therapeutic benefits similar to inhalant therapy; however, 
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inhalant therapy also should be considered. Aerosolization of 
polypeptides such as polymyxin–colistin whose systemic use 
is precluded by systemic toxicity also has been used in human 
patients to treat Pseudomonas infections. Aerosolized doses 
of 500,000 to 1 million IU of colistin twice daily (potency of 
30,000 IU/mL) have been used for several months.165 Aerosol-
ization of beta-lactams might also be considered.

Facilitating removal of bacterial and host debris, although 
important, may be difficult. Use of drugs intended to “dry” 
secretions (i.e., decongestants, antihistamines) generally are 
not prudent unless serous secretions (e.g., those associated 
with acute viral infection) are prolific. Methods of assisted 
mechanical clearance used in human patients are not likely 
to be effective in the upper airway disease of cats. Recombi-
nant human DNase digests polymeric extracellular DNA and 
reduces the viscosity of pulmonary secretions; as such, it has 
become the cornerstone of mucolytic therapy in patients with 
cystic fibrosis. The drug is delivered by inhalation and is gen-
erally used as maintenance rather than limited to acute exacer-
bations. Cost may preclude its use in cats. Inhaled hypertonic 
saline has also increased fluidity of secretions; pretreatment 
with adrenergic agonists may be prudent to minimize the risk 
of irritant bronchoconstriction. The use of N-acetylcysteine as 
a mucolytic is described in Chapter 20.

The efficacy of once daily L-lysine (250 mg if less than 
5 months or 500 mg if greater than 5 months of age) was 
studied for its impact on emergent URI in animal shelter cats  
(n = 144 treated and 147 nontreated cats). No difference 
was found in the subsequent incidence of URI that emerged 
between the two treatment groups.172

Bacterial Tracheobronchitis
Pathophysiology
Infectious tracheobronchitis is a contagious disease in dogs.
Although it is generally mild and self-limiting, it can become 
serious, particularly if multiple bacteria become involved. 
Likelihood of infection reflects, in part, variability among 
strains. Host ciliated epithelial cell receptors are recognized 
by fimbrial and nonfimbrial filamentous (hemagglutinin and 
pertactin) adhesions. Upon colonization, exotoxins (adenylate 
cyclase-hemolysin, dermonecrotic toxin, and tracheal cyto-
toxin) and endotoxin impair the host response (e.g., phago-
cytosis, humoral and cell-mediated response) and cause local 
damage. Recent evidence suggests the organism may not be 
limited to an extracellular location but may survive intracellu-
larly under some conditions.173 The mucosal defense generally 
is able to clear most organisms within 3 days of infection. Bor-
detella spp. will, however, persist for up to 14 weeks after infec-
tion.174,175 Active attachment to cilia and ciliostasis induced 
by Bordetella spp. appear to be important reasons for bacterial 
persistence. Whereas the disease generally is self-limiting to 7 
to 10 days’ duration, systemic signs indicative of pneumonia 
dictate the need for antimicrobial therapy.

Microbial Targets
B. bronchiseptica remains the primary bacterial pathogen asso-
ciated with infectious tracheobronchitis in dogs and appears 
to be the only agent that has induced classic kennel cough 
either experimentally or spontaneously. However, other viral 
organisms (e.g., canine parainfluenza virus and canine adeno-
virus type-2) may initiate or complicate the syndrome and 
Mycoplasma spp. may worsen it.173 Chalker and colleagues176 
reviewed the role of pathogens and specifically mycoplasmas 
in canine respiratory disease. Dogs were from two groups: a 
rehoming kennel with a history of endemic canine infectious 
respiratory disease (n = 210; samples collected from nonvac-
cinated dogs with variable clinical signs during 1999 to 2002) 
and a training center (n = 153; dogs vaccinated regularly, with 
only sporadic outbreaks). At least 12 different Mycoplasma 
spp. were cultured from both groups of animals, with isolates 
obtained from tonsillar, tracheal, and bronchial lavage samples. 
Isolates were speciated on the basis of PCR. Differences in the 
two groups were limited to the lower respiratory tract (Myco-
plasma cynos); its presence was associated with an increased 
severity of disease. Previous studies by the same group in the 
same rehoming facility based on bronchial alveolar lavage  
(n = 209) indicated that canine respiratory coronavirus pre-
dominated in dogs with mild disease, B. bronchiseptica in dogs 
with moderate disease, and Streptococcus equi subsp. zooepi-
demicus in dogs with severe disease, with the bacterial load 
being greater in dogs with more severe disease.177 Pasteurella 
spp. may also be involved (as reviewed by Chalker et al.177)

Therapy should be based on culture and susceptibility data 
because organisms other than Bordetella spp. frequently com-
plicate infection. It is likely that Mycoplasma spp. also play a 
role in infectious tracheobronchitis in dogs, and drug selection 
should include this organism. Despite the presence of other 
organisms, once the need for antimicrobial therapy is identi-
fied, therapy should include a drug with known efficacy against 
B. bronchiseptica (see later discussion). Culture of B. bronchi-
septica does not necessarily indicate infection; the significance 
of growth depends on the number of colonies and sample loca-
tion. Whereas isolation from the trachea is significant, isola-
tion from the nares or pharynx is likely to be significant only 
if growth is moderate to heavy.178 First-choice antimicrobi-
als generally include the tetracyclines, chloramphenicol, and 
the macrolides (including erythromycin, clarithromycin, and 
azithromycin). Fluoroquinolones should be based on culture 
and susceptibility support. Glucocorticoids should not be used 
in the presence of bacteriostatic drugs; alternative mechanisms 
to control cough (e.g., narcotic antitussives) should be consid-
ered. Prophylaxis might be considered in animals exposed to 
B. bronchispetica; treatment, however, is not always indicated 
because the disease tends to be self-limiting.

Because of the location of the organism and the difficulty 
of drug penetration into bronchial secretions, aerosolization 
of selected antimicrobials (aminoglycosides, polymyxin B) 
should be considered as an adjunct to systemic antimicrobial 
therapy for kennel cough. Systemic therapy should include 
a drug that penetrates bronchial secretions well. Drugs with 
known in vitro efficacy against both B. bronchiseptica and 

KEY POINT 8-31 Canine tracheobronchitis generally is a self-
limiting disease, with antimicrobial therapy generally not 
indicated unless infection persists beyond 7 to 10 days.
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Mycoplasma spp. include the fluoroquinolones, doxycycline 
or minocycline, chloramphenicol, and the macrolides. Among 
these, only the fluoroquinolones typically are associated with 
bactericidal concentrations. Accumulation of the macrolides 
in lung tissue may, however, result in bactericidal concen-
trations of these otherwise bacteriostatic drugs. Vaccination 
should be used to immunize dogs against the primary patho-
gens of infectious tracheobronchitis.

Bacterial Pneumonia
Bacterial pneumonia is much more common in dogs than in 
cats.

Microbial Targets
Although B. bronchiseptica and S. zooepidemicus are among 
the bacterial organisms commonly associated with pneumo-
nia, many other organisms can cause infection, including 
E. coli, Pasteurella, Klebsiella, Staphylococcus, and Pseudomo-
nas spp.175 The potential for Mycoplasma spp. and anaerobic 
organisms (particularly in the presence of abscessation) as a 
cause of infection should not be ignored. Generally, the respi-
ratory tract is sterile below the larynx. Mycoplasma spp. were 
associated with pneumonia in cats on the basis of isolation 
in large numbers and pure growth. Clinical signs resolved 
on treatment with doxycycline or ciprofloxacin, potentially 
supporting their role.179 Foster and coworkers180 also retro-
spectively reviewed the microbiology associated with lower 
respiratory tract infection in cats (n = 21; Australia); isolates 
were collected by bronchoalveolar lavage between 1995 and 
2000. Organisms were identified as pathogens on the basis of 
purity of growth, absence of oral contaminants, and a review 
of supportive clinical signs and diagnostic indicators (e.g., 
radiographs). Mycoplasma spp. was the sole pathogen in 11 
of 19. Other infecting organisms included a combination of 
Mycoplasma spp. with P. multocida, or B. bronchiseptica. Pas-
teurella spp. was a cause of infection with other microbes in 
two other animals. Other infectious organisms include toxo-
plasmosis, cryptococcosis, mycobacterium, and miscellaneous 
bacteria. Other studies reporting on the bacteria associated 
with airways of healthy cats have identified Pasteurella spp., 
Pseudomonas spp., Staphylococcus spp., Streptococcus spp., 
E. coli, and Micrococcus spp. Those organisms most commonly 
reported as the causes of pneumonia in cats included P. mul-
tocida, E. coli, K. pneumoniae, B. bronchiseptica, Streptococcus 
canis, Mycobacterium spp., and Eugonic Fermenter-4.

Antimicrobial and Adjuvant Therapy
Cytology and culture collected by tracheal wash, bronchos-
copy, bronchoalveolar lavage, or lung aspiration should serve 
as the basis for treatment. Cultures of the pharyngeal area 
should not be the basis of antimicrobial selection for infec-
tions of the respiratory tract. The more severe the infection, 
the more important lipid solubility becomes to drug selec-
tion and the greater the need to choose a drug that accumu-
lates in inflammatory cells. Doses should be sufficiently high 
to establish bactericidal concentrations of drug at the site of 
infection. Among the antimicrobials, fluoroquinolones such 

as enrofloxacin should be considered because of their spec-
trum and lipid solubility. In addition, accumulation by alveo-
lar macrophages might enhance drug distribution at the site of 
inflammation.63,65-67 Accumulation has been documented for 
enrofloxacin, marbofloxacin, and pradofloxacin. Combination 
therapy should be considered to not only broaden the spec-
trum of antimicrobials but also to enhance efficacy. Aerosol-
ization should be considered in addition to (never instead of) 
systemic antimicrobial therapy, particularly in severe cases. 
Aerosolization may be particularly important for infections 
associated with B. bronchiseptica.

Mobilization of respiratory secretions may be important 
to resolution of infection. In addition to physical techniques 
such as coupage, mucolytic and mucokinetic agents should be 
administered. Bronchodilators may also facilitate movement 
of respiratory secretions as well as facilitate airway movement. 
Their use is controversial, with some authors suggesting that 
their antiinflammatory effects may be detrimental. As such, 
control of inflammation in a nonimmunosuppressive manner 
may be of benefit. Therefore theophylline should be consid-
ered because of its antiinflammatory effects. Theophyllilne can 
cause ventilation perfusion mismatching, and oxygen therapy 
should be available to patients when this drug is administered 
in moderate to severe cases. Alternatively, β2-selective bron-
chodilators such as terbutaline may be indicated; they may also 
facilitate ciliary activity by decreasing viscosity of airway secre-
tions. Combination therapies also should be considered (e.g., 
theophylline, terbutaline) to facilitate bronchodilation. N-ace-
tylcysteine (200 to 500 mg orally or intravenously bid) should 
be considered for adjuvant therapy in infections associated 
with marked inflammatory debris. Intravenous administration 
(e.g., Mucomyst®) is preferred in patients whose clinical signs 
are indicative of serious or life-threatening inflammation. The 
drug will facilitate antimicrobial penetration through mucoid 
debris present at the site of infection but also through the 
lipopolysaccharide membrane of gram-negative organisms.
Treatment might continue until resolution of radiographic 
signs indicative of pneumonia, which may require up to 6 
weeks. The use of non–immune-suppressing antiinflamma-
tories should be considered in the presence of fulminating 
inflammation. Among the bronchodilators that might be used, 
theophylline is the most effective antiinflammatory. Pentoxy-
fylline also might be considered (see Chapter 20). Drugs that 
decrease bronchial secretions, including diuretics, should be 
avoided. Further, dehydrated patients should be rehydrated to 
facilitate the functions of the mucociliary tract.

Pyothorax
Pathophysiology
Pyothorax, otherwise known as empyema, refers to the accu-
mulation of white blood cells in the pleural space.181 Organ-
isms reach the pleural space by direct introduction (most 
commonly by way of a foreign body), hematogenous or lym-
phatic spread, or extension from an adjacent structure.182,183 
In cats, parapneumonic spread currently appears to be the 
most common route of infection. The physiologic forces that 
keep the pleural space essentially free of fluid are overcome 
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by inflammation, resulting in an increase in regional blood 
flow, capillary hypertension, increased capillary permeabil-
ity, and increased oncotic draw (by inflammatory proteins) of 
fluid into the pleural space (Figure 8-9). Lymphatic drainage 
becomes progressively more important as oncotic draw into 
capillaries is lost, but accumulation of inflammatory debris 
and fibrosis ultimately preclude lymphatic drainage of the 
pleural space. Gram stain of fluids collected by thoracente-
sis can be a rapid method of diagnosing the bacterial cause 
of infection. The incidence of anaerobic organisms as either 
sole agents (particularly in cats) or in combination with other 
bacteria is high. Thus samples submitted for culture should 
include both aerobic and appropriately collected anaerobic 
specimens. The presence of a foul smell (reflecting the produc-
tion of organic matter by-products) is supportive of infection 
by anaerobic organisms.

Microbial Targets
In cats anaerobes predominate as the causative organisms of 
pyothorax. Organisms include Bacteroideaceae (Bacteroides, 
Porphyromonas, and Prevotella spp.), Fusobacterium, Actino-
myces, Nocardia, Peptostreptococcus, Clostridium, Propionibac-
terium, Pasteurella, and Mycoplasma spp. Barrs and Betty182 
recently reviewed feline pyothorax and observed that infecting 
flora is similar to oropharyngeal flora. Aspiration of oral flora 
was suggested as the most likely mechanism of infection in 
15 of 18 cats in one study.183 Causative organisms in the dog 
include but are not necessarily limited to Fusobacterium, Acti-
nomyces, Nocardia, Corynebacterium, Streptococcus, Bacteroi-
des, Pasteurella, E. coli, Klebsiella, and Peptostreptococcus.181 
The most common aerobic organisms isolated in dogs in a ret-
rospective study were P. multocida (37%), followed by E. coli 
(26%); anaerobic organisms included Fusobacterium (13%) 
and Bacteroides spp. (10%). Actinomyces organisms were col-
lected in 26% of the patients.184 In a more recent retrospective 

study of pyothorax in dogs Boothe and coworkers185 found 
E. coli to be the most common infecting organism.

Both cytology and culture and susceptibility data should 
be an important component of antimicrobial selection for 
treatment of pyothorax. A retrospective study185 revealed 
that empirical therapy resulted in inappropriate antimicro-
bial selection in 35% of the patients. Further, some dogs with 
cytologic evidence of infection yielded no growth on culture, 
whereas other dogs had no cytologic evidence of bacteria 
despite growth on culture. Multiple organisms should be sus-
pected in all cases of pyothorax even if only a single culture 
is identified; infections were mixed in 46% of patients, with 
65% of the organisms being gram negative, 17% gram positive, 
and 17% to 43% anaerobic.185 Because such a high percentage 
of infections may involve anaerobic organisms, antimicrobial 
selection might most appropriately include drugs effective 
against anaerobes.

Fungal organisms also should be considered as a cause of 
pyothorax.

Antimicrobial and Adjuvant Therapy
For both dogs and cats, nonsurvivors usually die or are eutha-
nized within the first several days of hospitalization.182,183,185 
Removal of inflammatory debris is a critical component of 
effective antimicrobial therapy for the patient with pyotho-
rax. Drainage by thoracentesis alone is not likely to be effec-
tive; indeed, up to an 80% mortality rate can be expected with 
this approach. Progression to a chronic stage can be expected 
in many patients in whom drainage has been inadequate, 
increasing both mortality and cost compared with patients in 
whom drainage was adequate. Thus therapy should include 
chest tube drainage (potentially by continuous water seal suc-
tion at 20 cm).

Adequate hydration will be important to offset the risk 
of hypotension induced by continuous removal of pleural 
effusion. Effective removal of debris not only will remove 
mediators associated with morbidity but also will facilitate 
antimicrobial distribution. Response to antimicrobial therapy 
should be based on repeated cytology and Gram stains. Clini-
cal signs and cytologic findings should improve once chest 
tube drainage is in place. Bacteria generally are undetectable 
2 to 3 days after therapy is begun; however, serial cultures 
should be used to confirm the absence of growth. Antimi-
crobial selection should be based on culture and susceptibil-
ity data. Unfortunately, growth often does not occur despite 
cytologic evidence of bacteria. An anaerobic environment 
should be assumed even if aerobes are cultured because many 
of these organisms are able to survive and grow in an anaero-
bic environment.

Bilateral chest tube placement may be necessary in some 
patients, whereas surgical intervention may be critical to 
many. In a retrospective study of pyothorax in dogs, medical 

Figure 8-9 Intraoperative view of pyothorax in a dog. The 
inflammatory response can be profound, requiring analgesic 
therapy. Intrathoracic lavage with fluids containing heparin 
may increase the chance of long-term survival. (Photo cour-
tesy of Harry W. Boothe, DVM, MS, DACVS, Auburn, AL.)

KEY POINT 8-32 Both cytology and culture and susceptibility 
data should be an an important component of antimicrobial 
selection for treatment of pyothorax.
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management was successful (based on absence of disease for 
1 year) in only 25% of dogs, as opposed to 78% that were sur-
gically managed.184 Boothe and coworkers185 retrospectively 
compared drainage, chest tube–based drainage and lavage, 
and surgical intervention followed with chest tube placement 
in dogs (n = 46) with pyothorax. There was no difference in 
either short-term or long-term survival. In cats antimicrobial 
therapy coupled with needle thoracentesis is associated with 
a 50% to 80% mortality rate, indicating that chest tube place-
ment with intermittent thoracic lavage is preferred.183 Lavage 
not only facilitates exudate drainage but also dilutes inflam-
matory debris and the inoculum, which should facilitate anti-
microbial penetration. Lavage may also cause débridement of 
pleura and breakdown of adhesions. Recommended lavage 
fluids include warmed 0.9% NaCl or lactated Ringers solu-
tion at a rate of 10 to 30 mL/kg with each lavage. Up to 25% 
of lavage fluid may not be recovered. Hypokalemia is a poten-
tial complication; it may be necessary to add potassium to 
lavage fluid. Use of intrapleural fibrinolytics in an attempt to 
reduce adhesions is generally discouraged. However, Boothe 
and colleagues185 demonstrated that lavage with physiologic 
saline containing heparin (10 IU/mL) was positively associ-
ated with long-term survival in dogs with pyothorax. The 
addition of antimicrobial therapy to lavage fluid probably 
offers no added benefit and may be a detriment if it irritates 
the pleura.

Antimicrobials initially should be administered intrave-
nously to ensure that the highest concentration reaches the 
site of infection. Once response is achieved, oral therapy can 
be implemented. Combination antimicrobial therapy should 
be considered for the treatment of pyothorax, in part because 
of the frequent mixed nature of infection. In particular, anti-
microbials that are not effective in an anaerobic environment 
(e.g., aminoglycosides) should not be used as sole agents in 
the treatment of pyothorax. A penicillin should be considered 
with initial therapy because the spectrum includes anaerobic 
organisms and synergistic interactions that occur with a num-
ber of antimicrobials. However, limited susceptibility to ami-
nopenicillins (ampicillin, amoxicillin) may indicate the need 
for extended-spectrum beta-lactams.115 Because many of the 
organisms (including anaerobes) associated with pyothorax 
produce beta-lactamases, protected drugs or drugs inher-
ently resistant to beta-lactamases should be selected, although 
increasingly these drugs are also limited in susceptiblity. The 
use of cephalosporins for the treatment of pyothorax is gener-
ally not recommended because their efficacy against anaerobes 
is less than that of penicillins unless the anaerobic spectrum 
of the drug is confirmed (e.g., cefoxitin) or combination ther-
apy is implemented. The aminoglycosides (particularly ami-
kacin) are among the drugs to which Nocardia spp. is very 
susceptible and should be considered in combination with a 
beta-lactam for treatment of this organism. The advantages 
of fluoroquinolones include lipid solubility, general potency, 
and accumulation in phagocytic white blood cells, which will 
not only facilitate intracellular killing but also increase move-
ment of drug to sites of inflammation. The newer-generation 
fluoroquinolones, including the cyanofluoroquninolone 

pradofloxacin, have an enhanced spectrum against anaerobic 
organisms compared with their earlier counterparts.

For initial therapy, particularly in serious cases, the author 
prefers a combination of parenteral (intravenous) merope-
nem, particularly in serious cases, and amikacin. If ampicillin 
is used, it should be protected with sulbactam and should be 
given at a high dose at least every 4 hours. The most appro-
priate dose and interval should be based on the MIC of the 
infecting organism when possible. Amikacin should be given 
once daily. Therapy should be continued for 3 to 5 days or 
until improvement is evident (e.g., 7 to 10 days). At that time, 
assuming improvement is evident, oral therapy can be imple-
mented. The author prefers high doses of amoxicillin–clavu-
lanic acid (25 to 30 mg/kg every 8 hours) and a sulfadiazine/
trimethoprim combination (30 to 45 mg/kg twice daily) based 
on both drugs. Alternatively, metronidazole or clindamy-
cin and a second or third-generation fluoroquinolone as sole 
therapy may be reasonable choices. Synergistic actions against 
Nocardia spp. have been documented (in vitro) with a num-
ber of antimicrobial combinations, including amikacin and 
sulfadiazine–trimethoprim.186 Other drugs that have shown 
efficacy against Nocardia or Actinomyces spp. and are charac-
terized by adequate distribution to the pleural space include 
clindamycin, minocycline, and doxycycline.186 Precaution is 
advised, however, when using these bacteriostatic drugs in 
combination with a bactericidal drug.

Involvement of anaerobic organisms and presence of devi-
talized tissues is likely to mandate an extended period of anti-
microbial therapy, with 4 to 6 weeks being a reasonable target.

INFECTIONS OF THE GASTROINTESTINAL 
TRACT

Oral Cavity
Pathophysiology
Dental diseases are associated with both the accumulation of 
dental plaque and the emergence of pathogenic organisms. 
The type of microbe appears to be more important in the ini-
tiation of disease, where the microbial load is more impor-
tant for persistence (i.e., chronicity) of disease187 The impact 
of periodontal disease on general health warrants a proactive 
approach to management. Effective prevention can be realized 
with effective control of the microbes located in subgingival or 
supragingival plaque. Mechanical débridement is important 
to treatment, with antimicrobial therapy indicated with prob-
ing depths that exceed 5 mm.187 Therapy should target those 
microorganisms capable of destroying periodontal connective 
tissues. Specifically, therapy should target the eradication of 
organisms such as Porphyromonas gingivalis and Prevotella 
intermedia: their absence is a predictor of resolution of disease.

Microbial Targets
The aerobic and anaerobic flora from gingival pockets of 49 
dogs with severe gingivitis and periodontitis were cultured. 
The susceptibility of each isolate to four antimicrobial agents 
currently approved for veterinary use in the United States 
(amoxicillin–clavulanic acid; clindamycin; cefadroxil; and 
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enrofloxacin) was determined. In a study of organisms cultured 
from canine gingivitis and periodontitis, the combination 
of amoxicillin–clavulanic acid had the highest susceptibility 
against aerobes (94%) and anaerobes (100%) compared with 
clindamycin, cefadroxil, and enrofloxacin. Enrofloxacin had 
the highest in vitro susceptibility activity against aerobic gram 
negatives.188 Similar findings were reported in cats (n = 40): 
susceptibility against all isolates was greatest with amoxicillin–
clavulanic acid (92%). Anaerobes were equally (99%) suscep-
tible to amoxicillin–clavulanic acid and clindamycin, whereas 
susceptibility to aerobes was greatest to enrofloxacin (90%).189

Antimicrobial and Alternative Treatments
Use of culture and susceptibility data as a basis for antimi-
crobial selection in the mouth is complicated by normal 
polymicrobial anaerobic growth. Culture of a relatively pure 
growth may indicate the organism as the cause of infection. 
Representative cultures should be obtained from infections 
in deeper, isolated tissues (e.g., abscessation or osteomyeli-
tis). Care should be taken in collection of the anaerobes; these 
organisms can be exquisitely sensitive to oxygen. Because 
infections are likely to involve anaerobic organisms, drugs 
that target anaerobes and distribute well to the mucosa and (if 
indicated) bone should be selected. Examples include clinda-
mycin; the aminopenicillins, including amoxicillin–clavulanic 
acid combinations; and metronidazole. Among these drugs, 
clindamycin has proved the most effective in penetrating the 
glycocalyx and other material serving as a barrier to antimi-
crobial penetration in the presence of plaque. Metronidazole–
fluoroquinolone combinations (e.g., ciprofloxacin [humans] 
or enrofloxacin) have been shown to act synergistically in the 
treatment of periodontitis. Pradofloxacin was demonstrated to 
be effective against subgingival bacteria associated with peri-
odontal disease in dogs.187 Anaerobic organisms, including 
Bacteroides species, produce beta–lactamases, and therefore, 
clavulanic acid combinations should be considered for more 
complicated or serious infections. The role of gram-negative 
organisms in causing infections should not be ignored even in 
the presence of abscessation.

Prophylactic antimicrobial use has been commonplace 
for dental procedures but not warranted for healthy animals. 
Decreasing the microbial load is probably a more appropriate 
goal than is proplyaxis. The duration of antimicrobial therapy 
before the procedure depends on the intent of prophylaxis. 
Protection of the patient predisposed to endocarditis during 
the procedure is particularly important. A single dose of anti-
microbials timed such that peak plasma concentrations occur 
as the dental procedure is begun may be sufficient for most 
animals. For an orally administered drug, the time of adminis-
tration should approximate the time to peak tissue concentra-
tions, which is generally 1 to 2 hours after administration. For 
intravenously administered drugs, drug concentrations will 
not be highest at the tissue site until distribution has occurred, 
generally 30 to 60 minutes after administration. If the intent 
of prophylactic therapy is to decrease the bacterial load of 
the oral cavity before the procedure, then the drug should be 
administered several days before the procedure. Because the 

oral cavity contains a large population of normal organisms, 
prophylaxis for surgical procedures involving the oral cavity 
often has been extended to 1 week or longer before or after 
the procedure. A novel drug delivery system has recently been 
designed for treatment of periodontal disease in dogs. Doxy-
cycline, characterized by a broad antimicrobial spectrum, 
is prepared in a vehicle that is injected into the periodontal 
pocket after dentistry. The moist environment causes the 
vehicle to gel, resulting in a slow-release drug delivery system. 
In clinical trials associated with Food and Drug Administra-
tion approval, animals receiving the drug after dental work 
improved more rapidly than animals treated with a placebo. 
The cleaning procedure itself, however, appeared to be the 
more important means of improving the health of the local 
environment.

Antiseptic agents can prove beneficial in home care den-
tistry.190 Chlorhexidine is considered one of the most effica-
cious products and is indicated for patients with periodontal 
disease. It is available in several 12% preparations: an oral ace-
tate rinse (Nolvadent, Fort Dodge); a more palatable gluconate 
solution (CHX Oral Cleansing Solution, VRx Products), or a 
gluconate gel. In addition to having an immediate bactericidal 
effect, chlorhexidine adsorbs to the tooth pellicle, which serves 
as a reservoir, allowing continuous release of chlorhexidine. 
Chlorhexidine has caused toxicity when applied as a disinfec-
tant in catteries after grooming by the cats. Although there are 
no reports of chlorhexidine toxicity when used for periodontal 
disease in cats, research focused primarily on Beagles suggests 
that caution should be exercised when this product is used for 
cats. Fluoride-containing products also should be used cau-
tiously because dogs appear to be more susceptible than other 
species to acute toxicosis.

Esophagus and Stomach
Primary infections of the upper gastrointestinal tract are 
unusual. Thus treatment of infections generally includes reso-
lution of the underlying cause.191

Megaesophagus
Regardless of the cause of megaesophagus, aspiration pneu-
monia is a serious, potentially life-threatening complication. 
The continuous use of antimicrobials for prevention of pneu-
monia in cases of unresolvable megaesophagus is controver-
sial and probably not indicated unless continuous bacterial 
infection has been documented. The inflammatory response 
of aspiration pneumonia is likely to be induced by chemicals 
(including hydrochloric acid) or foreign bodies. Accordingly, 
drugs that control the inflammatory response with minimal 
immune suppression should be used in a timely fashion (see 
Chapter 20). The treatment of pneumonia was discussed 
earlier.

KEY POINT 8-33 The continuous use of antimicrobials for pre-
vention of pneumonia in cases of unresolvable megaesoph-
agus is controversial and probably not indicated unless 
continuous bacterial infection has been documented.
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Stomach
Vomiting originates from many central and peripheral 
causes, including acute gastritis. Acute gastritis, in turn, has 
many causes and is most likely to respond when the underly-
ing cause is resolved, which generally occurs in 1 to 5 days. 
Bacteria are an unlikely cause of vomiting, and antimicrobial 
therapy rarely is indicated. Therapy is supportive, including 
fluids and appropriate additives (e.g., potassium if vomiting is 
profuse) and antiemetics.

The normal flora of the stomach of dogs consists of large 
spiral bacteria, including Helicobacter species.192 Spiral bacte-
rial and a nonpathogenic chlamydial organism occur in the 
feline stomach. The role of spiral organisms (most notably 
Helicobacter spp.) in gastrointestinal diseases in dogs and cats 
is currently being investigated, but it is likely that these organ-
isms will become the target of drug therapy in the medical 
management of several diseases. Numbers of bacteria in the 
gastrointestinal tract gradually increase distally to the ileoce-
cal valve.193 Numbers of bacteria abnormally increase when 
normal bowel defenses are impaired. Several mechanisms 
exist to protect the normal gastrointestinal tract from infec-
tion. Among the most important are gastric and bile acids, 
which limit the concentration of bacteria. In humans more 
than 99.9% of ingested coliform bacteria are killed at a pH 
of less than 4 within 30 minutes. In contrast, no reduction of 
bacteria occurs in the stomach in the presence of achlorhy-
dria.194 Among the reasons that Helicobacter pylori has been 
recognized for its pathogenicity in the cause of human gas-
trointestinal disorders is its ability to alter the gastrointestinal 
pH and thus increase host susceptibility to other infections.194 
Treatment for Helicobacter is discussed in Chapter 18.

Drugs that contribute to bacterial overgrowth include anti-
secretory drugs and antacids. Mucus and mucosal tissue integ-
rity provide physical barriers and help clear bacteria from the 
upper and small intestine.194

Small and Large Intestines
Normal Control Mechanisms

Intestinal motility. Intestinal motility has several roles in the 
prevention of gastrointestinal bacterial infection. Gastrointes-
tinal motility and diarrhea help remove offending pathogens 
from the gastrointestinal tract, not unlike the cough reflex 
does in the respiratory tract. Bowel stasis increases the risk 
of  bacterial overgrowth in the small intestine and contributes 
to the risk of inflammatory bowel disease. Antimotility drugs 
(e.g., opioids) increase the risk of overgrowth;194 in contrast, 
the use of prokinetic drugs may be beneficial if decreased 
motility is a factor in the development of diarrhea. Obstruction 
or stasis of intestinal or bile flow and decreased mucosal blood 
flow contribute to bacterial infections in the intestinal tract.193

Normal microflora. Microflora is established at 2 to 3 weeks 
of life. The population remains stable under normal condi-
tions but does vary among species. The high-meat diet of car-
nivores supports a predominant population of streptococci 
and Clostridium perfringens and suppresses Lactobacillus.193 
Anaerobes comprise the majority of intestinal microflora, 
outnumbering aerobic organisms by tenfold to 1000-fold;193 

in humans 99.9% of enteric microbes are anaerobic. Aerobic 
gram-negative coliforms in humans include E. coli, Klebsiella, 
Proteus, and enterococci.194 The normal microflora is impor-
tant to the control of infecting microorganisms in the gastro-
intestinal tract. Normal floral bacteria compete for available 
nutrients, maintain redox potentials, and produce antibacterial 
compounds that prevent colonization by infecting organisms. 
Normal flora also have a number of physiologic functions. 
Microflora produce volatile fatty acids and vitamins as well as 
metabolize bile acids and some drugs. Indigenous (anaerobic) 
microbes attach to the intestinal epithelial surface and act syn-
ergistically with host immune mechanisms to interfere with 
experimental Salmonella infections.194 Gram-negative aerobes 
such as Proteus spp., Enterobacter spp., and E. coli act in con-
cert with host immune mechanisms to prevent infection with 
Vibrio species. Gram stains of fecal smears might be used to 
help identify a loss of balance in the normal microflora of dogs 
or cats. In meat eaters, normally 75% of the flora is represented 
by gram-negative organisms and 25% gram-positive. A loss of 
gram-positive or an increase (that might include Clostridium) 
may be supportive of an imbalance.

In the presence of diarrhea, anaerobic numbers decline 
because the organisms require stasis and a low oxygen potential. 
In the presence of antimicrobials, the loss of normal microflora 
in humans can shift the balance of bacteria to gram-negative 
aerobes and replacement of anaerobes with organisms such 
as Pseudomonas spp., Klebsiella spp., anaerobes such as Clos-
tridium spp., and yeast (Candida).194 Diarrhea associated with 
antimicrobial use has long been associated with disruption in 
the balance of normal microflora, in part because of the loss of 
toxic products produced by normal microflora. The number of 
organisms (e.g., Salmonella) needed to cause infection is mark-
edly reduced after administration of a single dose of selected 
antimicrobials (e.g., for Salmonella spp., streptomycin). Resis-
tance to infection can be restored with a return of the normal 
enteric flora (in humans, especially Bacteroides spp.). Outbreaks 
of gastrointestinal infections in humans, particularly with Sal-
monella spp., can be associated with antimicrobial exposure.194

Host immunity. Host intestinal immunity plays an important 
role in the prevention of gastrointestinal infection. The intes-
tine is normally in a state of physiologic inflammation because 
of the presence of neutrophils, macrophages, plasma cells, and 
lymphocytes. The loss of neutrophils and their phagocytic 
capability results in an increased susceptibility to gram-nega-
tive (rod) infections originating in the gastrointestinal tract.194 
Secretory IgA is resistant to intraluminal degradation and as 
such provides an important source of local immune protec-
tion. The intestinal antibodies are directed toward a variety of 
bacterial antigens, including endotoxin, capsular material, and 
exotoxins. In addition, they may have bactericidal, opsonic, 
or neutralizing effects on bacteria.194 In the nursing animal, 
several compounds produced by the mother are important. 
In humans breast milk contains lactoferrin, lysosome, phago-
cytic activity, oligosaccharide fractions, and other materials 
that afford protection to the newborn.

Factors facilitating infection. A number of microbial factors 
facilitate gastrointestinal infection. Factors that determine 
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bacterial virulence and pathogenicity are well represented 
by E. coli and include production of enterotoxins, the capac-
ity to invade, induction of hemorrhagic colitis, and expres-
sion of adherence and enteroaggregation.194 Production of 
enterotoxins (defined as having a direct effect on intestinal 
mucosa such that fluid secretion increases) by organisms such 
as Staphylococcus spp., C. perfringens, Bacteroides spp., and 
E. coli) can result in disruption of fluid fluxes across the intes-
tinal mucosa. The organisms producing enterotoxins gener-
ally are part of the normal microflora but, in the presence of 
predisposing factors (e.g., garbage enteritis, bacterial stasis, 
bacterial overgrowth), proliferate in the small intestine. Non-
invasive organisms can induce diarrhea by actions of exotoxins 
that stimulate adenyl cyclase and subsequently sodium, chlo-
ride, and water secretion into the intestinal lumen. Cytotoxins 
produced by several pathogens cause mucosal destruction and 
a subsequent inflammatory response.193,194 Some organisms 
(Salmonella, particularly in the ileum, and Shigella spp.) are 
capable of causing mucosal invasion, resulting in hemorrhagic 
feces. Enterohemorrhagic E. coli produces cytotoxins, and the 
enterotoxin produced by C. perfringens also causes cytotox-
icity. The pathogenesis of Campylobacter jejuni and H. pylori 
infections also has been attributed to cytotoxins.194

Adherence factors contribute to the ability of organisms to 
colonize the intestinal epithelium and cause infection. Adher-
ence antigens generally are fimbrial in nature but are distinct 
from those responsible for urinary adherence. A number of 
distinctly different adhesions have been described for enteric 
microorganisms. Invasiveness, as represented by Shigella spp. 
and selected strains of E. coli, results in the destruction of 
epithelial cells and superficial inflammation. The degree of 
invasiveness depends on the protein to which the organism 
is bound and may also depend on the production of cytotoxic 
exotoxins.194 Newer antimicrobial agents may target the adher-
ence of toxins, acting to prevent their synthesis or antagoniz-
ing their effects and thus blocking the ability of the microbe to 
infect. Drugs also may minimize the actions of enterotoxins. 
Other virulence factors that facilitate infection in the gastroin-
testinal tract include motility, chemotaxis, and production of 
mucinase.194 The ability of H. pylori to alter gastric acidity has 
already been mentioned.

Treatment of bacterial diarrhea. The role of bacteria in caus-
ing diarrhea and the treatment of these causative organisms 
are also discussed in Chapter 19. The role of translocation of 
bacteria is addressed in Chapter 26. Several diarrheal syn-
dromes have been described in small animals.193 Neonatal 
colibacillosis occurs in dogs and cats. Puppies are generally 
only 1 week old, but diarrhea can persist in older puppies. 
Factors contributing to infection with E. coli include immu-
nologic incompetency (including failure of passive trans-
fer), immaturity of intestinal epithelial cells (nonselectively 
permeable) for the first 2 to 3 days of life, and exposure 
to E. coli in colostrum. The syndrome of bacterial over-
growth is a cause of chronic or recurrent diarrhea; German  
Shepherd Dogs appear to be predisposed. Increased num-
bers (more than 105/mL) of E. coli and enterococci (consid-
ered normal flora) and selected anaerobes (e.g., Clostridium 

spp.) are found in duodenal secretions of affected dogs. 
Underlying factors are not well described but include motil-
ity disorders, hypochlorhydria, and deficiency of secretory 
antibody (IgA). Animals generally respond to antimicrobial 
therapy.

Adjuvant therapy. The importance of fluid therapy for 
patients with diarrhea induced by bacterial infections should 
not be overlooked. The composition of electrolyte losses in 
severe diarrhea is similar to that of serum, and both intrave-
nous and oral rehydration therapy should reflect this com-
position. Absorption of oral solutions depends on the intact 
intestinal mucosa. Sodium and glucose should be present in 
equimolar concentrations; amino acids (e.g., glycine) might 
be added in veterinary preparations to facilitate electrolyte 
absorption.193 In humans an oral recipe is recommended to 
contain 3.5 g NaCl, 2.5 g NaHCO3, 1.5 g KCl, and 20 g glucose 
(dextrose) per liter of boiled water.194

INFECTIONS ASSOCIATED WITH 
BACTEREMIA

Bacteremia is defined as the presence of live bacteria in the 
bloodstream. Bacteremia does not necessarily lead to sep-
sis (the systemic inflammatory response to infection) unless 
microbial growth overwhelms host defenses.

Infective Bacterial Endocarditis
Causative organisms of infectious endocarditis (IE) are not 
limited to bacteria but include Chlamydia spp., Mycoplasma 
spp., fungi, and viruses. Because more is known about bactere-
mia caused by bacteria, it serves as the basis of discussion here. 
Regardless of the type of infecting organisms, the events that 
allow development of IE are probably the same. IE includes 
infection and colonization of the endocardial and adjacent 
surfaces of the cardiac valves, their supportive structures, and 
the wall of the heart. The incidence in dogs and cats appears to 
be low (0.06% to 6.6% based on necropsy findings).195

The incubation period of IE, that is, the time that elapses 
between the bacteremic event and the onset of clinical symp-
toms, may be up to 2 weeks. Historically, IE has been classified 
in humans on the basis of the progression of untreated disease. 
Acute disease is characterized by a fulminant course of events, 
characterized by high fever, evidence of systemic involvement, 
leukocytosis, and death generally within a couple of days (taking 
as long as several weeks). Subacute (death in 6 to 12 weeks) and 
chronic (duration longer than 12 weeks) IE are characterized by 
a slower course with low-grade fever and vague clinical signs.195

Pathophysiology
Microbial factors. Several independent events lead to the 

development of IE.196 The endothelial surface of the valve first 
must be altered (e.g., by blood turbulence induced by valvu-
lar insufficiency) such that bacteria can adhere to and colo-
nize it. Initially, the damaged surface induces the deposition 
of platelets and fibrin, forming a nonbacterial thrombotic 
endocarditis. Organisms with the ability to adhere to platelets 
or fibrin have the advantage of inducing disease with smaller 
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inoculums. Bacterial adhesion to the thrombus forming on 
the damaged valvular surface is critical to the initial stages 
of IE. The thrombus provides a protective environment for 
bacterial growth in that phagocytic and other host defenses 
are impaired below the surface.196 This thrombus provides a 
surface for bacterial adherence and colonization. Organisms 
particularly capable of adherence include S. aureus, S. epi-
dermidis, and P. aeruginosa. Colonization is followed rapidly 
by the formation of a protective sheath of fibrin and plate-
lets, which facilitates bacterial multiplication and vegetative 
growth. Transient bacteremia such as might occur during 
dental, gastrointestinal, or urogenital procedures can lead to 
colonization of a thrombus that has formed on a previously 
damaged valve. Infecting organisms tend to be nonpatho-
genic organisms associated with the mucosal surface (e.g., P. 
acnes, Actinomyces spp., S. epidermidis) or organisms that are 
resistant to complement-mediated bactericidal activity (e.g.,  
E. coli, P. aeruginosa, Serratia marcescens). Within genera of 
bacteria, differences in the ability of strains to cause infection 
also might be related to their lack of encapsulation (thus allow-
ing adherence). Dextran, a complex polysaccharide produced 
by some organisms (e.g., Streptococcus) spp., is an example of an 
extracellular molecule that may facilitate bacterial adhesion to 
the valvular surface. Some organisms are able to directly bind to 
endothelial surfaces; indeed, endothelial cells may ingest some 
organisms (e.g., S. auerus) as the initial event. Some organisms 
are potent stimulators of platelet aggregation (e.g., Staphylococ-
cus and Streptococcus species), thus facilitating growth of the 
vegetative lesion as well as formation of thrombi in systemic 
circulation.196

Host factors. Host defenses can both impair and facilitate the 
formation of the vegetative lesion. Although humoral antibodies 
should decrease the number of circulating bacteria, they also may 
facilitate bacterial invasion by stimulating agglutination. Constant 
antigenic challenge results in the formation of circulating antibod-
ies. Rheumatoid factors (anti-IgG IgM antibodies) develop in 50% 
of human patients within 6 weeks of developing IE. Antinuclear 
antibodies also are formed. Circulating immune complexes are 
more likely with long illnesses. Although antibodies may pro-
vide some protection, they also may contribute to the develop-
ment of glomerulonephritis, musculoskeletal abnormalities, and 
low-grade fever. Interestingly, platelets provide the host with some 
defenses during the course of IE. Low-molecular-weight cationic 
proteins (thrombodefensins, or platelet microbicidal protein 
[PMP]) are released after exposure of the platelet to thrombin. 
These appear to damage the bacterial cell membrane or wall and 
may act synergistically with select antimicrobials to cause bacte-
ricidal effects. Organisms resistant to PMP may be more likely to 
contribute to the pathophysiology of IE.196

Complications of infectious endocarditis. Complications of 
IE that may require medical management develop in several 
organs. In humans myocardial abscesses are found in 20% of 
cases autopsied, generally as a result of acute staphylococcal 
endocarditis. Embolism is common, most commonly occur-
ring in the splenic, renal, coronary, or cerebral circulation. The 
kidney is often afflicted in patients with IE because of septic 
embolization (with or without abscessation), infarction, or 

glomerulonephritis. Cerebral emboli occur in 33% of human 
cases of IE, leading to arteritis, abscessation, and infarction. 
Splenic abscesses, although potentially common, may not be 
clinically evident. Petechiae may indicate arteritis of the vas-
cular supply of the skin or immune complex deposition.196

Antimicrobial therapy. Despite the low incidence of thera-
peutic success, venous blood culture is probably the most 
important diagnostic tool for IE. Multiple blood cultures (at 
least three are recommended in the first 24 hours for human 
patients) are more likely to yield a positive result. Bacterial 
counts in blood are generally low, and growth can be slow. 
Cultures should be held 3 weeks. Newer technologies may 
include methods that detect bacterial cell constituents.

Empirical therapy should begin after cultures have been 
collected. In human patients Staphylococcus and Streptococ-
cus spp. are among the most common causes of IE. In dogs, 
S. aureus, E. coli, and beta–hemolytic streptococci are the 
most commonly isolated.195 Antimicrobial selection should 
be broadly based, however, targeting gram-negative as well as 
gram-positive organisms. Anaerobic organisms also should 
be included in the spectrum. The same approach is indicated 
for culture-negative IE. Drug distribution is less of a concern 
for IE, thus minimizing the need for lipid-soluble drugs. An 
exception must be made if bacterial embolization of organs 
(e.g., spleen, brain, or kidneys) has occurred or if the original 
source of infection remains a potential source of continuing 
infection. Antimicrobials should be based on efficacy in the 
presence of potential immune suppression. Bactericidal con-
centrations should be achieved in blood or tissues, indicating 
intravenous therapy. Consideration should be given to release 
of endotoxin. Combination therapy should be considered 
not only to enhance the spectrum of a single antimicrobial 
but also to enhance efficacy. Beta-lactams should be consid-
ered because of their broad spectrum as well as their ability 
to increase antimicrobial delivery into bacteria. Imipenem or 
meropenem stand out among the beta-lactams for their mini-
mal release of endotoxin. Likewise, the fluoroquinolones and 
the aminoglycosides cause minimal release of endotoxin.

Peritonitis and Other Intraabdominal Infections
Pathophysiology
Infection of the abdomen includes infections of the perito-
neal space, retroperitoneal space, and the viscera, includ-
ing the liver, pancreas, spleen, and kidney.197 In veterinary 
medicine peritonitis is most commonly secondary to an 
intraabdominal infection. Bacteremia is a common finding 
in infections associated with aerobic organisms but less com-
mon if infection involves anaerobes. Bacteria can gain access 
to the peritoneal cavity directly by way of transmural migra-
tion, through the (damaged) intestinal wall, or through other 
intraabdominal abscesses. In patients with liver disease, 
organisms that might otherwise be removed from portal 

KEY POINT 8-34 Empirical antimicrobial selection for infective 
endocarditis should be broadly based, but properly col-
lected cultures should be attempted first.
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circulation can gain access to the peritoneum through lymph 
or blood. Fever, abdominal pain, nausea, vomiting, and diar-
rhea are common clinical signs associated with peritonitis. 
Analysis of peritoneal fluid collected by paracentesis should 
provide the basis of diagnosis and the need for surgical inter-
vention. Surgical correction is indicated for both diagnostic 
and therapeutic intervention. Peritoneal fluid can also pro-
vide a basis for initial antimicrobial therapy as well as culture 
and susceptibility data.

The causative organisms of peritonitis are likely to vary 
with the source; each organ is characterized by its own natural 
flora. Gastric flora is variable, depending on the state of hydro-
chloric acid secretion, but can include flora from the oral cav-
ity. The flora of the small intestine is also variable, but in the 
presence of disease (including achlorhydria), the number of 
organisms also increases. Large bowel organisms can be pres-
ent in small bowel obstructions, stasis, and so forth. E. coli, 
enterococci, and anaerobes (e.g., Bacteroides, Fusobacterium, 
Peptostreptococcus spp.) are among the likely causative organ-
isms. The primary flora of the large bowel are anaerobic.

Penetration of organisms into the peritoneal cavity gener-
ally is insufficient for the development of peritonitis. Chemical 
damage such as that associated with bile peritonitis may cause 
necrosis that increases the severity of peritonitis. The presence 
of free hemoglobin in the peritoneal cavity contributes to peri-
toneal infection, perhaps by providing iron required for bacte-
rial metabolism. Intraperitoneal fluid and fibrin increase the 
inflammatory response to microbial organisms. Fibrin may 
serve to trap organisms, yet allow abscess formation. In addi-
tion, it causes abdominal organisms to adhere to one another. 
Bacteria produce a number of substances that contribute to 
the pathophysiology of peritonitis. Endotoxin concentrations 
increase rapidly in the presence of peritonitis; aerobic organ-
isms possess more endotoxin with greater biologic activity 
than anaerobic organisms. Anaerobic organisms, however, 
produce collagenases and proteolytic and other enzymes. In 
addition, anaerobes may be more resistant to granulocyte kill-
ing mechanisms.197

The mixture of organisms may contribute to the patho-
physiology of infection and may increase (synergistically) 
the pathogenicity of infection. On the other hand, facultative 
organisms may facilitate the growth of anaerobic organisms 
by reducing the oxygen tension of the environment. Each bac-
terial component may contribute differently to the peritoneal 
infection. Early peritonitis may be characterized predomi-
nantly by infection with gram-negative aerobes; later perito-
nitis reflects abscessation by obligate anaerobes. Either stage 
can be lethal.

Antimicrobial and Adjuvant Therapy
Antimicrobials should be used to control or prevent bactere-
mia, to limit infection locally, and to prevent an inflammatory 
response to infection. The presence of inflammation indicates 
a need for surgical intervention, including drainage of the 
abdomen. Therapy should begin immediately after cultures 
are collected, but antimicrobials should be modified on the 
basis of data received after therapy has begun.

Infections are generally polymicrobial. Data generated from 
human patients are likely to be applicable to small animals.197 
Antimicrobial therapy should target a mixed infection, with 
organisms most likely derived from the gastrointestinal tract. 
E. coli, Klebsiella, Enterobacter, and Proteus, spp. are among the 
more common aerobic (but facultative anaerobic) organisms. 
In human patients infection that develops during hospitaliza-
tion most commonly involves highly resistant strains of aero-
bic gram-negative organisms: Acinetobacter spp., Serratia spp., 
and P. aeruginosa.197 Bacteroides, Clostridium, Fusobacterium, 
Peptococcus, and Peptostreptococcus spp. are among the most 
common obligate anaerobic organisms. Antimicrobial therapy 
should include anaerobic organisms because they often are 
involved even when not present on culture. Several factors 
impair culture of anaerobic organisms. Cultures require lon-
ger time for growth and susceptibility testing. In addition, sus-
ceptibility data often have not been standardized for anaerobic 
organisms.

Data from human patients indicate that survival of subjects 
with peritonitis is decreased if initial therapy is inappropriate, 
even if “adequate” therapy is ultimately implemented.197 Thus 
initial antimicrobial therapy is very important. Combina-
tions of two or more antimicrobials are generally selected for 
treatment of peritonitis; however, care must be taken to avoid 
antagonistic combinations (see Chapter 6). Attention should 
be given to the potential release of endotoxin. Antimicrobi-
als need not be effective against all organisms. Eradication of 
the most virulent organisms may remove the synergistic effect 
of multiple organisms, thus allowing host defenses to destroy 
organisms not affected by antibiotics. Clindamycin is particu-
larly appealing because of its efficacy against approximately 
95% of anaerobic organisms and has been effective as the sole 
agent in infections caused by mixed infections with anaerobic 
Enterobacteriaceae. In addition, it is effective against Staphy-
lococcus spp. Metronidazole is also a good choice because of 
its efficacy against anaerobes. In addition, it may have effi-
cacy against E. coli in mixed aerobic–anaerobic infections. 
Beta-lactams, and particularly penicillins, remain excellent 
choices for treatment of abdominal infections. The penicillins 
are preferred because of their efficacy against anaerobes com-
pared with cephalosporins. Beta-lactamase protectors provide 
enhanced efficacy against both aerobes and selected anaer-
obes. The carbapenems have among the broadest efficacy of 
the antimicrobials currently available; that of ticarcillin is also 
broad, especially when combined with clavulanic acid. Ami-
noglycosides are indicated for resistant aerobic gram-negative 
and selected positive organisms and provide synergistic activ-
ity when combined with beta-lactams. They are not, however, 
efficacious against anaerobic organisms and have limited effi-
cacy against facultative anaerobes when in an anaerobic envi-
ronment. Likewise, care must be taken in the selection of a 
first-generation cephalosporin. Cefoxitin, a second-generation 
drug, includes many gram-negative organisms and Bacteroi-
des fragilis in its spectrum. The synergism expressed between 
fluoroquinolones and metronidazole in treatment of peridon-
titis may reasonably be expressed in treatment of peritonitis as 
well, which suggests that this combination is appealing.
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Intravenous administration is recommended to maxi-
mize drug delivery to the gastrointestinal tract, which may 
be poorly perfused. Once gastrointestinal function is normal, 
oral administration can be reinstituted. Irrigation of the peri-
toneal area and the peritoneum is recommended. Although 
bactericidal activities of the host (specifically opsonins) may 
be diluted by irrigation, dilution of microbes and fibrin is of 
greater advantage. Addition of heparin will further reduce 
fibrin deposition and the risk of adhesions or pockets of micro-
bial growth. Although povidone–iodine can decrease the inci-
dence of intraabdominal infection when used as an irrigant, it 
also may impair host defenses. More important, cytotoxicity 
and proinflammatory effects can worsen inflammation associ-
ated with peritonitis, hence it is to be avoided. Intraperitoneal 
administration of antimicrobials does not appear to offer dis-
tinct advantages over intravenous administration. An excep-
tion is made with peritoneal dialysis as adjuvant therapy; 
antimicrobials should be added to the peritoneal lavage to 
maintain antibiotic concentrations in the peritoneal fluid.

Prophylactic therapy includes use of preoperative cleans-
ing with diet, as well as cathartics and enemas to reduce the 
total fecal and bacterial mass. Oral antimicrobials should be 
used to cleanse the gastrointestinal tract. Gastrointestinal 
flora are susceptible to oral neomycin (aerobic gram-negative 
organisms) and metronidazole (anaerobes). Intravenous anti-
microbials should also be used preoperatively for patients for 
which the surgical procedure is accompanied by a high risk of 
contamination.

Peritoneal dialysis as a method of treating peritonitis 
should be accompanied by antimicrobial use. Contamination 
from organisms inhabiting the skin (e.g., Staphylococcus spp.) 
is the most common source of infection in patients receiving 
peritoneal dialysis as a means of controlling renal failure.

Sepsis and Septic Shock Syndrome
Definitions
Sepsis is defined by clinical evidence of a systemic response 
to an infection (e.g., tachycardia, fever, or hypothermia), 
with severe sepsis associated with hypotension or organ 
failure.198,199 Sepsis syndrome is characterized by altered 
perfusion of organs (e.g., respiratory or renal dysfunction), 
whereas septic shock is sepsis syndrome accompanied by 
hypotension that is not responsive to fluid therapy but is 
responsive to pharmacologic intervention. Refractory shock, 
on the other hand, is septic shock that (in humans) lasts lon-
ger than 1 hour and does not respond to conventional phar-
macologic therapy. The systemic inflammatory response 
syndrome can result from sepsis but may also indicate a 
response to any number of systemic mediators of inflamma-
tion. Multiorgan response and potential failure is involved. 
Note that none of these definitions is based on the pres-
ence of bacterial (or other microbial) infection; rather, each 

is based on clinical signs. Presumably, at some time during 
the course of infection, bacteremia (positive blood cultures) 
and endotoxemia (presence of endotoxin in the blood) have 
been evident if a diagnosis is made. Regardless, because 
the syndrome can be a progressive, fatal clinical situation,  
management is intensive and meticulous (see Box 8-2).

Shortfalls of human studies regarding treatment of sepsis 
include inappropriate models and limited outcome measures, 
particularly mortality, which precludes identification of ben-
efits of therapies. Although information can be drawn from 
the human literature, the relevance of findings to dogs or cats 
is often not clear. In a review of the state of sepsis in veterinary 
patients, Otto200 calls for the refinement of consensus guide-
lines for staging and treatment of sepsis in veterinary patients, 
as has been promulgated in humans199 (Box 8-2). In her edito-
rial, she reports that respondents to a survey (approximately 
100 small animal practices) reported an incidence of sepsis in 
1% to 5% of feline patients, with a 10% to 25% survival rate, 
and 6% to 10% of dogs, with a 25% to 50% survival rate. A 
50% survival rate has been cited for dogs (as reviewed by Hop-
per and Bateman201). Survival differs with the cause of sepsis, 
being 97% for pyometra compared with 40% for peritonitis. 
Although this section will attempt to address therapy of sepsis, 
such a review should not be substituted for a comprehensive 
review of the current state of sepsis management in veterinary 
patients, which is likely to be a dynamic approach evolving 
over the next decade.

Although ultimately, novel therapies may target specific 
mediators of disease (e.g., biomarkers), currently treatment 
is limited to supportive care.200 Application of human treat-
ments to dogs or cats will require validation through studies, 
particularly for polypeptide therapies, which may be antigenic 
in animals.200

Pathophysiology
Systemic disease caused by gram-negative bacteria is the most 
common cause of the sepsis syndrome. Bacterial transloca-
tion of indigenous bacteria from the gastrointestinal tract to 
extraintestinal sites is the most likely source of the bacteria. 
The lipid moiety of the lipopolysaccharide (LPS) covering of 
gram-negative organisms is the most common virulence fac-
tor. It is LPS that triggers the host response to bacterial inva-
sion, including both humoral and cellular aspects. Although 
the host response may be successful in killing the microbes, 
the negative sequelae increase host mortality. Cytokines and, 
in particular, TNF and interleukin-1 (IL-1; the classic endog-
enous pyrogen) are produced by macrophages and monocytes 
within minutes of contact with LPS (Figure 8-10). Each is 
capable of inducing fever and inflammation. TNF in particular 
has been implicated as the most potent mediator of the patho-
physiology of sepsis. TNF alone, however, probably is not 
sufficient to be lethal; yet, when present with other released 
mediators and, in particular, interferon-γ, the effects of TNF 
become more lethal. The majority of lethal effects caused by 
TNF can be attributed to its effects on tissue metabolism, car-
diac function, and vascular tone. Nitric oxide (endothelial-
derived relaxing factor) is being delineated as an important 

KEY POINT 8-35 Survival of peritonitis is decreased by inap-
propriate initial antimicrobial use, even in patients in which 
appropriate therapy ultimately is implemented.
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mediator of the lethal effects of TNF. The inducible nitric 
oxide synthase is the likely cause of hypotension associated 
with septic shock.198

Humoral mediators contribute to the systemic response to 
LPS. The coagulation pathway can be directly initiated by either 
LPS or TNF and other cytokines (most commonly through 

the extrinsic pathway). The fibrinolytic pathway also can be 
activated. Disseminated intravascular coagulopathy is not an 
uncommon sequela of septic shock. Complement activation 
and platelet-activating factor contribute to the response. The 
relationship between the mediators of septic shock is intricate 
and yet to be defined. These relationships, however, lead to the 

Box 8-2
Management of Severe Sepsis199

 1.  Early (first 6 hours) goal-directed resuscitation for septic-
induced shock is based on fluid therapy: goals for successful 
therapy are based on central venous pressure, mean arterial pres-
sure, urine output, and central venous or mixed venous–oxygen 
saturation. Insufficient response indicates the need for treatment 
with packed cells or dobutamine infusion (or both).

 2.  Diagnosis should be based on cultures collected before initation 
of antimicrobial therapy if collection does not significantly delay 
treatment.
 a.  Cultures include two blood cultures (one percutaneously 

and the other through any catheter in place 48 hours or 
longer) and a quantitative culture from other obviously or 
potentially infected sites. If cultures in the vascular device 
and blood yield the same organism, the catheter might be 
considered the source of infection.

 b.  Imaging diagnostic tools should be used in an attempt to 
identify the source of infection.

 3.  Intravenous antimicrobial therapy with a sufficiently broad-
spectrum drug should be empirically initiated within 1 hour of 
diagnosis of sepsis.
 a.  Decisions to cure infections should take precedence over 

decisions that minimize superinfection.
 b.  Empirical selection should include one or more drugs that 

target all likely pathogens and adequately penetrate the pre-
sumed infected tissue.

 c.  Recently used antimicrobials should be avoided.
 d.  Antimicrobial therapy should take into account local resis-

tance patterns (e.g., the possibility of methicillin-resistant 
Staphylococcus infections).

 e.  Restriction of antimicrobials as a strategy to reduce the 
development of antimicrobial resistance or to reduce cost is 
not an appropriate initial strategy in this patient population.

 f.  Monitoring can be helpful if information is provided in a 
timely fashion.

 g.  Experienced clinicians (pharmacists and pharmacologists) 
should be consulted to ensure that doses maximize efficacy 
and minimize toxicity.

 h.  The antimicrobial regimen should be assessed daily to maxi-
mize efficacy, prevent resistance, reduce toxicity, and mini-
mize cost.

 i.  Combination therapy is recommended for certain infections 
(e.g., Pseudomonas spp.) or neutropenic patients with severe 
sepsis.

 j.  De-escalation of antimicrobial therapy should be imple-
mented as soon as possible, based on susceptibility data, 
including limitation of combination therapy to 3 to 5 days.

 k.  Anatomic infections requiring control at the source must 
be identified early and treated appropriately, using the least 
invasive but most effective intervention.

 4.  Fluid therapy: natural/artificial colloids and/or crystalloids:
 a.  Evidence does not support one over the other.
 b.  Fluid challenges should be implemented to assess patient 

response to fluids, which should be based on CVP and 
should be continued as long as hemodynamic improvement 
continues.

 c.  Fluid rates should be substantially decreased if indicators of 
cardiac filling increase without evidence of hemodynamic 
improvement.

 5.  Vasporessors (e.g., norepinephrine):
 a.  Perfusion should be maintained in the face of life- threatening 

hypotension even if hypotension has not been resolved.
 b.  Response is based on mean arterial pressure as measured by 

an arterial catheter.
 c.  Norepinephrine or dopamine are preferred initial choices with 

epinephrine indicated in norepinephrine non-responders.
 6.  Inotropic support:

 a.  Dobutamine should be administered in the face of myocar-
dial dysfunction, as based on increased cardiac filling pres-
sures and low cardiac output.

 b.  Combined vasopressor/inotrope (norepinephrine, dopa-
mine) is indicated if cardiac output is not measured.

 7.  Glucocorticoids:
 a.  Intravenous hydrocortisone (targeting relative adrenal insuf-

ficiency) is given if blood pressure responds poorly to fluid 
resuscitation of vasopressor therapy.

 b.  Dexamethasone should be avoided because of the potential 
for suppression of the hypothalamic–pituitary–adrenal axis.

 c.  An ACTH stimulation test is not used to identify those 
patients for which glucocorticoid therapy is indicated.

 d.  Oral fludrocortisone is administered if the steroid used has 
no mineralocorticoid activity.

 e.  Steroid therapy is discontinued when vasopressor therapy is 
no longer needed.

 8.  (Recombinant Human Activated Protein C) is indicated in 
patients assessed at high risk for death, if no contraindication 
exists. This therapy is not currently recommended in animals 
because of the risk of allergic response).

 9.  Blood products:
 a.  Red blood cells are recommended after hypoperfusion has 

resolved to maintain hemoglobins above 6 g/dL.
 b.  Platelets are recommended when counts are below 5000 

mm3 and can be considered when counts are between 5000 
and 30,000 mm3.

 c.  Erythropoeitin is not indicated unless for reasons other than 
sepsis.

 d.  Fresh frozen plasma should not be used to correct clotting 
abnormalities, and antithrombin should not be adminis-
tered for treatment of severe sepsis or shock. 
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progressive nature of the syndrome, as well as the difficulty in 
pharmacologically manipulating response.

Splanchnic ischemia and specifically intestinal mucosal 
ischemia may play a major role in bacterial translocation. 
Selected drugs may increase the risk owing to detrimental 
effects on the mucosa, including glucocorticoids, nonsteroidal 
antiinflammatories, and vasopressors. Drugs that target anaer-
obic bacteria may facilitate the growth of gram-negative organ-
isms; their growth might be supported by antisecretory drugs 
that alter gastric pH and enteral nutrition. However, adequate 
nutrition is important to maintenance of the mucosal barrier. 
The most important means to prevent bacterial translocation 
is to protect the gastrointestinal barrier through maintenance 
of gastrointestinal perfusion, avoidance of increased gastric 
pH, and selective bacterial decontamination.

Studies that document the microbes associated with sepsis 
in animals are limited. Greiner and coworkers202 (in Germany) 
retrospectively described the microbes associated with sepsis 
in cats (n = 292) during the period of 1994 to 2005. Only 23% 
of the cats had positive cultures. Of the microbes cultured, the 
distribution of gram-positive and -negative organisms was 
equal. For gram-negative (43%), 31% of the total isolates were 
Enterobacteriaceae (16% E. coli, 8% Enterobacter spp., and 4% 
Salmonella spp.). The breakdown for gram-positive isolates 

(45% of total) was as follows: Staphylocccous coagulase nega-
tive (11%), Streptococcus spp. (11%), and miscellaneous gram-
positive (14%). Obligate anaerobes represented another 12%. 
Overall susceptibility for all aerobic or facultative anaerobic 
organisms was highest for enrofloxacin (76%), followed by 
chloramphenicol (69%), gentamicin (67%), and cephalexin or 
amoxicillin–clavulanic acid (64%). For the remaining drugs, 
less than 50% of isolates were susceptible (doxycycline, trim-
ethoprim sulfonamide, ampicillin).

Antibacterial Therapy
Successful antimicrobial therapy of sepsis will be enhanced by 
anticipation (i.e., looking for clinical signs), early diagnosis, 
aggressive yet appropriate antimicrobial therapy, and intensive 
supportive therapy. Identifying and correcting the cause of 
sepsis (e.g., loss of gastrointestinal mucosal integrity, granu-
locytopenia, foreign bodies) is an underlying focus of man-
agement. Although antimicrobial therapy is the cornerstone of 
therapy, it can also contribute to the pathophysiology.

In human critical care environments, an apparent increase 
in the incidence of sepsis is attributed to an increase in the 
severity of illnesses, the complicated nature of care, including 
invasive procedures and immunosuppressive drugs, as well as 
the longer survivial of patients with chronic illnesses. The high 
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morality rate of sepsis (35% to 50%) reflects, in part, unac-
ceptable delays in appropriate treatment. This partially reflects 
the difficulty in identifying sepsis. One of the most important 
predictors of outome in human patients with severe sepsis is 
prompt and appropriate antimicrobial therapy. Appropriate 
therapy includes use of drugs that target the infecting microbe 
within 1 hour of the recognition of sepsis. A major risk factor 
for mortality is failure to initiate antimicrobial therapy with 
a drug to which the causative agent is susceptible within 24 
hours of receipt of susceptibility results. Disconcertingly, even 
subsequent correction of previously inappropriate therapy 
may not reduce the risk of death. Septic patients are predis-
posed to infection with resistant microbes (Box 8-3). Initial 
antimicrobial selection must cover a wide range of organisms, 
including resistant isolates, which makes adequate coverage 
difficult to achieve. Yet initial adequate antimicrobial therapy 
is the most important determinant of outcome. A meta-anal-
ysis203 in humans focused on mortality as an outcome indi-
cator of appropriate versus inappropriate therapy in patients 
with severe sepsis (septic patients). Appropriate was defined as 
treatment with at least one antimicrobial to which all causative 
microorganisms (based on blood cultures) were susceptible 
within 24 hours of identification of the organism; inappropri-
ate was defined as administration of an antimicrobial agent to 
which at least one of the infecting microorganisms was resis-
tant or the lack of an antimicrobial to which the organisms 
were considered susceptible within 24 hours of microbial iso-
lation. Of the 904 patients studied, 23% received inappropriate 
therapy. After adjusting for confounding factors, the overall 
28-day mortality was greater in the inappropriate group (28%) 
compared with the appropriate group (39%).

In addition to the most appropriate drugs, adequate cov-
erage also includes proper modification of dosing regimens 
for the critical septic patient. Increased volume of distribu-
tion, decreased protein, and altered blood flow to organs of 
clearance complicate design of dosing regimens.158 The high-
est doses of antimicrobials are recommended in human criti-
cal care patients; intervals of time-dependent drugs should 
be designed to avoid resistance.204 Decreased doses or longer 
intervals should not necessarily be implemented in critical 
patients with altered renal function unless the risk of toxicity 
is imminent. Monitoring should be considered.

The approach to antimicrobial therapy in the critical care 
patient should be to “hit early, hit hard, and get out fast.”204 

Accordingly, therapy should be initiated early with a broad-
spectrum antimicrobial that targets all potential pathogens, 
including resistant organisms, at doses designed to kill. Ther-
apy should then be de-escalated to a narrow spectrum as soon 
as possible, generally on the basis of culture and susceptibility 
testing. Because human critical care patients often succumb to 
illnesses that do not necessarily occur in veterinary patients 
(i.e., pneumonia, particularly that associated with ventila-
tory support caused by Streptococcus pneumoniae), initial 
treatment should not necessarily reflect empirical therapy in 
humans. However, resistance patterns are potentially similar. 
A number of risk factors have been identified for colonization 
with resistant organisms (see Box 8-3). Patients that fall into 
these categories warrant consideration as candidates for sec-
ond- or third-tier choices. The initial therapy in these patients 
should be based on resistance data promulgated for dogs or 
cats in the treatment facility. Accordingly, surveillance pro-
grams that monitor patterns of resistance must be promoted 
in the interest of increased patient survivial and judicious 
antimicrobial use. Concerns in humans are the same for vet-
erinary patients. These concerns include MRS and, increas-
ingly, resistant gram-negative infections. Up to 40% of E. coli 
infections in humans are resistant to ampicillin; a similar pat-
tern has been reported in veterinary medicine. The advent of 
extended-spectrum beta-lactamases is decreasing efficacy of 
third-generation cephalosporins. Increasing resistance to flu-
oroquinolones (10% in human medicine, more in veterinary 
medicine) is limiting their use as well. Accordingly, carbapen-
ems are considered more often.

Allthough evidence is lacking that confirms combination 
antimicrobial therapy improves the chances of a favorable 
outcome in human medicine, the consensus is that combina-
tion therapy is reasonable, and is indicated for treatment of 
selected organisms (e.g., Pseudomonas spp.). Combination 
therapy may be the reason that patient response to antimi-
crobials has improved (in human medicine) during the last 
several decades. Combination therapy should be considered 
not only to increase efficacy (particularly if the antimicrobials 
act synergistically) but also to reduce the advent of resistance. 
For bacteremia, antimicrobial combinations should be chosen 
that provide a broad spectrum, enhance (synergistic) efficacy 
against gram-negative organisms, and minimize resistance. In 
the presence of sepsis, selected drugs should also minimize 
endotoxin release. Organisms particularly adept at developing 
resistance include Pseudomonas, Serratia, and Enterobacter 
spp. Combination therapy is particularly important in neu-
tropenic patients. Monotherapy, generally with a carbapenem, 
a fluoroquinolone (e.g., enrofloxacin), or a third-generation 
cephalosporin (e.g., ceftazidime), may be effective if the cause 
is a highly susceptible gram-negative organism. However, the 

Risk Factors for Colonization with Resistant 
Microbes
	•	 	Hospital	stay	longer	than	5	days
	•	 	Previous	hospital	stay	longer	than	2	days	within	past	90	days
	•	 	Antimicrobials,	especially	broad-spectrum,	within	the	past	90	days
	•	 	Antimicrobial	resistance	in	the	environment
	•	 	Poor	underlying	condition
	•	 	Immunocompromised	 (including	 use	 of	 immunosuppressive	

drugs) or neutropenic patient
	•	 	Invasive	procedures/hardware 

Box 8-3

KEY POINT 8-36 The approach to antimicrobial therapy in the 
critical care patient should be to “hit early, hit hard, and get 
out fast.” Initial therapy should target any potential infecting 
organism (including nosocomials) with de-escalation to less 
potent drugs as therapy progresses.
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prudent clinician will use a combination of drugs likely to be 
effective against the suspected organism. Combination therapy 
(discussed in Chapter 6) may be important to decrease the risk 
of resistance as well as enhance efficacy against the infecting 
microbe. For example, aminoglycosides should never be used 
alone because of their poor penetrability. The combination of 
an animoglycoside with a beta-lactam with either cefazolin 
or ampicillin–sulbactam might be indicated for treatment of 
bacterial translocation associated with parvovirus; because 
puppies are likely to be drug naïve, E. coli resistance is likely 
to be minimal for these drugs. In contrast, the combination of 
aminoglycosides with carbapenems may be indicated in the 
patient with a previous history of antimicrobial therapy. Treat-
ment regimens should be changed if indicated by culture and 
susceptibility data. Design of dosing regimens is discussed in 
Chapter 6; monitoring as a tool to ensure adequate drug con-
centrations is particularly important for the septic patient.

Antimicrobial de-escalation, which is important to mini-
mize the advent of resistance, is a two-pronged approach. 
Narrowing the spectrum as soon as possible is important in 
minimizing selection pressure.204 Further, decreasing the 
duration of therapy increasingly is being associated with an 
improved outcome in human medicine.204 Using hospital-
acquired pneumonia as an example, studies in humans have 
demonstrated a reduced proportion of relapses in shorter-
duration (5 to 8 days) treatment groups, with response to 
therapy as an indicator of the need for therapy. In contrast, 
infections associated with S. aureus bacteremia may require 
longer durations of therapy because of the potential to cause 
septic emboli. Catheter-related bacteremia in immunocom-
promised animals is an example of a condition for which 
duration of therapy might be 14 days. Therapy for neutropenic 
patients might continue as long as neutropenia persists. Ther-
apy for infections of areas with poor blood supply may need to 
be longer; examples include valvular disease (4 to 6 weeks) or 
necrotic tissue (e.g., osteomyelitis; up to 8 weeks).

Adjuvant Therapy
Drugs that target inflammatory mediators associated with 
sepsis are also discussed in Chapters 31 and 32. Cardiovas-
cular support can be provided in the form of volume replace-
ment and positive inotropes/pressors. Fluid therapy should be 
intensive, with the goal of reestablishing normal perfusion. A 
number of colloids and some crystalloids are available. Drugs 
intended to maintain or increase blood pressure should be used 
cautiously. Certainly, adrenergic agents such as dopamine, 
dobutamine, norepinephrine, and isoproterenol should be 
administered only in the presence of adequate volume replace-
ment and in conjunction with intensive monitoring of central 
venous pressure and, ideally, pulmonary wedge pressure. Fluid 
therapy likely will need to be more intensive in the presence 
of pressor agents, dobutamine in particular. Vasoconstrictive 
drugs should be avoided. Thus, although dopamine at low 
doses (5 μg/kg per minute) may be preferred in the presence of 
impaired renal perfusion, dobutamine may be preferred other-
wise. Of the two, dobutamine (5 to 10 μg/kg) is more likely to 
increase oxygen delivery and consumption in tissues.205

Hopper and Bateman201 reviewed the hemostatic dysfunc-
tions associated with sepsis, with a focus on the integration 
of hemostatic and inflammatory signals. The inflammatory 
mediators associated with multiple organ dysfunction syn-
drome systemically activate coagulation, causing intravascular 
fibrin formation typical of disseminated intravascular coagu-
lation. The primary means by which inflammation associated 
with sepsis mediates coagulation is through mediator-induced 
expression of the procoagulant tissue factor (Factor III). Exam-
ple mediators include endotoxin, TNF-α lipoprotein, and 
growth factor. Increased coagulation, in turn, contributes to 
inflammation, which can increase patient morbidity or mor-
tality associated with sepsis. Endogenous tissue factor pathway 
inhibitor (TFPI) blockade may decrease mortality. Heparin, 
including low-molecular-weight heparin, increases the release 
of TFPIs from endothelial cells, platelets, and that stored with 
lipoproteins. Despite its role in the pathophysiology, clinical 
trials in humans receiving recombinant TFPIs have failed to 
demonstrate a difference in 28-day mortality rates. Antithrom-
bin (AT, previously antithrombin III) binds to and inhibits 
thrombin and Factor Xa, as well as a number of other factors. 
High- (but not low-) molecular-weight (LMW) heparin and 
other glycosaminoglycans of sufficient length bind to and ste-
rically hinder AT, potentiating its anticoagulant activity. Thus, 
while both unfractionated and low-molecular-weight hepa-
rin inactivate Factor Xa, only low-molecular-weight heparin 
(LMH) targets AT. The latter’s longer half-life allows its inter-
mittent subcutaneous use in place of constant-rate infusions 
of unfractionated heparins. However, in addition to its anti-
coagulant effects, AT has substantial antiinflammatory effects; 
these effects require AT binding to endothelial cells, an action 
that is prevented by binding to heparin. Its antiinflammatory 
effect has led to studies examining potential efficacy of AT 
therapy for patients with sepsis. Despite its potential antiin-
flammatory effects, evidence demonstrating the beneficial 
effects of AT with clinical trials of humans with sepsis is lack-
ing. The Surviving Sepsis Campaign Guidelines currently do 
not support treatment with AT. Protein C (PC) is a vitamin 
K–dependent protein that directly inactivates or enhances the 
inactivation of a number of coagulation factors, including Fac-
tors Va and VIII. It also has direct antiinflammatory actions. 
Activation of PC is accomplished by thrombomodulin (TM) 
located in endothelial cells; activation is enhanced 1000-fold 
if thrombomodulin is bound to thrombin. Therefore throm-
bin, which is one of the most procoagulant substances in 
the body, contributes to the primary anticoagulant pathway. 
Receptors on the surface of the cell bind to PC such that it con-
centrates at sites of TM–thrombin complexes. Clinical trials 
have demonstrated that human septic patients are deficient in 
PC (possibly because of increased destruction, increased con-
sumption, decreased formation possibly related to vitamin K 
deficiency), and this deficiency affects survival. Although the 
same has been demonstrated in dogs, an impact on outcome 
was not demonstrated. Administration of recombinant PC has 
been associated with improved positive outcomes in human 
patients. However, species specificity necessitates a fifteenfold 
to twentyfold higher dose of the human recombinant product 
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when administered to dogs. Further, it is rapidly eliminated. 
However, antigenicity precludes readministration.

Correction or prevention of impaired tissue perfusion 
(i.e., with fluid replacement or pressor agents) helps prevent 
decreased microcirculation. Additional preventive measures 
might be implemented in the presence of normal plate-
let counts and coagulation times. Synthetic colloids (which 
themselves can prolong bleeding times), or the combination of 
crystalloids and low-dose heparin, are indicated to maintain 
microcirculatory flow. Evidence of disseminated intravascu-
lar coagulation (prolonged coagulation times and low plate-
let counts) indicates the need for replacement of coagulation 
factors. Heparin therapy should be implemented with caution 
in the presence of disseminated intravascular coagulation to 
minimize the risk of bleeding. Certainly, heparin therapy is 
indicated in the presence of pulmonary thromboembolism.

The advent of oliguria or anuria indicates the need for 
diuretic therapy. Opiate antagonists have been shown to 
reverse the course of septic shock in selected studies. Because 
patients with prolonged hypotension were particularly respon-
sive, it is likely that the drugs (e.g., naloxone) provide a tran-
sient vasopressor effect. Naloxone, however, appears to have 
no clinically relevant effect in patients in septic shock.

The intravenous administration of polyclonal immuno-
globulin increasingly is emerging as a therapy associated with 
an increase in survival. The use of IgM, in particular is associ-
ated with decreased morality.206,207

The role of drugs intended to ameliorate the signs of sepsis 
syndrome is controversial. Glucocorticoids, nonsteroidal anti-
inflammatories, and lazeroids (an investigational category of 
drugs; see Chapters 29 and 30) are variably effective to noneffec-
tive, depending on the study. The most important variabilities 
that appear to affect response to these drugs are dose and timing 
of administration. For glucocorticoids, most studies in human 
patients afflicted with sepsis have failed to show a significant 
benefit to survival; some patients dosed with glucocorticoids 
were more likely to develop suprainfections. Yet experimen-
tal studies have shown that, when provided sufficiently early 
(within 4 hours of sepsis), “shock” doses of glucocorticoids may 
ameliorate release of the more important mediators of septic 
shock. Similarly, nonsteroidals (and, in particular, flunixin 
meglumine) may decrease the release of or response to a num-
ber of mediators of septic shock.208 Again, however, timing of 
administration is critical: Benefits are most likely to be realized 
when administration occurs within several hours of the onset 
of sepsis. Unfortunately for veterinary patients, clinical signs 
of sepsis are usually not identified until the critical period of 
antiinflammatory administration has passed.

Among the indications for glucocorticoids in septic patients 
is replacement therapy in the face of relative adrenocortico-
trophic deficiency (see Chapter 30). A recent clinical trial in 
humans explored the impact of hydrocortisone therapy on 
28-day survival rates and found no difference between groups. 
Although responders responded more rapidly if treated with 
hydrocortisone, the incidence of superinfection and subse-
quent recurrence of septic shock increased.209 Nonetheless, 
the current criteria for use of glucocorticoids, as delineated in 

the Surviving Sepsis Campaign Guidelines, are based on hypo-
tension responsiveness to fluid and vasopressor therapy.

The advent of recombinant technologies has led to the 
development of granulocyte colony-stimulating factors. These 
drugs are likely to prove useful for selected patients (most nota-
bly granulocytopenic patients). Treatment protocols have not, 
however, been well established. Therapy with antiserum has 
enjoyed a resurgence of interest in human medicine. Adminis-
tration of serum from patients that have recovered from shock 
induced by Pseudomonas spp. or patients “immunized” with 
mutant strains of E. coli has increased the survival of patients 
suffering from profound shock. Monoclonal antibodies that 
bind endotoxin, TNF, and other mediators of shock have been 
or are being studied. Pentoxifylline is a methylxanthine deriv-
ative that is accompanied by properties not present in other 
methylxanthines. Among those potentially beneficial in sepsis 
is the ability to scavenge oxygen radicals and alter the rheo-
logic properties of blood, thus facilitating microcirculation.270

A number of adjuvant therapies have been studied for their 
ability to ameliorate clinical signs associated with sepsis. The 
use of low doses of an antimicrobial that binds endotoxin (e.g., 
polymyxin B; PMB) yet is otherwise nephrotoxic has not been 
well studied in either dogs and cats. A very early study reported 
that lipopolysacharides (LPS) modified with PMB was less 
lethal in dogs compared to PMB alone.272 A placebo-controlled 
clinical trial in naturally occurring parvovirus-associated endo-
toxic dogs (n = 30) compared PMB and ampicillin to ampicillin 
alone.273 Treatment with PMB (12,500 IU/kg, IM, every 12 hr 
for 5 days) administered with ampicillin (10 mg/kg IM, every 
12 hr) was associated with greater hemodynamic improve-
ment and lower serum TNFα concentrations compared with 
dogs receiving ampicillin alone (other supportive therapy in 
both groups included fluid therapy, colloidal solutions, meto-
clopramide, ranitidine and sucralfate). Serum urea nitrogen 
and creatinine actually were higher numerically in the control 
group. In cats, the effect of PMB was studied both ex vivo and in 
vivo, the latter using a randomized, blinded, placebo-controlled 
experimental model of low dose endotoxin infusion in cats (n 
= 12).274 Ex vivo, TNFα release was less in whole blood cul-
tures. In vitro, response to endotoxin was significantly less in 
cats receiving PMB (1 mg/kg over 30 minutes, 30 minutes after 
LPS administration) compared with cats receiving only LPS. 
The authors interpreted this response as supportive for clini-
cal trials addressing the clinical use of PMB in cats with sepsis.

A polyvalent equine origin antiserum against LPS endo-
toxin has been used in small animals (SEPTI-serum, Immvac, 
Inc., Columbia MO 75201); 4.4 mL/kg diluted 1:1 with intra-
venous crystalloid fluids was administered slowly over 30 to 
60 minutes.275 The product should be administered before 
treatment with antimicrobials that might cause the release of 
endotoxin. Retreatment, if necessary, is recommended 5 to 7 
days after the first treatment. The equine origin may result in 
anaphylaxis; patients should be monitored closely.

Use of sucralfate rather than antisecretory drugs is indicated 
if the patient is at risk for gastrointestinal ulceration in the 
face of possible bacterial translocation. Prevention of reperfu-
sion injury is likely to be important, although pharmacologic 
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interventions have not yet been well defined. Selective (e.g., 
gram-negative [polymyxin B, neomycin] and fungal organ-
isms [amphotericin B]) decontamination of the gastroin-
testinal flora coupled with endotoxin binders (e.g., kaolin 
pectate, activated charcoal) might be considered. Use of dilute 
chlorhexidine or betadine enemas has been anectodally help-
ful in puppies with parvovirus.

Prophylaxis remains an important tool for the prevention 
of sepsis. Among the more important tools in the critical care 
environment is meticulous adherence to cleanliness policies in 
the environment to minimize nosocomial infections.210 Pro-
phylactic antimicrobials are discussed later.

ANAEROBIC INFECTIONS

Anaerobes differ from other bacteria in that they do not require 
the presence of molecular oxygen for metabolic activity and 
growth but instead depend on fermentative processes. Strict 
anaerobes cannot tolerate the presence of oxygen, and few are 
clinically significant. Growth of obligate anaerobes depends 
on an environment characterized by reduced oxygen tension 
and low oxidation-reduction (redox) potential. Most clini-
cally significant anaerobic organisms are obligate and include 
the genera Fusobacterium, Bacteroides, Clostridium, (selected 
species), Peptostreptococcus (enteric Streptococcus), and Pep-
tococcus spp. Although oxygen-tolerant anaerobes cannot uti-
lize oxygen, they can grow in its presence. Oxygen-tolerant 
organisms include Clostridium perfringens and Propionibacte-
rium spp. Finally, facultative anaerobes are characterized by 
flexible oxygen requirements and can grow in the presence or 
absence of oxygen. Facultative anaerobes, which are clinically 
important in small animals, include Staphylococcus spp. and 
the enteric gram-negative bacilli such as E. coli and Klebsiella 
and Pasteurella spp.211,212 Like aerobic organisms, anaerobic 
organisms are also classified by their gram-staining charac-
teristics. Gram-positive cocci include Peptococcus and Pep-
tostreptococcus. Gram-positive rods include those that form 
spores (Clostridium spp.) and those that do not (Actinomyces 
and Propionibacterium spp.). Gram–negative anaerobic rods 
include Bacteroides and Fusobacterium spp.

Results of studies investigating the incidence of anaero-
bic organisms as causative agents of infections in veterinary 
medicine have been relatively consistent. The most frequently 
isolated organisms in one study213 were Bacteroides, Pepto-
streptococcus, Fusobacterium, and Porphyromonas spp. These 
organisms represented 70% of the isolates. Other previously 
reported clinically significant isolates include Clostridium, 
Propionibacterium, Actinomyces, and Peptococcus spp.212 
Some older studies suggest that Clostridium spp. are more 
commonly isolated, but this finding may reflect inappropriate 
culturing techniques or regional differences in prevalence of 
selected genera.

Pathogenesis
Anaerobic infections are endogenous in origin because the 
causative organisms are most commonly members of the 
normal bacterial flora that occur in surrounding uninfected 

tissues. The normal bacterial flora of the body are predomi-
nantly anaerobic. Anaerobic organisms are particularly 
prevalent on mucous membrane surfaces, as exemplified by 
an anaerobic to aerobic ratio of 1000:1 in the large intestine 
(colon) and 10:1 in the oral cavity.193 Anaerobic organisms, 
and particularly Bacteroides spp., are also prevalent in the 
female reproductive tract (vagina). Infections by anaero-
bic organisms usually require a break in the normal skin 
or mucosal defense barriers, thus allowing penetration and 
contamination, or a break in the host’s immune defenses. 
Thus certain areas of the body are more predisposed to the 
development of anaerobic infections. The most common 
sites of anaerobic infections reported in small animals are 
the oropharynx, skin (including bite wounds), respira-
tory tract, abdomen, reproductive tract, musculoskeletal 
system, and CNS. Anaerobic organisms are also causes of 
bacteremia.

Anaerobic bacteria, particularly gram-negative rods, are 
often considered serious pathogens because they are capable 
of producing toxins and enzymes, which enhance their patho-
genicity. Both Bacteroides (especially B. fragilis) and Fusobac-
terium spp. produce potent toxins that not only cause tissue 
necrosis but also enhance the spread of infection. Bacteroides 
spp. may also produce collagenase. Clostridial organisms also 
produce a variety of toxic compounds that, in addition to tis-
sue necrosis, may cause hemolysis, disseminated intravascular 
coagulation, and renal failure.211 Several organisms produce 
compounds that destroy leukocytes, thus debilitating a com-
ponent of the host’s immune system.211

Diagnosis of anaerobic infections is often difficult. Bacte-
roides and Fusobacterium spp. are often difficult to visualize in 
Gram stains when in the presence of exudates and tissue debris. 
Gram-positive organisms may appear as gram-negative, or 
they may assume usual morphology in older exudates or after 
antibacterial therapy.211 Improper culturing techniques are 
probably the most common cause for failure to isolate all infec-
tive organisms.211,214

Anaerobic infections should be suspected when an infec-
tion is characterized by one or more of the following: close 
proximity to a mucous membrane; a putrid, foul-smelling 
exudate; necrotic or gangrenous tissue; gas; a blackish dis-
coloration of tissues (which may fluoresce under ultraviolet 
light if caused by Bacteroides melaninogenicus); sulfur gran-
ules (indicating infection caused by a variety of different 
organisms, including Actinomyces spp.)185 a subacute onset 
of inflammation; and leukocytosis associated with a high 
fever.211,215 Anaerobic infections also should be suspected 
when cultures are negative despite observation of organisms 
with a Gram stain and in cases of endocarditis associated 
with negative blood cultures. Closed-space infections such 
as pyothorax; pyometra; and brain, lung, or intraabdominal 
abscesses are frequently caused by anaerobic infections. Other 
infections commonly caused by anaerobes include aspiration 
pneumonia, peritonitis associated with bowel contamination, 
chronic osteomyelitis associated with open fractures, bite 
wounds, penetrating foreign bodies, and solid tumors with a 
necrotic center.
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Factors Affecting Selection of Antimicrobials
Factors that contribute to therapeutic (antimicrobial) failure 
for anaerobic infections include improper culturing tech-
niques, mixed infections, and inactivation of the antimicrobial. 
Culture information important for the proper management of 
anaerobic infections. Failure to isolate anaerobic organisms 
caused by improper culturing techniques should be suspected 
whenever routine aerobic cultures of purulent exudate yield 
no growth.

Most clinically significant anaerobes are obligate and 
thus cannot survive exposure to oxygen for more than a 
few seconds. In addition, facultative bacteria generally grow 
faster than anaerobic organisms and thus may overgrow and 
mask anaerobic organisms, particularly if specimen cultur-
ing is delayed.211 The best specimens for anaerobic culture 
are aspirates or tissue biopsy specimens (1 cm2) rather than 
swabs.216,217 Suitable aspirates include those of infected body 
fluids (i.e., peritoneal, pericardial, pleural), aspirates of pus 
(from abscesses, deep wounds, or pyometra), tracheal or per-
cutaneous lung aspirates, surgical tissue specimens (includ-
ing samples from deep infections, bone biopsy material, and 
sequestra), and blood.216,217 All air or gas bubbles should be 
removed from both the needle and syringe immediately after 
sample collection.215 Urine; swabs for the oropharynx, upper 
airway, external airway, and external reproductive tract; 
sputum or nasal exudates; and bronchoscopy brushings or 
aspirates (unless obtained with a double-lumen sleeve) are 
generally considered inappropriate. Culture samples should 
be placed in culture vials.215 Specialized transport receptacles 
should be devoid of oxygen and contain anaerobic media 
that will also allow isolation of aerobic organisms. Specimens 
collected in plastic syringes should also be placed in trans-
port tubes because oxygen can slowly permeate through the 
syringe. Specimens generally should be kept at room tempera-
ture until transported.

Many anaerobic infections are caused by more than one 
organism. Both anaerobic–anaerobic and anaerobic–aero-
bic mixed infections have been reported in small animals. 
A mean of 1.7 to 1.9 anaerobic organisms were isolated per 
specimen in several studies. Samples usually also contained 
facultative anaerobes.214,218 According to one study, 80% of 
infections with obligate anaerobes simultaneously contained 
facultative anaerobic or aerobic organisms, with members of 
the family Enterobacteriaceae being the most common organ-
isms isolated.213 These include E. coli, followed by Pasteurella 
spp. and S. intermedius. Mixed bacterial infections are often 
more virulent than infections caused by single organisms.211 
Because synergistic mechanisms develop between facultative 
and anaerobic organisms, infection by multiple organisms 
may promote the overgrowth of commensal anaerobes such as 
Actinomyces spp.208,212,219 Bacteroides spp. can inhibit phago-
cytic activity of surrounding white blood cells when present in 
mixed infections. Commensal bacteria may act as symbiotes 
by producing growth factors required by pathogenic anaero-
bic organisms. Facultative organisms may also provide a more 
favorable environment for anaerobes by removing oxygen and 

adding reducing substances.212 The number of microorgan-
isms located within an abscess may also have an effect on drug 
efficacy because antimicrobial inactivation is more likely.

The environmental conditions surrounding an anaerobic 
infection can be detrimental to the activity of antimicrobial 
drugs. These effects, discussed in Chapter 6, are very likely to 
be marked in some anaerobic infections. The inflammatory 
exudate that usually accompanies anaerobic infections can 
have profound effects on drug efficacy. Cellular membranes, 
breakdown products of phagocytic cells, and inflamed tissues 
are all capable of binding to and reducing the effective con-
centration of pharmacologically active antimicrobial drugs.155 
Host tissues may also produce local enzymes that destroy 
antimicrobials.155

The anaerobic environment that characterizes anaerobic 
infections can also profoundly alter the efficacy of antimicro-
bials. The oxidation-reduction potential (referred to as EH), 
which measures the anaerobiosis associated with an abscess, is 
estimated to be approximately −400 mV in human abscesses, 
which is indicative of an environment free of oxygen. The lack 
of oxygen has profound effects on two activities important to 
the success of antimicrobial therapy. The first is its effect on 
white blood cells. To kill selective organisms, white blood cells 
must be able to initiate oxidative bursts, an activity that is very 
difficult to accomplish in the anaerobic environment.220,221 
In addition, white blood cell chemotaxis in response to bacte-
rial factors is reduced in anaerobic environments.215 The sec-
ond detrimental effect of an anaerobic environment relates to 
the mechanism of transport or action of the drugs. The efficacy 
of aminoglycosides and the combination of trimethoprim–
sulfamethoxazole are particularly affected. Aminoglycosides 
require active transport into cells by mechanisms dependent 
on oxygen. In addition, the mechanism of action of these anti-
microbials depends, in part, on cellular respiration processes 
that utilize oxygen. The lack of oxygen renders these antimi-
crobials ineffective; all anaerobic organisms are thus resistant 
to aminoglycosides. The aerobic component of a mixed infec-
tion may also be resistant to aminoglycoside therapy because 
the oxidative transport systems of such organisms (e.g., E. coli) 
may shut down in an anaerobic environment.

The development of resistance by anaerobic organisms to 
selected antimicrobials is an important cause of therapeutic 
failure. As with other bacteria, plasmid-mediated, transferable 
drug resistance and the inability of drugs to penetrate bacterial 
cells are important mechanisms by which anaerobic organ-
isms develop resistance to antimicrobials.215 Several studies 
have concentrated on the development of resistance to beta-
lactam antibiotics. Anaerobic organisms, and particularly  
B. fragilis, develop resistance to these drugs primarily by block-
ing all penetration by the drug or by producing beta-lactamase 
enzymes that inactivate the drug. B. fragilis is particularly adept 
at developing resistance because of the production of beta-
lactamases (penicillinases or cephalosporinases), enzymes 
that cleave the beta-lactam ring, thus effectively destroying 
antimicrobial activity. Most strains of B. fragilis produce a 
chromosomally mediated beta-lactamase, which inactivates 
many cephalosporins, particularly first-generation drugs. In 
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addition to this cephalosporinase, many strains of B. fragilis 
can acquire novel beta-lactamases that are characterized by 
greater impact on the penicillins than the cephalosporins. 
One study found that some strains of B. fragilis could pro-
duce beta-lactamases that are capable of inactivating cefoxitin 
and imipenem, two drugs that historically have been effective 
for the treatment of anaerobic infections.221 Several of these 
strains are, however, capable of producing massive quantities 
of the cephalosporinase. Although this enzyme does not have 
much specific activity against cefoxitin, the drug is inactivated 
because of the vast quantities produced. Cefoxitin resistance 
of this nature can be transferred to other strains of Bacteroi-
des spp. A study that investigated the emerging resistance pat-
terns of B. fragilis to various antimicrobial agents over a 3-year 
period found that resistance to cefoxitin, originally the most 
active drug against this species, doubled in 2 years.221

Bacteroides spp. also possess a sophisticated system of 
resistance. In the aforementioned 3-year study, resistance to 
clindamycin did not increase, and no organisms were resistant 
to metronidazole or chloramphenicol. Although tetracyclines 
were the drug of choice for infections caused by B. fragilis in 
the early 1950s, almost 66% of the organisms were resistant 
to the drug. Variation in anaerobic (e.g., B. fragilis) resistance 
patterns have been described for different geographic regions. 
In addition, various patterns have been described according 
to the site of tissue or sample collection. One study found 
that organisms isolated from the blood were more resistant 
to piperacillin, cefoxitin, and clindamycin than were the same 
isolates obtained from the abdominal cavity. Experimen-
tal studies have shown that resistance genes can be naturally 
transferred from B. fragilis to E. coli. This finding may have 
profound implications for the treatment of mixed anaerobic–
aerobic infections, particularly those originating from colonic 
bacteria. One study213 has documented a 29% incidence of 
resistance of Bacteroides spp. to ampicillin; in contrast, 100% 
were susceptible to amoxicillin, clavulanic acid, and chloram-
phenicol, and most were susceptible to metronidazole. Only 
83% were susceptible to clindamycin.

Clostridium difficile has been associated with hospital 
outbreaks of illness in hospital environments (based on the 
author’s personal experience).222 Its ability to form spores to 
minimize exposure to oxygen renders it resistant to most envi-
ronmental disinfectants, with the exception of chlorine bleach. 
Animals receiving anticancer or antibacterial chemotherapeu-
tic agents are at a risk of developing infection when exposed 
to environmental clostridial spores. Treatment in such situa-
tions generally is accomplished with metronidazole until clini-
cal signs resolved; feces should be negative for enzyme-linked 
immunosorbent assay (ELISA) toxin (1 to 15 days).

Antimicrobial Drugs
The successful treatment of an anaerobic infection depends 
on altering the local environment in a manner designed to 
reduce bacterial proliferation and checking the spread of 
infection into adjacent tissues. The first goal is achieved by 
surgical débridement of dead tissue. At the time of surgery, 
pockets of pus should be drained, trapped gas released, and 

any obstructions to drainage eliminated. Surgery should also 
improve circulation to the site of infection, which will improve 
oxygenation of tissues. Local spread of infection is managed 
by administration of an antimicrobial. Although the number 
of antimicrobials that can be used to treat anaerobic infections 
is limited, there are several that are effective and safe. Resis-
tance does not yet seem to have impaired empirical selection 
of anaerobes (Table 8-12), although caution is still indicated in 
patients that previously received antimicrobials or those at risk 
for therapeutic failure for other reasons.

Beta-Lactam Antibiotics
Penicillin G, a natural antibiotic, is the prototype penicillin. 
The anaerobic susceptibility of the semisynthetic aminope-
nicillins ampicillin and amoxicillin is similar to that of peni-
cillin G. In contrast to penicillin G, they are effective after 
oral administration. Penicillins are the drug of choice for 
clostridial infections and for Peptostreptococcus spp. They 
are generally effective against Fusobacterium and Actinomy-
ces spp. Although the penicillins are effective against many 
 Bacteroides spp., several species, including B. melaninogenicus 
and B. fragilis, both of which are clinically important, are uni-
formly resistant to most penicillins,211 with the exception of 
piperacillin.220 A 33% rate of resistance by Bacteroides spp. to 
penicillin G has been reported in veterinary patients. A large 
percentage of these strains was also resistant to ampicillin 
and cephalothin.214 Jang and colleagues213reported that 29% 
of Bacteroides isolates in veterinary medicine are resistant 
to ampicillin. The efficacy of penicillin (and cephalosporin) 
antibiotics against B. fragilis can be improved by combining 
the antibiotic with clavulanic acid or sulbactam. Indeed, Jang 
and colleagues213 reported all Bacteroides isolates to be sus-
ceptible to amoxicillin–clavulanic acid. Both of these drugs 
have a greater affinity for beta-lactamases than do the beta-
lactam antibiotics and preferentially bind to and inactivate 
the bacterial enzyme. The efficacy of amoxicillin against  
B. fragilis is greatly enhanced when combined with clavulanic 
acid.223 The addition of clavulanic acid also enhances the 
efficacy of amoxicillin against several gram-negative enteric 
organisms, which may be important factors in the patho-
genesis of mixed infections. Jang and coworkers213 found 
100% of clostridial organisms to be susceptible to ampicil-
lin, compared with 80% of isolates that were susceptible to 
clindamycin.

The cephalosporins are very similar to the penicillins in 
pharmacokinetic characteristics but as a class are less effica-
cious against anaerobes. First-generation cephalosporins 
(e.g., cephalothin, cefazolin, and cefadroxil) may be effec-
tive against many anaerobic organisms, with the exception of 
B. fragilis; use should be based on susceptibility testing. The 
second-generation cephalosporin cefoxitin is, however, one 
of the most effective antibiotics against anaerobic infections, 
including B. fragilis, although resistance is increasing, as was 
previously noted. As a second-generation cephalosporin, 
cefoxitin is also effective against many gram-negative enteric 
organisms, which enhances its utility for the treatment of 
mixed infections. Many Clostridium spp. are resistant to most 
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Table 8-12  Susceptibility Data for Selected Anaerobic Pathogens Collected from Antimicrobial-Free 
Dogs and Cats76

Drug Amox-Clav Cefadroxil Cefovecin Cephalexin
MICBP (sus) ≤0.25 ≤2
MICBP (res) > 1 ≥ 8

Bacteroides spp. Mode ≤0.5/0.25 0.5 0.25 ≤0.5
MIC50 ≤0.5/0.25 0.5 0.25 1
MIC90 ≤0.5/0.25 16 2 16
Range ≤0.5/0.25-8/4 ≤0.25->32 ≤0.06-8 ≤0.5-64
n 32 32 32 32
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y
Mode ≤0.5/0.25 2 0.25 ≤0.5

Clostridum spp. MIC50 ≤0.5/0.25 2 0.5 2
MIC90 ≤0.5/0.25 16 16 16
Range ≤0.5/0.25-1/0.5 ≤0.25->32 ≤0.06->32 ≤0.5->64
n 15 15 15 15
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y
Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5

Fusobacterium spp. MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 0.5 ≤0.06 ≤0.5
Range ≤0.5/0.25-2/1 ≤0.25-8 ≤0.06-1 ≤0.5-4
n 66 66 66 66
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y
Mode ≤0.5/0.25 16 0.5 16

Peptostreptococcus spp. MIC50 ≤0.5/0.25 8 0.5 8
MIC90 ≤0.5/0.25 32 1 16
Range ≤0.5/0.25-2/1 ≤0.25->32 0.12-2 ≤0.5->64
n 21 21 21 21
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y
Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5

Porphyromonas spp. MIC50 ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5
MIC90 ≤0.5/0.25 1 ≤0.06 ≤0.5
Range ≤0.5/0.25 ≤0.25-1 ≤0.06 ≤0.5-2
n 29 29 29 29
Species D, C D, C D, C D, C
Source 1 1 1 1
CLSI Y Y Y Y
Mode ≤0.5/0.25 ≤0.25 ≤0.06 ≤0.5

Prevotella spp. MIC50 ≤0.5/0.25 4 0.25 ≤0.5
MIC90 ≤0.5/0.25 32 4 64
Range ≤0.5/0.25-1/0.5 ≤0.25-32 ≤0.06-8 ≤0.5->64
n 11 11 11 11
Species D, C D, C D, C D, C
Source 76 76 76 76
CLSI Y Y Y Y

MIC, Minimum inhibitory concentration; BP, breakpoint, SC, subcutaneous; A Y indicates that data were collected following the guidelines of Clinical Laboratory Standards Institute 
(CLSI). D, dog; C, cat; Y, yes.
*Pharmacokinetic data from Table 7-1
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cephalosporins; thus alternative antimicrobials should be con-
sidered for infections caused by these organisms. Currently, 
piperacillin and cefoxitin remain the most active beta-lactam 
antibiotics for the treatment of human anaerobic infections. 
Because of the variable nature of susceptibility patterns and 
the unique mechanisms and characteristics of beta-lactams 
exhibited by anaerobic bacteria, however, culture and suscep-
tibility monitoring of these pathogens in crucial. The carbap-
enems are the newest class of beta-lactam antibiotics and are 
among the the most effective beta-lactam antibiotics against 
anaerobic infections.

Other Antimicrobials
Chloramphenicol is one of the most effective antimicrobial 
drugs against all strains of anaerobic bacteria, including pen-
icillin-resistant B. fragilis.213 Its utility, however, is decreased 
by its bacteriostatic nature as well as by its tendency to cause 
adverse reactions, particularly in the cat, and concerns 
regarding human exposure. Clindamycin is a lincosamide 
antimicrobial whose mechanism of action is similar to that 
of chloramphenicol. Like chloramphenicol, it is bacteriostatic 
against anaerobic organisms. Clindamycin is more effica-
cious for the treatment of anaerobic infections than its parent 
drug, lincomycin. Clindamycin is also concentrated in white 
blood cells at the site of infection, which is considered to be 
an important factor in the efficacy of this drug. This is an 
active energy process, however, which may not occur in the 
oxygen-deficient environments that characterize anaerobic 
infections. The spectrum of activity of clindamycin includes 
anaerobic organisms. It is generally very effective against 
most strains (83% cited by Jang et al.213) of B. fragilis, includ-
ing those resistant to penicillin, and is very effective against 
veterinary isolates of Clostridium. Clindamycin is not, how-
ever, effective against C. difficile, and its use may be associated 
with pseudomembranitis or other gastrointestinal disorders 
related to microbial overgrowth. Although fluoroquinolones 
are generally not considered sufficiently broad in spectrum 
to include anaerobes, newer-third generation drugs may be 
very effective. An example is pradofloxacin, whose efficacy 
includes anaerobes associated with gingival disease in dogs 
and cats.267

SELECTED ANAEROBIC INFECTIONS

Clostridum difficile
C. difficile is reaching epidemic proportions in human patients. 
Antimicrobial exposure results in suppression of normal flora 
and is a major risk factor with clindamycin, penicillins, and 
cephalosporins. A more recent study in humans found fluo-
roquinolones to be the primary risk factors for the emergence 
of a clonal-based outbreak in a hospital.224 Transmission is 
fecal to oral through contaminated environment and hands of 
health care personnel in human patients (as with MRSA), and 
a new strain with increased virulence has emerged. Outbreaks 
have increased in the hospital setting, although community-
acquired infections are increasing in Europe.225 Outbreaks have 
been reported in veterinary hospitals as well.222 Clinical signs 

range from mild diarrhea to pseudomembranous colitis and 
toxic (and potentially fatal) megacolon. Toxin binds to intes-
tinal cells and disrupts tight junctions, leading to inflamma-
tion and watery diarrhea, the hallmark of infection. Toxins are 
downregulated by the tcdC gene; deletions of this gene leads to 
clinical signs. A binary toxin also has been described, although 
its role in human disease is not well defined. A seasonal pat-
tern has been described for selected human hospitals.226 Epi-
demiologic description in humans is complicated by diagnosis 
based on the presence of toxin rather than organism culture. 
Resistance to newer 8-methoxy fluoroquinolones used to treat 
the organism (e.g., gatifloxacin and moxifloxicin) has already 
emerged.227

C. difficile may massively increase its exotoxin production 
in the gastrointestinal tract in the presence of subinhibitory 
plasma clindamycin concentrations because of increased bac-
terial synthesis of exotoxin.228 The use of metronidazole, a pop-
ular antigiardial drug, for the treatment of anaerobic infections 
in dogs and cats has markedly increased. The drug is consis-
tently effective against most anaerobes, including B. fragilis as 
well as most other strains of Bacteroides. Metronidazole is also 
effective for treatment of human cases of C. difficile. It is gener-
ally not effective against Actinomyces or Propionibacterium. Its 
mode of action probably results from disruption of bacterial 
DNA after bacterial metabolism to toxic metabolites. The low 
oxidation-reduction potential of the anaerobic environment is 
conducive to bacterial formation of toxic metabolites.

Vancomycin is the drug of choice for humans for the treat-
ment of antibiotic-associated colitis caused by C. difficile. Its 
mechanism of action results from inhibition of bacterial cell 
wall synthesis. Thus its actions are primarily bactericidal. Its 
spectrum includes Clostridium, gram-positive bacilli (Bacillus, 
Actinomyces), and Propionibacterium.

The sulfonamides can be effective against many anaero-
bic organisms. Caution should be taken, however, because of 
the patterns of resistance that have been noted for veterinary 
anaerobic isolates. For serious or difficult anaerobic infections, 
sulfonamide use should be based on susceptibility data.

Clostridum tetani
Tetanus is caused by the neurotoxin tetanospasmin produced 
by vegetative Clostridum tetani, a motile, gram-positive spore-
forming anaerobe.229 Spores contaminating an anaerobic 
site (e.g., in the presence of a foreign body or tissue necro-
sis) vegetate. The toxin, tetanospasmin, enters axons of local 
motor neurons, and by retrograde movement reaches the axo-
nal body in the spinal cord. Eventually the toxin reaches the 
brain, where it acts to cleave the protein responsible for fusion 
of the gamma-aminobutyric acid–containing synaptic vesicle 
with the neuronal cell membrane.230 As such, it inhibits the 
release of inhibitory neurotransmitters gamma-aminobutyric 
acid as well as glycine, resulting in presynaptic blockade for 
selected synapses of the spinal cord (predominant site) and 
brain. Dogs and cats are considered fairly resistant to tetanus 
and therefore are not generally vaccinated; indeed, vaccination 
is not protective in humans, necessitating revaccination with 
exposure.231 Clinical signs generally occur within 5 to 10 days 
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of wound acquisition, although delays of up to 3 weeks have 
been reported.231 Wounds closer to the head are associated 
with more rapid onset of generalized tetanus. Relative resis-
tance of carnivores to the toxin may result in signs localized 
to the wound area, manifested as stiffness that usually spreads 
to the opposite limb or beyond. Generalized tetanus is associ-
ated with a guarded prognosis and is characterized as extreme 
muscle rigidity, manifested as a stiff gait, difficulty in standing 
or lying down, and hyperthermia. Intracranial signs accom-
pany localized tetanus, resulting in hypertonic facial muscles 
(e.g., trismus or lockjaw) and reflex muscle spasms. Animals 
have difficulty with prehension or swallowing solid food. Dys-
uria, urine retention, constipation, and gas distention are not 
unusual. Autonomic clinical signs may not appear until several 
days after rigidity has occurred. Signs include ptyalism, tachy-
cardia, tachypnea, and hypertension.231 Death, when it occurs, 
usually results from respiratory compromise.229 Untreated 
cases can prove fatal, although natural resistance often limits 
the disease to localized or mild cases.

Treatment focuses on antimicrobial therapy in an attempt 
to decrease formation of neurotoxin and neutralization with 
antitoxin of any toxin not yet bound to nerve tissue. The intra-
venous route is preferred to the intramuscular or subcutaneous 
routes (the latter may require 48 to 72 hours for therapeutic 
concentrations to be reached). Antitoxin (100 to 1000 U/kg, 
<20,000 U total) should be administered every 5 to 10 minutes; 
the dose should be decreased for larger dogs. Pretreatment of 
anaphylaxis is appropriate; administration of a test dose (0.1 
to 0.2 mL) subcutaneously or intradermally may help iden-
tify those at risk (formation of a wheal at the site). Localized 
injection at the wound site (1000 U) may be helpful; likewise, 
intrathecal (I–10 U) injection has been shown experimentally 
to reduce morbidity and mortality rates in dogs, probably 
because of better access to neurotoxin bound to nervous tissue.
In humans 500 U is injected proximal to the wound. Recovery 
is slow and progressive, even when antitoxin is administered. 
Recovery at sites were tetanospasmin is bound requires forma-
tion of new receptors, which takes approximately 3 weeks.231

Local and systemic antibiotic therapy should be used to 
 eradicate vegetative clostridial organisms, thus reducing the 
amount of toxin released. Metronidazole is superior to peni-
cillin G and tetracyclines. Penicillins inhibit type A gamma-
aminobutyric receptors, which is the target of tetanus toxin. 
Studies comparing the time to recovery and mortality of peni-
cillin with those of metronidazole for treatment of tetanus in 
humans are controversial, with studies ranging from improved 
outcome for metronidazole to no differences between treat-
ments.230 The studies are complicated by differences in the 
form of penicillin studied, limiting conclusions. However, 
because of the possible impact of penicillin, metronida-
zole might be preferred; at the very least, procaine penicillin 
probably should be avoided because it may exacerbate CNS 
symptoms.230

Animals should be removed from stimulating environ-
ments. Supportive therapy for tetanus includes control of auto-
nomic signs, reflex spasms, or convulsions. Anticholinergics 
may be indicated to treat bradyarrhythmias. Phenothiazines 

(chlorpromazine preferred) combined with barbiturates (pen-
tobarbital or phenobarbital) have been recommended as the 
preferred treatment.229 Caution with the use of phenothiazines 
is recommended for patients with seizures; phenothiazines 
lower seizure threshold and can worsen seizures associated 
with other disorders. However, use for treatment of muscle 
rigidity may preclude concerns regarding seizures. Further, 
a retrospective study of acepromazine use in dogs experienc-
ing seizures found no increase in seizure activity associated 
with acepromazine. However, acepromazine may be suffi-
ciently different from other phenothiazines to warrant caution 
in extrapolating information to phenothiazines as a class.232 
Phenobarbital should be administered as a loading dose (12 
mg/kg to achieve the lower end of the recommended range for 
epilepsy). Glycopyrrolate should be administered to control 
bradycardia that may occur with the combined use of these 
drugs. Benzodiazepines (e.g., diazepam) may be useful for 
controlling spasms and hyperexcitability; methocarbamol is a 
less effective centrally acting skeletal muscle relaxant. Metho-
carbamol, dantrolene (a peripherally acting skeletal muscle 
relaxant), or gamma-aminobutyric acid antagonist may be 
useful, including in combination, for the control of spasticity. 
Tetanus-induced respiratory compromise requires intubation 
and respiratory support, which may require sedation, paralytic 
agents, or both. Linnenbrink231 discussed the limited use of 
supraphysiologic concentrations (2 to 4 mmol/L) of magne-
sium for control of autonomic dysfunction in human patients. 
Magnesium decreased rigidity and imparted a dose-sparing 
effect on sedatives. Hypocalcemia occured but generally did 
not need correcting. The loss of tendon reflexes was monitored 
as an indication of toxicity. Successful management of tetanus 
in two dogs has been reported.233 Therapy included a combi-
nation of general anesthestics (pentobarbital, propofol), anti-
convulsants (diazepam, including by constant-rate infusion, 
phenobarbital), and muscle relaxants (diazepam, methocarba-
mol), including phenothiazine sedatives (for muscle rigidity). 
Supportive therapy was intensive and crucial to therapeutic 
success, with full recovery requiring several weeks.

Clostridium botulinum
Botulism in dogs is almost exclusively caused by type C Clos-
tridium botulinum organisms that release the neurotoxin in a 
vegetative state.110 Although released in the inert form, cleav-
age by tissue or bacterial proteinases generates the dichain 
metalloproteinase neurotoxin, which is similar to tetanus 
toxin. Generally, clinical signs result from ingestion of the 
preformed toxin, in part because adult animals generally are 
resistant to colonization by the organism, although antimicro-
bial therapy can facilitate colonization. The toxin is absorbed 
by intestinal lymphatics as with nutrient proteins; toxin com-
plexed with other proteins appears to protect the toxin from 
intestinal degradation. At the nerve terminal, the toxin pre-
vents the presynaptic release of acetylcholine by irreversibly 
binding. The toxin is characterized by a very high affinity for 
the presynaptic membrane receptors, making it one of the 
most potent toxins. At this point the toxin is susceptible to 
inactivation by antitoxin. However, once receptor-mediated 
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endocytosis has moved the toxin into the cell, antitoxin acti-
vation can no longer occur. Of the two chains, the L chain is 
more likely to inhibit acetylcholine release. Clinical sequelae, 
evident within hours but delayed for up to 6 days, include 
paralysis and degeneration of the affected synapse with subse-
quent lower motor neuron and parasympathetic dysfunction. 
Death generally does not occur unless paralysis extends to the 
respiratory tract. Recovery follows formation of new terminal 
axons and neuromuscular junctions with cranial nerve, neck, 
and forelimb functions generally returning to normal first.

Therapy focuses on supportive care; spontaneous recov-
ery generally will occur in all animals if respiratory function 
is not affected. Antitoxin is ineffective if nerve endings have 
been penetrated, which generally occurs rapidly; however, 
treatment may be beneficial if oral absorption of the toxin is 
ongoing. Type C antitoxin (10,000 to 15,000 U, intravenously 
or intramuscularly) should be administered twice, with each 
dose 4 hours apart. The antitoxin remains in the system for 
40 days, mitigating the need for follow-up therapy. Peni-
cillin or metronidazole can be administered to reduce the 
intestinal growth of C. botulinim, although the efficacy of 
this practice is questionable and may be contraindicated if 
organism death is thought to increase toxin release. Neu-
romuscular potentiators (aminopyridine, diaminopyridine, 
guanidine hydrochloride) have not proved effective.

Clostridium perfringens
C. perfringens capable of producing an enterotoxin can cause 
severe diarrhea.234 Binding of the toxin to intestinal epithelial 
cells increases permeability, causing fluid and ion secretion, 
cell death, and sloughing of the intestinal mucosa. Sporula-
tion leading to enterointoxication can occur after antimicro-
bial therapy, increased intestinal pH, dietary alteration, and 
immunosuppression; it also is associated with viral enteri-
tis. Enterotoxemia can cause rapid death. Very occasionally, 
clinical signs may occur after ingestion of contaminated meat 
or as a result of nosocomial infections. Therapy includes 
antimicrobials and intensive fluid therapy. Antimicrobials 
that are variably effective include metronidazole, ampicil-
lin, amoxicillin–clavulanic acid, tylosin, clindamycin, and 
tetracyclines.

MISCELLANEOUS INFECTIONS

L-Form Bacterial Infection
L-form bacteria either have a deficient cell wall or lack one 
altogether. Their role in causing infections in animals is not 
well understood. A number of organisms are capable of 
becoming cell wall deficient, including Staphylococcus and 
Streptococcus species. Information regarding the causes of an 
organism assuming this structural state are not clear, nor is the 
role of L-forms in the cause of disease. Presumably, the infec-
tion starts in the skin and progresses as multiple abscesses 
form and then dehisce. Bacteremia can lead to polyarthritis. 
Because of their cell wall–deficient state, microorganisms 
are difficult to detect by light microscopy but can be visual-
ized inside phagocytes by electron microscopy. Drugs whose 

antibacterial effects do not target the cell wall are indicated. 
Tetracyclines have been the drug of choice.235

Hemobartonellosis (Hemotropic 
Mycoplasmosis)
The causative agent of feline infectious anemia was recently 
reclassified as Mycoplasma on the basis of RNA sequence anal-
ysis, leading to a change in terminology to hemotrophic myco-
plasmosis. Mycoplasma are gram-negative organisms that lack 
a cell wall. At least two variants have been identified in the 
cat, with the large form, Ohio strain (Mycoplasma haemofe-
lis) being more pathogenic compared with the small form, 
California strain (Candidatus Mycoplasma haemominutum); 
the latter apparently has not been associated with disease.236 
Mycoplasma haemocanis has been associated with anemia 
in splenectomized dogs, although the distinction between  
M. haemofelis and M. haemocanis is not clear.

Experimentally, inoculation is followed by a period of 2 to 
34 days before clinical signs and anemia associated with para-
sitemia appear; this second period persists from 18 to 30 days. 
Mortality rates are highest during this phase, with hematocrit 
levels returning to near normal in surviving cats. Recovered 
cats remain carriers for years and may experience recru-
descence of clinical signs. Anemia reflects predominantly 
extravasular rather than intravascular hemolysis. Inclusions 
and other changes in the surface of the red blood cell result 
in osmotic fragility, reduced deformability, and subsequent 
removal from the bloodstream by the spleen. Afflicted animals 
may have lowered resistance to concurrent infections; an asso-
ciation with feline leukemia virus (but apparently not feline 
immunodeficiency virus) may worsen the pathopyhysiology 
of either syndrome.236

Doxycycline is the treatment of choice (5 mg/kg orally 
every 24 hours for 21 days) but will not necessarily eradicate 
the infection. Care should be taken to either administer a liq-
uid preparation or follow capsules with a liquid wash to pre-
vent esophageal damage. Experimentally, azithromycin was 
ineffective at 15 mg/kg orally twice daily for 7 days for treating 
large-form mycoplasma in cats.237 Cats remained PCR posi-
tive and anemic after treatment. In contrast to azithromycin, 
fluoroquinolones may be effective for treatment. Dowers238 
prospectively compared 2 weeks of treatment with enrofloxa-
cin at a low (5 mg/kg po qd) and high dose (10 mg/kg po qd) 
to doxycycline (5 mg/kg po bid) in cats (n = 16, 4 per group, 
including a no treatment group) experimentally infected with 
large form H. felis. All treatment cats responded. The high 
dose enrofloxacin group had fewer days of anemia compared 
to the other groups; 1 doxycycline and 2 high-dose enroflox-
acin cats cleared of organisms based on PCR and remained 
disease free for at least 6 months. Ishak et al.268 studied the 
efficacy of marbofloxacin (2.75 mg/kg daily for 2 weeks begin-
ning 16 days after infection) for treatment of experimentally 
induced M. haemofelis infection in cats (n = 12; including 6 
untreated control). Marbofloxacin was associated with more 
rapid hematologic response. However, PCR-based detection 
of organisms (viral numbers not quantified) did not differ 
from that of the nontreated group, indicating that infection 
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was not consistently eradicated. Nonetheless, the authors con-
cluded that marbofloxacin was a reasonable treatment option. 
Tasker et al.269 also studied the efficacy of marbofloxacin (2 
mg/kg orally daily for 4 weeks) for treatment of M. haemofe-
lis in experimentally infected cats with or without chronic 
feline immunodeficiency virus (n = 6/group, 3 cats from each 
group treated). Organism counts were reduced and animals 
improved, but animals were not cleared.

Dowers et al.239 also compared the efficacy of pradofloxacin 
at a low (5 mg/kg orally qd) and high dose (10 mg/kg orally qd) 
to doxycycline (5 mg/kg orally bid) in cats (n = 23) experimen-
tally infected with M. haemofelis. Therapy was initiated when 
cats became positive on PCR and continued for 6 weeks. How-
ever, cats that became PCR negative by day 42 (the last day of 
treatment) were also treated with methylprednisolone sodium 
acetate (20 mg/kg intramuscularly) in an attempt to cause recru-
descence after immunosuppresion. The number of days of ane-
mia did not differ among treatment groups; all were less than the 
control group. Organism copy numbers were significantly lower 
in the low-dose group compared with the doxycycline group 
for 4 of the 5 posttreatment weeks. Four of 6 cats in the high-
dose and 2 of 6 cats in the low-dose pradofloxacin group tested 
negative (cPCR) on day 42 of treatment and were immunosup-
pressed. None of the doxycycline cats yielded negative PCR 
results. Immunosuppression yielded transiently positive results 
in 5 of the cats; 1 cat became persistently negative. By day 28 of 
glucocorticoid therapy, however, 4 of the 6 transiently positive 
cats (3 low doses and 1 high dose) became negative. These stud-
ies consistently indicated that, under experimental conditions, 
fluoroquinolones may play a role in the treatment and possible 
clearing of M. haemofelis and are reasonable alternatives when 
doxycycline fails or cannot be used. Lappin240 prospectively 
evaluated the efficacy of imidocarb (5 mg/kg intramuscularly; 
repeated in 2 weeks) for treatment of experimentally induced 
(11 cats) chronic haemobartonellosis. Both the large form  
(M. haemofelis; n = 4; 3 treated, 1 control), and small form 
(M. hemominutum; n = 3, 2 treated, 1 control) were studied. 
Three cats were infected with both organisms. Side effects 
were limited to irritation at the injection site. Both control cats 
remained PCR positive throughout the study. One cat inocu-
lated with both forms and one cat inoculated with M. haemofe-
lis became persistently negative at weeks 4 and 6 after treatment 
(the remaining cats became negative at week 2 but positive at 
weeks 4 and 6) and were subsequently treated with methylpred-
nioslone. One cat died as a result of undetermined causes, and 
the second became PCR positive. Imidocarb does not appear to 
be a reasonable alternative for clearing chronically infected cats.

The concurrent use of immunosuppressive doses of gluco-
corticoids is controversial. Glucocorticoids may increase the 
number of microogranisms in the blood and may exacerbate 
accompanying concurrent infections.236

Bartonellosis and Coxiella
Bartonella is an aerobic, gram-negative, intracellular organism, 
probably transmitted by ticks. It targets cells of the immune 
system, living in endothelial and red cells. The organism is 
associated with a reduction in CD8+ cells and the expression 
of adhesion molecules. The association with Bartonella and IE 
has been described.241 All seropositive dogs were also sero-
positive for Anaplasma phagocytophilum. Its association with 
valvular disease in people results in a poor prognosis. Treat-
ment should be at least 2 weeks in duration. Potentially effec-
tive drugs include doxycycline.

Brucellosis
Pathogenesis
An infectious disease, brucellosis draws attention because of 
its insidious nature, difficulty to treat, and zoonotic poten-
tial. Brucella canis, the causative agent of brucellosis in dogs, 
is a small gram-negative coccobacillus. Among Brucella, 
B. canis stands out in morphology, biochemistry, and immu-
nology. Among its differences compared with other organ-
isms is its zoonotic potential: The disease can be transmitted 
only between members of Canidae. Cats are only transiently 
infected after experimental infection. Dogs are susceptible to 
infection with Brucella abortus but do not appear to be impor-
tant to the spread of infection. Infection by Brucella involves 
penetration of mucous membranes after contact with contam-
inated fluids from an infected urogenital tract or an aborted 
fetus. Phagocytized organisms are transported to lymphatic 
and genital tissues, where multiplication occurs. Leukocyte-
associated bacteremia can persist for years. Organisms can 
be intermittently shed from infected animals (during estrus, 
breeding, or abortion).242

Although antibodies are generated against Brucella species, 
as with most intracellular organisms, cell-mediated immu-
nity is the primary mechanism of host defense. Cell-mediated 
immunity can provide protection against reinfection, although 
persistent infection may be necessary to provide persistent 
protection. Immune response to inflamed infected tissues 
(e.g., spermatozoa) contributes to infertility. Immunosuppres-
sive drugs appear to increase the risk of infection but may not 
alter the course of the disease in dogs already infected. Spon-
taneous recovery can occur but may take up to 5 years. During 
this period infection might be associated with bacteremia. As 
with other blood-borne organisms, Brucella may localize in 
tissues other than the urogenital tract. Discospondylitis; ante-
rior uveitis; and, less commonly, glomerulopathy or meningo-
encephalitis may result. Diagnosis is based on agglutination 
tests, agar-gel immunodiffusion, or ELISA.242 Therapy with 
antibiotics does alter the progression of the disease.

Antimicrobial and Adjuvant Therapy
A number of antimicrobial drugs are effective in vitro against 
Brucella but may not be able to eradicate infection. Antimi-
crobial therapy can relieve symptoms, shorten the duration 
of illness, and reduce the likelihood of complications yet 
not eradicate the organism.243 Success will be enhanced by 

KEY POINT 8-37 Doxycycline remains the drug of choice for 
treatment and eradication of feline mycoplasma, with high-
dose fluoroquinolones a potential treatment alternative.
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a combination of effective drugs at high doses for at least 4 
weeks. Drugs should be able to penetrate cell membranes; 
accumulation in phagocytic cells should further facilitate 
success. Among effective antimicrobials, lipid-soluble tetra-
cyclines (minocycline and doxycycline) are particularly effi-
cacious when used at a high dose and in combination with 
an aminoglycoside. The World Health Organization has also 
recommended doxycycline in combination with rifampin, 
although doxycycline with streptomycin was found to be 
more effective in the treatment of discospondylitis.243 Fluoro-
quinolones should also be effective when combined with ami-
noglycosides,243 although clinical trials documenting efficacy 
in dogs have not been reported. An added advantage of these 
drugs is intracellular accumulation. Fluoroquinolones may 
not, however, be effective as sole agents against brucellosis. 
Human patients intolerant of tetracyclines also responded well 
to combinations of trimethoprim–sulfonamides and amino-
glycosides. Antimicrobial therapy should not be discontinued 
too early; sequential titers can be used to assess response to 
therapy.

Infected dogs should be neutered as soon as possible. 
Glucocorticoids or other immunosuppressive therapy may 
be indicated for treatment of infections associated with life-
threatening or organ-threatening inflammation (e.g., CNS). 
Currently, prevention is best implemented through good 
hygiene practices, neutering of infected animals, and vaccina-
tion of cattle.

Leptospirosis
The genus Leptospira belongs to the family Treponemataceae, 
which contains all spirochetes, including Borrelia species. 
Leptospirosis is primarily a disease of wild and domestic ani-
mals; humans are infected only occasionally.244 However, it is a 
reemerging disease for reasons that are not yet known.245

Pathogenesis
Leptospirosis generally causes an acute generalized infection 
or interstitial nephritis. Leptospires are motile spirochetes; 
Leptospira interrogans tends to be the pathogenic organism 
in animals. At least three antigenically distinct serovars cause 
disease in dogs; infection in cats is rare.234 Infection occurs 
through the mucosa or abraded skin and can occur between 
animals or in animals that come in contact with the con-
taminated environment. Once the mucosa is penetrated, the 
organism multiplies rapidly in the bloodstream. Inflamma-
tion causes parenchymal damage, particularly in the liver and 
kidney. Persistence in renal tubular cells leads to colonization 
of the kidney.244 Chronic active hepatitis can be a sequela of 
infection in dogs.

Leptospirosis can present as a peracute infection mani-
fested by shock and death. Less acute presentation involves 
fever, anorexia, vomiting, and dehydration. Clinical laboratory 
tests may reveal thrombocytopenia, electrolyte alterations, 
and liver damage. Diagnosis is based on serologic testing 
(paired serum titers). Leptospires are very difficult to recover, 
with urine analysis by dark field microscopy providing the 
best chance of discovery.

Antimicrobial Therapy
Treatment focuses on eradication of the causative organism 
and supportive therapy. Acute renal failure may require inten-
sive management. Antibiotics should inhibit the multiplication 
of the organism as well as eradicate it. Response manifested as 
a decrease in fever should be apparent within several hours of 
administration.234 Drugs shown to be effective in vitro include 
most penicillins, third-generation cephalosporins, and tetra-
cyclines but not first- and second-generation cephalosporins. 
Not all penicillins appear to be able to eradicate the organisms, 
but high doses of penicillin G, ampicillin, and amoxicillin are 
among the more effective choices in clearing the urine.244,245 
Procaine penicillin G (40,000 units/kg intramuscularly or sub-
cutaneously every 24 hours or a divided dose given every 12 
hours) is the antibiotic of choice for leptospiremia. It may be 
necessary to decrease the dose if the animal is in renal failure 
(e.g., dividing the dose by the serum creatinine), although the 
real risk of side effects in the presence of renal disease is not 
clear. Penicillin clears infection with leptospirosis if continued 
for a sufficient period of time. An injectable form of penicillin 
should be used for 14 days or until azotemia resolves; an oral 
form (amoxicillin [22 mg/kg every 8 hours]) can then be ini-
tiated. Intravenous ampicillin or amoxicillin (22 mg/kg every 
6 to 8 hours) have also been used successfully during initial 
therapy. Doxycycline can also be used for initial therapy and to 
clear leptospiremia.234,245 Initial penicillin therapy of 2 weeks’ 
duration can also be followed by doxycycline (5 mg/kg twice 
daily) for 6 to 8 weeks to achieve elimination of the carrier state.

In human patients doxycycline appears to be beneficial for 
the prevention of infection even after exposure, whereas the 
penicillins do not appear to prevent infection after exposure 
(despite their ability to eradicate infection).244 Clearing tissues 
may be more difficult than clearing urine; doxycycline for 2 
weeks appears to be the most frequently recommended for 
clearing the carrier state in dogs.245 Fluoroquinolones (cipro-
floxacin and enrofloxacin) also appear to be effective against 
leptospires, although clinical studies supporting their use are 
lacking. Hamsters experimentally infected with L. interrogans 
responded to ciprofloxacin.246 In vitro studies of five serovars 
of Leptospira indicated efficacy on the basis of MICs (0.05 to 
0.20 μg/mL), although the effect was bacteriostatic; bactericidal 
concentrations were tenfold to a hundredfold higher.247 Orbi-
floxacin has proved ineffective.234 Experimentally, the macro-
lides also appear effective.234 Protection is best implemented by 
prevention of exposure and elimination of reservoirs.

Most dogs presenting with leptospirosis have developed 
renal disease.245 Thus supportive therapy should focus on 
treatment of acute renal failure and its associated signs (i.e., 
uremic gastritis, hypertension). Leptospirosis may be the most 
widespread zoonotic disease in the world, and vaccination is 
important to prevention. Gloves should be worn when han-
dling carrier animals.

KEY POINT 8-38 Procaine penicillin is the antibiotic of choice 
for leptospiremia and may clear the infection if adminis-
tered for a sufficient length of time.
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Lyme Borreliosis
Like Leptospira species, Borrelia species belong to the family 
Treponemataceae. Borrelia are motile spirochetes that have an 
outer slimelike layer. They are rapidly killed by desiccation and 
ultraviolet lights. Borrelia infect both humans and animals; up 
to 15 Borrelia species cause disease. The Centers for Disease 
Control and Prevention has designated Lyme disease as the 
most common vector-borne infection in the United States. 
However, the disease may be overdiagnosed in humans.248

Ixodes species are the primary insect vectors of the spiro-
chete Borrelia burgdorferi. Lyme borreliosis afflicts primarily 
humans and dogs, although cats can be infected experimen-
tally. Organisms are able to adhere to many different types of 
mammalian cells as well as avoid elimination by phagocytic 
cells.248 The immune response appears to be initially sup-
pressed during infection, apparently allowing the organisms 
to spread. The disease is multisystemic, with nonspecific clini-
cal signs such as relapsing fever (during which borreliae are 
present in blood), anorexia, lethargy, and lymphadenopathy. 
Polyarthritis might result in episodic lameness; clinical signs 
often do not develop until several months after infection.248,249 
Heart block, which occurs in humans,248 has been reported 
in one infected dog. Clinical laboratory changes are also vari-
able, depending on the site of localization of the infection. 
Diagnosis is facilitated by serum titers, although interpreta-
tion is complicated by interlaboratory variability and overlap 
between titers indicative of clinical versus subclinical infec-
tion. Resolution of natural disease in humans appears to be 
dependent on class II major histocompatibility complex genes.

According to the the 16th Consensus Conference on Anti-
infective Therapy,250 the goal for treatment of borreliosis is 
eradication of infection (not negative serology) such that pro-
gression to chronic disease might be prevented. Treatment 
should be implemented for 14 to 21 days. Based on in vitro 
testing, antimicrobials effective against B. burgdorferi include, 
in order of most to least effective, ceftriaxone, erythromycin, 
amoxicillin, cefuroxime, doxycycline, tetracycline, and peni-
cillin G.249 In human medicine the first line of oral therapy 
for the primary phase of illness is amoxicillin or doxycycline, 
with cefuroxime–axetil implemented as second line. Azithro-
mycin is indicated if first or second line cannot be adminis-
tered. Treatment for the subsequent phases include ceftriaxone 
(intravenous or intramuscular) or penicillin (intravenous), 
doxycycline, and amoxicillin (orally) for 21 to 28 days. Anti-
microbial therapy based on clinical response includes, in order 
of preference, tetracyclines (doxycycline is the drug of choice), 
high doses of ampicillin or amoxicillin, and erythromycin and 
its derivatives.248 Third-generation cephalosporins (e.g., cef-
triaxone) are also generally effective. One study in humans 
found similar clinical cure rates for ceftriaxone (85%) com-
pared with doxycycline (88%).251 No information appears to 
be available regarding the efficacy of cefpodoxime; however, 
initial studies by the manufacturer may have indicated a lack 
of in vitro susceptibility.251a Accordingly, the use of either cef-
podoxime or cefovecin should be based on susceptibility data. 
The organisms appear to be resistant to ciprofloxacin (and 

presumably enrofloxacin and other veterinary fluoroquino-
lones) and to the aminoglycosides. Oral therapy is sufficient 
except in cases of neurologic signs; intravenous therapy should 
be instituted in such cases. B. burgdorferi is a potent inducer 
(in vitro) of TNF-alpha and interleukin-1β. Antimicrobial 
therapy in humans is occasionally characterized by a Jarisch– 
Herxheimer reaction, which may reflect release of spirochetal 
endotoxin and subsequent septic shock syndrome.248 Sup-
portive therapy includes nonsteroidal antiinflammatories as 
needed for joint lameness. Disease-modifying chondroprotec-
tive agents should be strongly considered. Care should be taken 
when combining nonsteroidals with doxycycline or minocy-
cline because of the competition for protein-binding sites and 
the potential for adverse reactions to the nonsteroidal drug. 
Glucocorticoids should be limited to treatment of acute spi-
rochetemia; recrudescence of spirochetemia will be facilitated 
with their use. Prevention focuses on eradication of the vector.

Higher Bacteria: Nocardiosis and Actinomycosis
Pathogenesis
Nocardiosis is generally presented as a localized infection. The 
organism is an acid-fast, aerobic, soil-borne actinomycete, usu-
ally introduced through the respiratory tract. Traumatic penetra-
tion may result in a localized skin infection.252,253 Actinomyces are 
commensal anaerobic organisms found in the oral cavities of ani-
mals. Infection commonly follows penetrating wounds, such as 
inhalation of grass awns. Actinomyces are distinctive in their con-
figuration, presenting as filamentous growth with true branching.

The taxonomy of Nocardia is currently evolving, but Nocar-
dia asteroides is among the more commonly identified patho-
gens. Culture is made difficult sometimes by the slow growth 
that characterizes this organism when present in mixed cul-
tures from clinical material. Rapidly growing bacteria often 
obscure the smaller Nocardia colonies. Colony characteristics 
may take up to 2 to 4 weeks to be noticed. Gram staining may 
help identify the organisms earlier, although smears may also 
be negative. Nocardia, but not Actinomyces, stains acid fast, 
although acid-fast staining in Nocardia is also variable. Nocar-
dia appears as beaded, branching filaments when Gram stained 
but will not stain with hematoxylin and eosin preparations or 
in periodic acid-Schiff stains for fungi (see Figure 6-14)).252 
In human patients, positive cultures and smears occur in only 
one third of the cases. Pus from a fistula or abscess will facili-
tate identification. Nocardia and Actinomyces also stain gram 
positive, but again staining is irregular.254

Nocardiosis is an opportunistic infection. In humans a 
number of underlying diseases, most of which are accompa-
nied by an altered immune system, predispose the patient to 
nocardiosis. Infections occur because the organism is able to 
evade bacterial protective mechanisms of the host. Immune T 
cells and neutrophils are important to eradication of Nocardia. 
Nocardia may be resistant to oxidative bursts of neutrophils. 
Filamentous log-phase cells of Nocardia are more virulent and 
toxic to macrophages than are the coccoid stationary-phase 
organisms, which can be easily phagocytized.

Nocardia produces suppurative necrosis and abscess for-
mation. In humans Nocardia in skin seldom causes a marked 
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fibrotic response; rather, granulation tissue will be loose, with 
bands of fibrous tissue surrounding the lesions. Confluent 
abscesses form with little to no encapsulation. Extension to 
the pleura or chest wall may result in empyema, subcutaneous 
abscesses, or sinus tracts. Occasionally, bony involvement may 
occur. Calcium-containing “sulfur granules” present a bar-
rier to bacterial penetration and may indicate reversion of the 
organism (Actinomyces) to an L-form.

Antimicrobial and Adjuvant Therapy
A number of antimicrobials are effective against both Actino-
myces and Nocardia. An anaerobic environment and hence 
infection with Actinomyces should be assumed unless proved 
otherwise, thus leading to more conservative antimicrobial 
selection. Penicillins (penicillin G, amoxicillin) are generally 
preferred, although resistance and L–form organisms can pre-
clude their efficacy.254 Clavulanic acid can reduce the risk of 
resistance. The formation of protective calcium granules by 
certain strains of Actinomyces limits antibiotic penetration 
into the organisms. The formation of these granules is stimu-
lated by the presence of penicillin antibiotics. Trimethoprim–
sulfonamide combinations are also very effective, although 
high doses are recommended. Combinations of penicillins 
with trimethoprim–sulfonamide result in synergistic actions 
against Nocardia and Actinomyces186 (high doses and frequent 
intervals). Clindamycin and erythromycin are also effective, 
particularly against L-forms.254 The aminoglycosides are 
highly effective against Nocardia and Actinomyces, and syner-
gistic activity has been documented against this organism with 
combinations. Minocycline (and presumably doxycycline) 
also is effective, although use of this bacteriostatic drug may 
preclude combinations with other antimicrobials.

Treatment for both Nocardia and Actinomyces should occur 
for at least 6 weeks, with high doses at frequent intervals (see 
the discussion of respiratory tract infections in this chap-
ter). Treatment should continue beyond resolution of clinical 
signs. Adjuvant therapy should include drainage and lavage of 
empyema and, when indicated, chest tube drainage or surgi-
cal débridement. Lavage should continue for several days until 
cytologic examination of aspirated fluid indicates resolution of 
infection and fluid accumulation decreases (5 to 10 days; see 
previous discussion of empyema). The author has often recom-
mended initial hospitalization and intravenous therapy with 
amikacin and amoxicillin–clavulanic acid or, for serious, life-
threatening infections, a carbapenem followed 10 to 14 days 
later with very high (45 to 60 mg/kg twice daily; note the risk of 
thyroid gland suppression at this dose) oral sulfadiazine, with 
trimethoprim replacing the aminoglycoside and high, frequent 
doses of amoxicillin-clavulanic acid replacing the carbapenem. 
The amoxicillin–clavulanic acid combination should be con-
tinued with the sulfonamide for 4 to 6 weeks or more. The 
beta-lactam should be administered at 6- to 8-hour intervals.

Mycobacteria
Mycobacteria are composed of a number of aerobic, acid-fast 
bacteria. They vary markedly in host affinity and ability to cause 
disease. Disease is frequently accompanied by granulomatous 

inflammation because of their ability to survive phagocytosis. 
The acid-fast nature of these microorganisms reflects the large 
amount of lipid material in the cell wall. Constituents of the cell 
wall stimulate the granulomatous response. The organisms are 
more resistant than most organisms to environmental changes 
(e.g., pH, heat) and are more resistant to disinfection. Some 
organisms (most notably Mycobacterium avium) can survive 
in the environment for several years. They are, however, very 
susceptible to 5% phenol or 5% household bleach. Generally, 
organisms causing disease are characterized by one of three 
forms.235 Tuberculosis generally is internal in location. Infect-
ing organisms include Mycobacterium tuberculosis (more 
common in dogs) and Mycobacterium bovis (more common in 
cats). Leprosy is characterized by localized cutaneous nodules; 
Mycobacterium lepraemurium is probably the most common 
infecting organism (in cats). Atypical mycobacteria generally 
presents as a spreading subcutaneous inflammatory disease 
(Figure 8-11); among the several organisms causing this com-
plex is M. avium. Dogs and cats are most commonly infected 
by owners with disease or exposure to infected farm animals.

Tuberculosis
Dogs and cats are more susceptible to infection by tuberculous 
mycobacteria than by atypical mycobacteria. Infection gener-
ally occurs through the respiratory or alimentary tract. Local 
multiplication at the site of infection results in a granulomatous 
response at the primary complex (site of deposition) and local 
lymph nodes. Particularly in cats, however, a granulomatous 
response may develop only in surrounding lymph nodes. For 
tuberculosis respiratory infections are more common in dogs; 
intestinal infections are more common in cats. Infection can 
be followed by elimination of the organisms in animals with a 
sufficient immune response. The more common sequelae are 
location within phagocytic cells, intracellular multiplication, 
and granuloma formation as the body attempts to eradicate 
the organism. Organisms that outpace the host immune sys-
tem can cause disseminated disease. Immunity is incurred by 
the cell-mediated response, but factors that facilitate an ade-
quate response in the host are not known. Diagnosis can be 
facilitated with intradermal skin testing in dogs with the high-
est concentration of antigen used in humans. Cats do not react 
strongly to intradermal testing. Diagnosis can be facilitated by 
the presence of acid-fast organisms in tissue biopsy material.

Antimicrobial therapy is complicated by the fastidious 
nature of the organism. Drug penetration into the organism 
is likely to be more difficult than for other organisms; intra-
cellular survival further complicates efficacy of drugs reach-
ing the site of infection. Treatment should generally include 
combination therapy for at least 6 to 9 months. A combination 
of isoniazid (10 to 20 mg/kg orally once daily) plus rifampin 
(10 to 20 mg/kg orally every 12 to 24 hours) plus ethambutol 
(15 mg/kg orally every 24 hours) is the most effective therapy 
(in humans), although isoniazid-resistant organisms have 
become increasingly difficult to treat. More rapid remission is 
likely with intravenous administration. The isoniazid can also 
be administered prophylactically (6 to 12 months) in cases 
of exposure. The fluoroquinolones are also effective against 
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selected species of mycobacteria. M. avium (see later discus-
sion of atypical mycobacteria) is an exception, although it does 
also respond to other drugs used to treat atypical mycobacte-
ria. Infected animals remain a health hazard because they serve 
as temporary sources of dissemination in the environment.

Leprosy
Feline leprosy is caused by M. lepraemurium, also the causative 
organism of rat leprosy. The infection causes rapidly growing, 
soft, fleshy nodules in the skin and subcutaneous tissues, usually 
on the head or extremities. Infected cats are generally healthy, 
and the lesions are not painful. Feline leprosy may comprise 
two different clinical syndromes, one tending to occur in young 
cats and caused typically by M. lepraemurium and another in 
old cats caused by a single novel mycobacterial species.

Diagnosis is generally based on the presence of granuloma-
tous inflammation and acid-fast organisms in biopsy specimens 
or impression smears; PCR may also be available. Treatment 
includes surgical removal and antimicrobial therapy. Drugs 
include dapsone (1 mg/kg [dogs] orally every 8 hours or 50 mg 
[cats] orally every 12 hours) for 2 weeks or clofazimine (8 mg/kg 
orally every 24 hours for 6 weeks and then twice weekly thereaf-
ter). Rifampin may also be useful. Cats with feline leprosy caused 
by a slow-growing mycobacterium responded well to a combi-
nation of two or three antibiotics:255 rifampicin (10 to 15 mg/kg 
once a day), clofazimine (25 to 50 mg once daily or 50 mg every 
other day) or clarithromycin (62.5 mg per cat every 12 hours).

Atypical Mycobacteria
Both slow-growing organisms (M. avium) and rapid-grow-
ing organisms (e.g., Mycobacterium fortuitum, Mycobacte-
rium chelonei) cause disease in dogs and cats, although the 

rapid-growing organisms are more common. These organ-
isms are ubiquitous in natural environments (especially wet 
soils) and generally are not pathogenic. Infection is generally 
acquired after trauma to the skin; the location of entrance into 
the body determines the presentation of the disease. Penetra-
tion into subcutaneous tissue appears to promote pathogenic-
ity. Generally, infection presents as a localized but spreading 
infection characterized by granulomatous inflammation and 
acid-fast organisms. Multiple fistulous draining tracts are evi-
dent, usually in the caudal abdominal, inguinal, or lumbar 
subcutaneous tissues (see Figure 8-11). Cats are usually clini-
cally healthy even if cutaneous involvement is extensive. Less 
commonly, fever, anorexia, and weight loss occur. Hypercalce-
mia as a result of the release of parathormone-like hormone 
from macrophages associated with the inflammatory response 
may occur,275 and has, in the author’s experience, occurred in 
a cat infected with atypical mycobacteria. Diagnosis of atypical 
mycobacterium is difficult in part because organisms are not 
abundant. Tissue biopsy specimens should be taken from the 
subcutaneous tissues because organisms are more likely to be 
located in the panniculus. Nocardiosis should be considered as 
a differential. Bacterial culture provides the definitive diagnosis.

Therapy focuses on antimicrobial drugs. Antitubercular 
drugs are generally ineffective against atypical mycobacterial 
species. Quinolones, aminoglycosides (particularly amikacin), 
and doxycycline (or minocycline) are effective and can be used 
in combination if more aggressive therapy is desired. Other 
combinations include clofazimine, rifampin and the azolides, 
azithromycin, or clarithromycin. Other drugs that might be 
beneficial include trimethoprim–sulfonamide combinations 
and clofazimine. High doses are recommended to maxi-
mize drug delivery into the granulomatous tissue. Surgical 

A B

Figure 8-11 Atypical mycobacterium in a cat before (A) and 3 months after (B) treatment with a combination of enrofloxacin and 
sulfadiazine–tribrissen. Note the granulomatous tissue and multiple fistulous tracts. (Photographs courtesy Katrina Mealey, DVM, 
PhD, DACVIM, DACVCP, Washington State University, Pullman, WA.)
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debulking may be indicated for large granulomatous masses. 
Care should be taken not to discontinue drugs too early. At 
least 4 to 6 weeks of therapy should be anticipated.

Horne and Kunkel256 retrospectively reported on 10 cases of 
rapidly growing mycobacterium in cats (n = 10); 6 of 10 yielded 
M. fortuitum on culture, 2 of 10 Mycobacterium abcessus, and 1 
of 10 Mycobacterium goodii. Five of the cases resolved. Suscep-
tibility patterns for the drugs were as follows (“I” considered 
resistant): amiikacin (9 of 10), kanamycin (3 of 10), gentamicin 
(7 of 10), cefoxitin (6 of 10), imipenem (8 of 10), doxycycline (4 
of 10), minocycline (7 of 10), ciprofloxacin (7 of 10), moxiflox-
acin (7 of 8), clarithromycin (5 of 10), azithromycin (5 of 10), 
trimethoprim sulfamethoxazole (6 of 8), linezolid (2 of 8), and 
amoxicillin–clavulanic acid (3 of 10). Organisms were resis-
tant to ceftriaxone, cefepime, cefotaxin, and erythromycin. The 
drugs used to treat all cases varied but included marbofloxacin, 
clarithromycin, minocycline or doxycycline, cefodroxil, and a 
potentiated sulfonamide. The drug most commonly associated 
with resolution appeared to be clarithromycin. The duration 
of treatment ranged from 3 to 21 months (median 7 months).

Melioidosis and Tularemia
Melioidosis is caused by Burkholderia (Pseudomonas) pseu-
domallei, a bipolar, aerobic, gram-negative motile bacillus 
occurring predominantly in Southeast Asia, northern Austra-
lia, and the South Pacific. It is characterized by fever, myalgia, 
dermal abscesses, and epididymitis.257 Effective antimicrobi-
als include tetracyclines, chloramphenicol, trimethoprim–
sulfonamide combinations, amoxicillin–clavulanic acid, and 
novobiocin–tetracycline. High doses of parenteral ceftazidime 
for 2 weeks has proved most effective; imipenem–cilastin may 
also be effective.

Tularemia, caused by Francisella tularensis, is a tick- 
transmitted disease of both dogs and cats.258 Infection begins 
with localized lymphadenopathy followed by bacteremia and 
multiple organ involvement. Clinical signs vary and include 
fever, mucopurulent nasal or ocular discharge, abscess at the site 
of inoculation (or associated with lymphadenopathy), myalgia, 
shivering, and signs indicative of septicemia. Preferred antimi-
crobial therapy in human patients includes the aminoglyco-
sides. Chloramphenicol or tetracyclines may be associated with 
relapses. The fluoroquinolones also may be effective.

RICKETTSIAL AND ANAPLASMID 
DISEASES

Rickettsial and anaplasmid organisms are fastidious, obligate 
intracellular parasites that appear as pleomorphic coccobacilli. 
They multiply by binary fission, contain both DNA and RNA, 
and are capable of synthetic and energy-producing reactions. 
Their life cycle involves insect reservoirs (primarily ticks) and 
mammals.259 The rickettsial organisms have undergone reclas-
sification such that two families exist: Anaplasmataceae and 
Rickettsiaceae. Ehrlichia has recently been reclassified from 
the family Rickettsiaceae to the family Anaplasmataceae; other 
animal pathogens in this family include Anaplasma and Neor-
ickettsia. Reclassification has resulted in renaming Ehrlichia 

platys as Anaplasma platys, Ehrlichia risticii as Neorickettsia 
risticii, and Cowdria sp. as Ehrlichia sp. The family Rickett-
siaceae is limited to Rickettsia. Coxiella burnetii, the causative 
agent of Q fever, is not included in either group and stands out 
additionally because of its robust nature outside of host cells 
and presentation of disease.259

Although advances in recent years have increased our 
knowledge regarding the physiology of these organisms and 
the pathophysiology of the disease, much information is still 
missing. The pathogenesis of the other rickettsial organisms 
reflects vasculitis caused by proliferation of the organisms in 
endothelial cells. Diagnosis is generally based on serologic test-
ing. Serologic evidence of disease generally does not, however, 
occur until several weeks after clinical signs have developed.

Ehrlichiosis
Pathophysiology
Diseases caused by Ehrlichia can be varied in presentation 
and often mimic other diseases, making diagnosis difficult.236 
Disease can present in an acute, clinical, or subclinical phase. 
The acute phase lasts 2 to 4 weeks, during which the organ-
isms replicate in the mononuclear phagocytic cells of the liver, 
spleen, and lymph nodes. Infected cells travel to the lung, kid-
ney, and meninges, where endothelial inflammation can occur. 
Nonspecific clinical signs during this phase include fever, 
anorexia, weight loss, ocular and nasal discharge, and edema. 
Additional clinical signs depend on the severity of infection 
in each organ and include dyspnea, neurologic abnormalities, 
and lymphadenopathy. Platelet consumption, sequestration, 
and destruction contribute to thrombocytopenia, which often 
characterizes this phase. Leukopenia and anemia become 
more likely as the disease progresses. The subclinical phase 
occurs at 6 to 9 weeks and is characterized by pancytopenia. 
An adequate immune response should eradicate the disease, 
but immunoincompetence leads to chronic infection. Clinical 
signs in chronic disease vary with the severity of infection and 
can range from asymptomatic to severe. Bleeding tendencies, 
anemia, chronic weight loss, and debilitation are nonspecific 
clinical signs. Abdominal tenderness, ophthalmic complica-
tions (anterior uveitis, retinal detachment), and neurologic 
abnormalities may be present. Secondary infections (bacterial 
and, less commonly, fungal) may reflect immune suppression. 
Diagnosis is based on clinical laboratory changes and sero-
logic diagnosis using indirect fluorescent antibody. Treatment 
is oriented toward eradication of the infecting organism and 
supportive therapy based on clinical signs. Therapy in chronic 
stages may also require targeting opportunistic infections in 
the immunosuppressed animal.

Causative Organisms
Disease caused by canine ehrlichiosis generally targets blood-
forming units. Ehrlichiosis is caused by E. canis, the brown dog 
tick, and Rhipicephalus sanguineus serves as the primary insect 
vector. Other infections carried by this vector (Babesia canis 
and Hepatozoon canis) can simultaneously infect the host. 
E. canis is a pleomorphic organism that circulates in periph-
eral monocytes. Infection is transmitted through the saliva of 
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the tick into the bloodstream of the host. Transmission has 
also occurred between hosts (patients) through blood transfu-
sions. Although the dog is the primary target of E. canis, infec-
tions in cats is suspected but has not yet been documented.260 
Other Ehrlichia organisms infecting animals include Ehrlichia 
chaffeensis in dogs (mononuclear cells), Ehrlichia ewingii 
(granulocytes, dogs), Anaplasma phagocyophila (formerly 
Ehrlichia equi, probably responsible for a significant num-
ber of granulocytic ehrlichiosis in dogs in northeastern and 
upper Midwestern states and California260), Anaplasma platys 
(previously Ehrlichia platys; platelets in dogs) and N. ristic-
cia (formerly Ehrlichia risticcia), which can cause infection in 
monocytic and granulocytic cells of dogs or cats (or horses).

Antimicrobial and Supportive Therapy
Doxycycline or minocycline are the treatment of choice (10 
mg/kg orally every 24 hours for 4 weeks) for ehrlichiosis.260 
Although fluoroquinolones (e.g., enrofloxacin) appear to be 
effective for the treatment of Rickettsia rickettsii at a dose of 
3 mg/kg orally twice daily, based on experimental infection, 
they do not appear to be effective at 10 mg/kg orally twice 
daily for the treatment of ehrlichiosis.261 The effects of combi-
nation therapy with doxycycline and enrofloxacin on antimi-
crobial efficacy against ehrlichiosis have not been established, 
but the combination might be considered for patients that do 
not respond to doxycycline. Chloramphenicol is also effective 
against ehrlichiosis but is less ideal clinically than tetracyclines 
and enrofloxacin; its use might be limited to puppies if tet-
racyclines are not acceptable because of brown discoloration 
of teeth. However, doxycycline is less likely to cause discolor-
ation (see Chapter 7). Imidocarb diproprionate is as effective 
as doxycycline (5 mg/kg intramuscularly followed by a second 
injection 2 weeks later), but care must be taken to minimize 
the side effects of this drug. It recently has been approved 
in the United States. It should be used to treat patients that 
have not responded to doxycycline or enrofloxacin. Because 
chloramphenicol targets a different ribosomal target site than 
doxycycline, combination therapy with the two drugs might 
be considered but should be based on clinical trials,

Imidocarb (6.6 mg/kg intramuscularly, two injections, 
2 weeks apart) was ineffective in clearing Ehrlichia in dogs 
(n = 10 treated and n = 5 untreated controls) experimentally 
infected.262 However, twice-daily administration of doxycycline 
at 5 mg/kg orally bid for 4 weeks cleared five of the imidocarb-
treated dogs; two control dogs spontaneously cleared as well.263

Supportive therapy for ehrlichiosis includes fluid and 
electrolyte therapy; blood or blood component transfusions; 
hematinics (vitamins, iron if bleeding has been extensive); 
and, less commonly, drugs that stimulate erythropoiesis. Ana-
bolic steroids should be used cautiously in the presence of liver 
involvement. Short-term gluocorticoids may be indicated in 
severe cases to minimize immune-mediated destruction of 
platelets or immune-mediated arthropathies, vasculitis, or 
meningitis. Serologic titers generated by ehrlichiosis are not 
protective, and reinfection may occur. Platelet counts may 
decrease despite rapid clinical improvement in response to 
doxycycline. Serum antibodies may not be useful because 

they remain elevated for months after therapy. Monitoring 
PCR may be the best method of evaluating therapeutic suc-
cess; because it cannot differentiate dead from live organisms, 
a strong positive the week after completing doxycycline sug-
gests persistent infection.260

Long-term prophylaxis might be considered in endemic 
areas or kennels and consists of tetracycline (3 to 6 mg/kg 
once daily orally) or reposital tetracycline (200 mg intramus-
cularly twice weekly). Davoust and coworkers264 reported a 
prophylactic program based on French military dogs (614; 
average weight 29 kg) returning after 4 months of stay in an 
area highly endemic for ehrlichiosis. The study was coupled 
with detection of plasma doxycycline concentrations (n = 124 
dogs) and its association with chemoprevention. Dogs were 
treated with doxycycline (100 mg [approximately 3 mg/kg] by 
mouth qd). In 10 of these dogs, the time course of doxycycline 
was determined. Peak doxycycline (approximately 5 hours) in 
these dogs ranged from about 1 to 1.7 μg/mL; half-life approx-
imated 9 hours. The drug was assayed by high-performance 
liquid chromatography; the peak concentrations were based 
on total drug. At 24 hours, concentrations ranged from 0.26 
to 0.4 μg/mL. Spot checks on 114 dogs in the field yielded 
concentrations that were above 2 μg/mL. Of the 614 dogs, 4% 
(n = 24) were seropositive; concentrations were not deter-
mined in these dogs. They were asymptomatic. Based on a pre-
vious report that demonstrated an MIC of equal to or less than 
0.03 μg/mL for ehrlichia and doxycycline, the authors con-
cluded that the chemoprevention program was appropriate.

Rocky Mountain Spotted Fever
Causative Organism
The causative agent of Rocky Mountain spotted fever is R. rick-
ettsii. It is transmitted primarily by Dermacentor species, with 
the American dog tick being the principal vector in the eastern 
United States and the wood tick the principal vector in the west-
ern United States. Transmission of disease requires tick attach-
ment to the host for at least 5 hours and up to 20 hours; thus 
the disease might be prevented by routine checks of the animal’s 
body.265 The incidence of infection in dogs caused by this organ-
ism only now is being appreciated. Unrecognized and untreated 
illness can lead to death, although the severity of clinical signs 
depends, in part, on the degree and location of the initial vascu-
lar damage induced by the organisms. Diagnosis is complicated 
by cross-reactivity to several nonpathogenic members of Rickett-
sia and should be based on both acute and convalescent serum 
titers or direct immunofluorescence in skin biopsy material.265

Pathophysiology
Organisms are transmitted through the saliva of the tick into 
the bloodstream, where they replicate in endothelial cells of 
small blood vessels and capillaries. Damaged endothelial cells 
become inflamed. Vessels become permeable, causing extrav-
asation of fluid into perivascular spaces. Depending on the 
severity of infection, clinical signs may indicate edema, hem-
orrhage, hypotension, or shock. Infection in vessels of the CNS 
may lead to neurologic signs and a more rapid deterioration of 
clinical signs.
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Other clinical signs vary and may require medical man-
agement, depending on which organs are infected: Cardiac 
abnormalities may include conduction abnormalities or 
other life-threatening arrhythmias; the respiratory system 
may be characterized by clinical signs reflecting pulmonary 
edema, which is minimally responsive to diuretic therapy; 
ocular abnormalities range from subconjunctival inflamma-
tion to retinal detachment; and, in severe cases, acute renal 
failure occurs as a result of decreased renal perfusion. Severe 
inflammation causing vascular obstruction can lead to gan-
grene of peripheral limbs, ears, lips, scrotum, or mammary 
glands. Other less specific clinical abnormalities include fever, 
anorexia, depression, muscle pain, polyarthritis, and weight 
loss.265 In addition to increases in liver enzymes and serum 
bilirubin, clinical laboratory tests may reveal the need to treat 
thrombocytopenia; severe acute infection may also cause leu-
kopenia and anemia. Hypoproteinemia, azotemia, hypona-
tremia, and hypocalcemia may also be present. Treatment is 
focused on both eradication of the organisms and supportive 
therapy of derangements in the infected body system.

Antimicrobial and Supportive Therapy
Tetracyclines remain the treatment of choice for rickettsial 
infections. Although tetracycline may be sufficient, drugs 
characterized by better lipophilicity (e.g., doxycycline, mino-
cycline) may be more advantageous. Chloramphenicol is also 
effective, but less so than tetracyclines. Fluoroquinolones are 
also effective experimentally,265 although clinical efficacy has 
not been established. Combinations of both doxycycline and 
enrofloxacin may be additive to synergistic, but the effects of 
this antimicrobial combination on rickettsial organisms has 
not been established. Clinical response should be rapid except 
in cases with severe vascular sequelae (i.e., neurologic or renal 
damage). Supportive therapy should target abnormalities pre-
viously described. These include electrolyte abnormalities and 
replacement of colloid (protein). Vascular permeability, how-
ever, will complicate volume replacement (with either crys-
talloids or colloids) and, if too intensive, may contribute to 
peripheral (including pulmonary) edema.

Breitschwerdt et al.266 reported the efficacy of azithromycin 
(3 mg/kg by mouth qd) and trovofloxacin (5 mg/kg by mouth 
bid) compared with doxycycline (5 mg/kg by mouth bid) 
in dogs (n = 16; 4- to 5-month-old beagles; four per group, 
including untreated control) experimentally infected with  
R. rickettsii. Treatment duration was for 7 days (starting day 
5 post infection), except for azithromycin, which was used 
for only 3 days. Drug concentrations were measured after the 
last treatment, with peak concentrations (μg/mL) evident at 1 
hour: 0.15 (azithromycin), 3.5 (doxycycline), and 1 (trovaflox-
acin). Whereas all three antimicrobials caused rapid improve-
ment in a number of outcome measures, ocular lesions were 
rare with doxycycline or trovafloxacin but present in all 
azithromycin-treated dogs. Based on PCR, DNA was present 
though day 21 after infection, although organisms were not 
isolated. The authors concluded that fluoroquinolones might 
be a reasonable alternative to doxycycline. Although azithro-
mycin was discouraged as a first-line treatment by the authors, 

the half-life of the drug was not known at the time of the study, 
leading to the shorter duration of therapy. As such, azithromy-
cin (which has a 29-hour half-life in dogs) would not have yet 
reached steady state at the time that it was discontinued. Fur-
ther, a dose used was lower than that currently recommended; 
as such, azithromycin might be reconsidered through con-
trolled studies.

Other Rickettsial-Like Diseases
Canine cyclic thrombocytopenia is caused by E. platys, an 
organism that replicates in platelets. Cyclic thrombocytopenia 
occurs at 10- to 14-day intervals. Both platelet numbers (as low 
as 20,000) and aggregation are impaired. Treatment should be 
with tetracyclines as described for E. canis. Neorickettsia hel-
minthoeca is one of the causative agents of salmon poisoning 
disease, which is transmitted after ingestion of fish contain-
ing the trematode vector. Like other rickettsial diseases, it is 
treated with tetracyclines. Hemobartonellosis is caused by a 
hemotrophic organism that causes acute or chronic anemia 
in dogs or cats. Damaged red blood cells are removed by the 
host’s immune system. The host is not able to resolve infection 
without treatment. Tetracyclines are the drug of choice. Sup-
portive therapy may include glucocorticoids at immunosup-
pressive doses. Metronidazole (40 mg/kg orally once daily for 
3 weeks) has been used to treat resistant infections.265
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Currently, only nine antifungal drugs, representing five classes, 
are approved for use in the United States.

FUNGAL PHYSIOLOGY

The pathogenic fungi affecting humans and animals are 
eukaryotes, generally existing as either filamentous molds 
(hyphal forms) or intracellular yeasts (Table 9-1).1 Dimorphic 
fungi grow in the host as a yeastlike form but as molds in vitro 
at room temperature. Some fungi (e.g., Coccidioides immi-
tis, Histoplasma, and Rhinosporidium species) grow inside 
host cells, dividing into spores until released from the cell as 
it ruptures. The fungal cell wall is a target for several of the 
antifungal drugs (Figure 9-1). It is rigid and contains chitin, 
a structural component, and polysaccharides. These generally 
preclude Gram staining and serve as a barrier to drug pen-
etration. The cell membrane is complex and, unlike bacteria 

but as with higher eukaryotes, contains sterols.2 Ergosterol 
is the primary sterol component of fungal cell membranes, 
regulating both permeability and membrane-bound enzymes. 
Because it also is a major component of organelle membranes, 
it also influences mitochondrial respiration and oxidative 
phosphorylation.3 The rate of chitin synthesis is influenced by 
ergosterol content, being inhibited at high concentrations and 
stimulated at low concentrations. Fungal content of ergosterol 
influences drug efficacy and the potential risk of resistance for 
some drugs. Microtubular structures found in all eukaryotic 
cells support the cellular cytoskeleton and mitotic spindle; 
they support not only cell division but also cellular integrity. 
Organelle position and movement are supported by microtu-
bules. The tubules in turn are comprised of tubulin, a heterodi-
mer containing α and β subunits. Because microtubules are 
constantly being assembled and dissembled, impaired micro-
tubular synthesis alters integral cellular function.
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Table 9-1  Classification of Selected Fungi of Medical Importance

Level Name
Disease or Infecting 
Organism

Kingdom Fungi
Subkingdom Amastigomycotera
Phylum Zygomycota
Class Zygomycetes
Order Mucorales
Family Mucoraceae
Genus Absidia Absidia (Zygomycosis, 

mucormycosis)
Mucor Mucor (Zygomycosis, 

mucormycosis)
Rhizopus Rhizopus (Zygomycosis, 

mucormycosis)
Family Several others
Order Entomophthorales
Family Basidiobolaceae
Genus Basidiobolus Basidiobolus sp.
Subkingdom Eumycotera
Phylum Ascomyta
Subphylum Saccharomycotina
Order Saccharomycetales
Family Saccharomycetaceae Budding yeasts
Genus Saccharomyces Budding yeasts
Genus Debaryomyces Candida*

Khyveromyces Candida*
Lodderomyces Candida*
Pichia Candida*

Subphylum Pneumocystio-
diomycetes

Order Pneumocystidiales
Family Pneumocystideaceae
Genus Pneumocystis jirovecii Pneumocystis pneumonia
Subphylum Euascomycotina
Order Eurotiales
Family Eurotiaceae
Genus Eurotium, Emericella Aspergillus*
Genus Talaromyces Penicillium*
Order Onygenales
Family Gymnoascaceae/ 

Ajellomycetaceae
Genus Ajellomyces Blastomyces dermatitidis*

Histoplasma capsulatum*
Paracoccidioides  braziliensis*

Family Gymnoascaceae/
Arthrodermataceae

Genus Arthroderma Microsporum
Trichophyton
Epidermophyton

Class Pyrenomycetes/ 
Sordariomycetes

Level Name
Disease or Infecting 
Organism

Order Ophiostomatales
Family Ophiostomataceae
Genus Ophiostoma Sporothrix schenckii*
Order Hypocreales
Family Many Fusarium
Order Clavicipitales
Family Clavicipitaceae
Genus Ergot alkaloids St. Anthony’s fire
Phylum Basidiomycota
Subphylum Holobasidiomycont 

Basidiomycot
Class Phragmobasi-

diomycetes/ 
Tremellomycetes

Order Trichosporonales Trichosporon asahii*
Order Filobasidiales
Family Filobasidiaceae
Genus Filobasidiella Cryptococcus neoformans*

Phylum Fungi Imperfecti/ 
Deuteromycota

Form–Class Blastomycetes
Form–Order Cryptococcales
Form–Family Cryptococcaceae
Genus Candida Candida
Genus Cryptococcus Cryptococcus
Genus Malassezia Malassezia
Genus Pityrosporum Pityrosporum
Genus Rhodotorula Rhodotorula
Genus Trichosporon Trichosporon
Form–Class Hyphomycetes
Form–Order Moniliales
Form–Family Moniliaceae
Genus Aspergillus Aspergillus
Genus Blastomyces Blastomyces
Genus Coccidioides Coccidioides
Genus Epidermophyton Epidermophyton
Genus Geotrichum Geotrichum
Genus Hostoplasma Hostoplasma
Genus Microsporum Microsporum
Genus Paracoccidioides Paracoccidioides
Genus Penicillium Penicillium
Genus Sporothrix Sporothrix
Genus Trichophyton Trichophyton
Genus Others
Form–Family Dematiaceae Alternaria
Genus Alternaria Bipolaris
Genus Bipolaris Cladophialophora
Genus Cladophialophora Curvularia
Genus Curvularia Helminthosporium

*Teleomorphic form or sexually producing state.
(From Reference Guide to the Classification of Fungi and Fungal-like Protists, with Emphasis on the Genera with Medical Importance (circa 2007), accessed December 17, 2009, at 
http://www.sbs.utexas.edu/mycology/bio329/pdf_files/sp2007/refguidefungal_sp2007.pdf.)
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PATHOPHYSIOLOGY OF INFECTION

Fungal infections differ from bacterial infections in several 
respects, and pathogenic fungi have developed several char-
acteristics that complicate antimicrobial therapy.4 Some of the 
differences in the eukaryotic structure of fungal organisms 
compared with the prokaryotic structures of bacteria were 
delineated in the preceding section. Other differences exist. 
For example, Cryptococcus and occasionally Sporothrix schen-
kii produce an external coating or slime layer that encapsu-
lates the cells and causes them to adhere and clump together.2 
Whereas many fungal organisms produce exotoxins in vivo, 
there is no conclusive evidence that fungi produce endotoxins. 
Fungal organisms are characterized by a low invasiveness and 
virulence. In fact, most animals will overcome a fungal infec-
tion. Factors that predispose the patient to infection include 
necrotic tissue, a moist environment, and immunosuppres-
sion. Innate immunity generally rapidly identifies and destroys 

fungal organisms that present pathogen-associated molecular 
patterns recognized by specific receptors on host cells. Pat-
tern recognition receptors include the lectinlike receptor dec-
tin-1, which binds beta-glucan in the fungal cell wall, and the 
Toll-like receptors. Binding by neutrophils and macrophages 
results in a cascade of intracellular events that cause rapid 
clearance in tissues of exposure. Organisms that are able to 
penetrate these tissues initiate an immune response. Immu-
nity to fungal organisms appears to be T-cell mediated, with 
tumor necrosis factor-alpha (TNF-α) being a major signaling 
cytokine, although all but dermatophytes also stimulate anti-
body production.5 In response, fungal organisms impair an 
effective immune response through a number of mechanisms. 
A  number of molecules scavenge oxygen radicals generated 
by inflammatory cells (melanin, mannitol, catalase). The cell 
wall of Histoplasma capsulatum contains β-glucan, which 
covers and hides α-glucan, preventing recognition by phago-
cytic cells. Further, it is able to survive intracellular locations 
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in phagocytic cells by a number of mechanisms. Phenotype 
switching prevents receptor recognition by host cells.5 Glio-
toxin is an immunosuppressive mycotoxin, produced particu-
larly well by Aspergillus fumigatus.5

Although an adequate immune response and recruitment of 
appropriate inflammatory cells to the site of infection is criti-
cal to resolution of fungal infections, progression to uncon-
trolled, pyogranulomatous inflammation is often deleterious. 
Proper early cellular recruitment may determine the differ-
ence between success and failure. The positive effects of some 
antifungals may include their immunomodulatory capabilities. 
These beneficial effects, which are largely based on in vitro stud-
ies, with an occasional murine mouse model verification, have 
been reviewed by Ben-Ami and colleagues.5 Amphotericin 
B, the azoles, and the echinocandins have been studied most. 
Among the effects is downregulation of inflammatory cytokine 
genes. The use of antiinflammatories should be considered in 
critical situation. The use of glucocorticoids is addressed in the 
section on the treatment of fungal infections, but other anti-
inflammatories that minimally affect lymphocytic-mediated 
immunity (e.g., nonsteroidal antiinflammatories, leukotriene 
receptor antagonists) should be considered as long as attention 
is paid to potential negative drug interactions involving imid-
azoles in particular. Manipulation of the immune response in 
combination with antifungal drugs is a more recent area of 
focus that is likely to affect treatment of fungal disorders.

Fungal infections can be primarily superficial and irritat-
ing (e.g., dermatophytosis) or systemic and life threatening 
(e.g., dimorphic fungal infections including blastomycosis, 
cryptococcosis, histoplasmosis, and coccidioidomycosis). 
Fungal organisms may exhibit an affinity for certain tissues, 
such as the dermatophytes for keratin and H. capsulatum for 
macrophages. Animals may develop a hypersensitivity to the 
infecting organism (as is often seen in dermatophyte infec-
tions), which can result in a pathologic response to the infec-
tion as well as facilitate dissemination. The role of proteolytic 
enzymes in infections caused by dermatophytes is being inves-
tigated. On the other hand, the lack of hypersensitivity may 
also indicate a poorer prognosis for recovery.2

Information regarding antifungal drug use in animals is 
limited. Human literature often focuses on candidiasis, an 
infection that is much less common in dogs and cats; as such, 
relevance of information must be considered. The risk fac-
tors for fungal infection have been recently reviewed.7 Using 
candidiasis as an example, broad-spectrum antimicrobials or 
immunosuppressive drugs (glucocorticoids, chemotherapy) 
play a major role. Malnutrition, malignancy, age extremes, 
and neutropenia also predispose to candidiasis. Similar risk 
factors occur for aspergillosis, although increased organ trans-
plantation and its accompanying immunosuppression prob-
ably has contributed to not only the increased incidence of 

infection but also the emergence of newer species. Likewise, 
the increased invasiveness of life-extending procedures cou-
pled with increased survival is contributing to an increased 
incidence of infection. Improved diagnostic techniques are 
allowing identification of previously unknown organisms; 
for example, other filamentous organisms that are emerging 
in human medicine include the Zygometes (Mucor, Rhizopus, 
Rhizomucor, Absidia, and Cunninghamella), Fusarium, Paeci-
lomyces, and Scedosporium.

Several factors can lead to therapeutic failure or relapse 
after antifungal therapy.4 Most antifungals are fungistatic in 
action, with clearance of infection largely dependent on host 
response.6 In humans relapsing infections are not uncommon 
for selected Trichophyton species and for invasive mycoses in 
immunocompromised patients. In the latter group, aspergillo-
sis infections are particularly problematic. As with bacteria, the 
pattern of fungal disease is constantly changing. The advent of 
acquired immunodeficiency syndrome in human patients has 
been important in the development of new strains of resistant 
organisms, and there remains a continuing need for develop-
ment of new antifungal agents. However, this represents only 
one of many factors that increase the risk of fungal infection. In 
some instances, therapeutic failure reflects poor penetration of 
drug into infected tissues (particularly the central nervous sys-
tem and bone) or into those organisms that are encapsulated.

Several organisms, particularly the superficial pathogens 
and systemic opportunistic organisms, have a primary resis-
tance to antifungal drugs, contributing to therapeutic fail-
ure. Like antibacterial resistance, antifungal resistance can be 
intrinsic (primary) or acquired (secondary). A third type of 
resistance, referred to as clinical resistance, involves the pro-
gression or relapse that occurs despite laboratory-documented 
susceptibility to the treatment drug.8 Primary resistance 
occurs with amphotericin B to filamentous fungi and derma-
tophytes. The risk factors for acquired resistance have not been 
well identified. Because resistance is an increasingly emerging 
problem, dosing regimens should maximize antifungal plasma 
concentrations. However, much more so than antibacterial 
drugs, antifungal drugs present a risk of toxicity causing the 
design of dosing regimens to be much more restrictive com-
pared to antibacterial therapy.

Toxicity of antifungals is a common cause of therapeutic 
failure. Because both the antifungal target organism and the 
host cells are eukaryotic, the cellular targets of fungal organ-
isms are substantially different from those of bacterial organ-
isms. As a result, antibacterials generally are ineffective against 
fungal organisms, and, in contrast to most antibacterials, anti-
fungals are often toxic or associated with undesirable side 
effects in the host. The incidence of side effects has limited the 
number of effective yet safe antifungal drugs available. Some 
strategies for reducing toxicity have allowed dose escalation, 
increasing the likelihood of efficacy and decreasing the risk of 
resistance. Their use (e.g., liposomal amphotericin B products) 
are particularly important in the immunosuppressed patient. 
A potentially important strategy for avoidance of resistance 
is combination therapy.8,9 Combination therapy, if correctly 
designed, should also enhance efficacy and reduce toxicity 

KEY POINT 9-1 The slow-growing nature of fungal infections 
requires long-term therapy. However, antifungal drugs are 
inherently more toxic than antibacterial drugs because 
 fungal targets are often similar to mammalian targets.
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through more rapid response to therapy. Dose reduction may 
be possible. Finally, a common reason for therapeutic failure 
is discontinuing therapy after resolution of clinical signs but 
before eradication of infection. Therefore antifungal therapy 
should extend well beyond clinical cure.

As with antibacterials, efficacy is influenced by the rela-
tionship between plasma or tissue concentrations, minimum 
inhibitory concentration (MIC) of the infecting microbe and 
antifungal. Studies for antifungal organisms generally begin 
with killing curves followed by animal models; however, as 
with antibacterials, their relevance also must be supported by 
pharmacokinetic studies that determine drug concentrations 
at the site of infection coupled with pharmacodynamic studies 
that determine susceptibility in terms of end points of efficacy.10

Compared with bacterial testing, antifungal culture and 
susceptibility testing have not been well developed as a tool for 
the treatment of fungal infections. As with antibacterial test-
ing, antifungal testing is principally identification of resistant 
microbes rather than a description of the level of susceptibil-
ity.8 In vitro susceptibility testing of antifungal agents is highly 
dependent on test conditions, and interlaboratory results vary 
markedly. Interpretation of culture and susceptibility data 
may be limited by a lack of standardized testing methods for 
some drugs and organisms. As with bacteria, the MIC for a 
fungal organism is the concentration of the antifungal drug 
that inhibits the growth of the fungus under standardized con-
ditions (Table 9-2). The minimum lethal concentration is the 
concentration that kills the organisms.1 Correlation between 
MIC and clinical response is poor, and assessment of antifun-
gal agents appears to be best accomplished through efficacy 
studies in animal models. Fortunately, the need for fungal cul-
ture and susceptibility testing may not be as critical for fungal 
organisms as it is for bacterial organisms because, with the 
exception of 5–flucytosine, fungal development of resistance 
to antimicrobial therapy is not common.11 Resistance is more 
likely with a rapidly growing organism exposed to high con-
centrations of an antifungal for a long period of time.1 How-
ever, resistance does occur, and as with antibacterials, use of 
previous antifungal drugs appears to increase the risk of resis-
tance. This has been demonstrated for Candida, the MICs of 
which tend to be higher in human patients previously treated 
with antifungals than in drug-naïve patients. Mechanisms of 
resistance of fungal organisms are similar to those of bacterial 
organisms (e.g., failure to accumulate in cells, altered target 
structures, formation of alternative pathways).12 The advent of 
newer antifungal agents and resistance among fungal organ-
isms is, however, likely to cause in vitro testing of antifungals 
to become more important to therapeutic success.

One author notes that never before have so many new 
antifungals been under development, ranging from entirely 
new compounds with new targets to modifications of 

existing drugs (e.g., cyclodextrin–itraconazole and polyethyl-
ene glycol–amphotericin B).13 Newer concepts being explored 
include combinations of antifungals with one another or with 
nonantibiotic compounds. Newer therapies may focus on 
immunomodulation14 with a balance between recruitment 
(cytokines, chemokines, lymphokines, and growth factors) 
and antiinflammatory effects. The need for new therapies is 
timely, as the epidemiologic behavior of fungal organisms, at 
least as they occur in human medicine, increasingly is shifting 
toward opportunistic organisms for which traditional antifun-
gals often are characterized by limited efficacy.7

ANTIFUNGAL DRUGS

The primary agents used to treat fungal infections are the 
natural antibiotics; the polyene macrolides (amphotericin B 
as the prototype); the synthetic agents, including the azoles 
(ketoconazole as the prototype); and the newer allylamine 
antifungals (Figure 9-2). Flucytosine has a less important 
role in the treatment of dimorphic fungal diseases, particu-
larly in animals. The natural antibiotic griseofulvin belongs to 
no group but has an important place in the armamentarium 
against dermatophytosis. As recently as 1988, the treatment of 
systemic fungal infections in humans emphasized the use of 
amphotericin B, ketoconazole, and flucytosine. In the decade 
that followed, further development of the azole derivatives has 
led to a new age in the treatment of systemic fungal diseases. 
Currently, antifungal therapy is most effective when based on 
an understanding of the therapeutic ratio of the drug in the 
infection being treated. For amphotericin B, this ratio tends 
to be small because of its toxicity. The newer azole derivatives 
have proved to provide much of the efficacy of amphotericin 
B without its toxicity. Doses for selected antifungal drugs are 
found in Table 9-3.

POLYENE MACROLIDE ANTIBIOTICS: 
AMPHOTERICIN B

Structure–Activity Relationship
Examples of polyene (i.e., multiple double-bond; see Figure 
9-1) antifungal drugs include amphotericin B, nystatin, and 
pimaricin. Each antibiotic is produced by a different species 
of Streptomyces (family Actinomyces). Amphotericin B was 
developed in the 1960s and was so successful in fulfilling the 
need for a broad-spectrum antifungal that further advance-
ment of antifungal therapy was largely ignored. These drugs 
are very large molecules, consisting of a macrolide contain-
ing a large lactone ring. The polyene contains three to eight 
double bonds, which represent the lipophilic portion of the 
molecule. The number of double bonds categorizes the poly-
enes into trienes, tetraenes (natamycin [paramycin]), and pen-
tanes; amphotericin B and candicidin are heptanes, whereas 
nystatin is classified as a pseudo–heptane/tetraene.3 A hydrox-
ylated hydrocarbon backbone represents the hydrophilic por-
tion of the molecule. These compounds are insoluble in water 
and are unstable, and they will rapidly decompose if exposed 
to sunlight.

KEY POINT 9-2 Resistance by fungal organisms is not as 
common as in bacterial organisms, but it is more likely in 
those that are rapidly growing.
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Table 9-2  Minimum Inhibitory Concentrations for Selected Antifungal Drugs

Amphotericin B Ketoconazole Itraconazole Fluconazole Voriconazole Clotrimazole 5-Flucytosine Griseofulvin
Range (MIC50, MIC90) Bossche* Mallie

Li
Bossche Bossche Li Bossche Li Bossche Bossche Bossche

Alternaria alternata 0.063-0.25
Aspergillus flavus 12.5–>25 0.38-0.32 (3,16) 0.5–>10 0.063-0.13 0.047-3 (0.5, 1) NA 0.125-0.5 

(0.19,0.38)
0.5-2 10–>100 —

Aspergillus fumigatus 0.14–>25 0.012-3 (0.25, 1) 0.12–>25 0.001-10 0.023-32 (0.75,2) NA 0.023-3 (0.19, 
0.25)

0.1-10 0.5–>100 —

Aspergillus niger 0.12 -> 25 0.016-0.38 
(0.125,0.25)

0.19-32 (1.5, 4) 0.032-0.5 
(0.19-0.38)

1-100 0.5-10

Blastomyces dermatitidis 0.05–0.78 <0.03-1 (<0.06, 
0.05)

0.005–>2 0.063-0.13 ≤0.03-16 (≤ 0.03, 
0.25)

NA ≤0.03- >16 
(≤0.03, 0.25)

0.13-3.13 0.06–>100 —

Candida albicans 0.04–>4 0.002-2 (0.064, 
0.19)

0.01–>100 0.063-128 0.003-32 (0.094, 0.5) 0.125–>80 0.002-32 
(0.008, 0.04)

0.01-50 0.016-100 >100

Coccidioides immitus 0.15-96 > 0.25-2 (0.5, 1) 0.05-0.64 0.125-1 (0.5, 1) NA ≤0.03-5 (0.125, 
0.5)

0.1-3.4 >97 —

Cryptococcus neoformans 0.04-2.8 0.063-32 0.001-0.5 0.63 (MIC90) NA 0.02-4 0.1–>100 —

Histoplasma capsulatum 0.0007–>100 <0.03-2 (0.25, 1) 0.063-3.12 0.063-0.0 ≤0.03-0.5 (≤0.03, 
0.06)

NA ≤0.03-2 
(0.25, 1)

0.1-1 NA —

Malassezia furfur 0.3–>2.5 0.01-0.4 0.001-1 NA 0.2-12.5 >100 —
Microsporum canis 1.8-100> 0.5-16 0.063-0.25 NA 0.03–2 NA 0.1–>18
Microsporum gypseum 2.3–>100 0.002-0.004 NA 0.1-2 NA 0.5-3.13
Sporothrix schenckii 0.4–>100 0.25–>64 0.001-4 0.4 (MIC90) NA 0.5-10 1.6-3.12 —
Trichophyton 

 mentagrophytes
5.6–>100 0.001–>64 NA 0.01-20 NA 0.1–>30

Trichophyton sp. 5.42 -> 100 0.1-12.5 0.03-0.25 1-64 0.015-2 NA 0.1–>30

MIC, Minimum inhibitory concentration.
*Data from Bossche HV: Itraconazole: a selective inhibitor of the cytochrome P-450 dependent ergosterol biosynthesis. In Recent trends in the discovery, development, and evaluation of antifungal agents, Proceedings of an International Telesym-
posium, Barcelona, Spain, JR Prouse Science, pp. 207–222, 1987; Mallie M, Bastide JM, Blancard A et al: In vitro susceptibility testing of Candida and Aspergillus spp. to voriconazole and other antifungal agents using Etest®: results of a French 
multicentre study, Int J Antimicrob Agents 25:321–328, 2005; Li RK, Ciblak MA, Nordoff N et al: In vitro activities of voriconazole, itraconazole, and amphotericin B against Blastomyces dermatitidis, Coccidioides immitis, and Histoplasma capsulatum, 
Antimicrob Agents Chemother 44(6):1734–1736, 2000.
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Mechanism of Action
Polyene macrolides bind with the sterol portion of the phos-
pholipids that make up the fungal cell membrane. Amphoteri-
cin has a much higher affinity for ergosterol, the major sterol 
component of fungal cell membranes, than for cholesterol, 
the major sterol in mammalian cell membranes (Figure 9-3).1 
The interaction of the drug and the sterol results in the forma-
tion of channels or pores in the cell membrane (Figure 9-4). 
The result is an increase in cell permeability and disruption in 
proton gradient flow; loss of membrane fluidity may alter H+-
ATPase activity.3 Altered K+/H+ exchange results in the loss of 
K+ and Mg2+ from the cell. Cellular metabolism is disrupted; 
internal acidification of the fungal cell and the loss of impor-
tant organic molecules from the cell result in irreversible cell 
damage. The efficacy of some of the drugs can be related to 
their ability to bind to ergosterol. However, the polyenes also 
are associated with the formation of lethal reactive oxygen 
molecules. Polyenes also are defined according to the con-
centration of drug necessary to cause erythrocyte hemolysis, 
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Figure 9-3 Cholesterol, the major sterol of mammalian cells, 
is structurally similar to ergosterol, the major sterol of fungal 
cell walls. Binding of amphotericin B to cholesterol results in 
complicated pharmacokinetics as well as host toxicity.
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Table 9-3  Dosing Recommendations for Antifungal Drugs (1)
Drug Indication Dose Route Interval (hr)
Amphotericin A (1,2) (Fungizone 

[AmBD])
Test dose 0.25-0.5 mg/kg IV Once

General mycoses 0.15-1 mg/kg in  
30 mL 5% D/W

Rapid IV infusion 
(over 5 minutes 
through a butter-
fly catheter after 
flushing catheter 
with 10 mL 5% 
dextrose)

48 or 3 × per week to a cumula-
tive dose of 4-12 mg/kg (D) or 
4-6 mg/kg (C)

0.15-1 mg/kg in 200-
500 mL 5% D/W 
via peripheral 
venous catheter

IV (over 4-6 hrs) 48 or 3 × per week to a cumula-
tive dose of 4-12 mg/kg (D) or 
4-6 mg/kg (C)

Blastomycosis Initial dose:  
0.5 mg/kg (D)

IV 48 or 3 × per week to a cum-
mulative dose of 4-10 mg with 
 ketaconazole

Followed by: 0.15-
0.25 mg/kg (D)

IV 1 × per month with  
ketaconazole

Cryptococcosis 0.5-0.8 mg/kg SC 48 or 2-3 × per week. Dilute to  
<20 mg/mL in 5% dextrose

0.15-0.4 mg/kg (C) IV 48 or 2-3 × per week for 3-4 
weeks. Total cumulative dose 
of 4-6 mg/kg with flucytosine

Histoplasmosis Initial dose:  
0.5 mg/kg (D)

IV 3 × per week to a cumula-
tive dose of 4-6 mg with 
 ketaconazole

Followed by:  
0.15-0.25 mg/kg

IV 1 × per month with  
ketaconazole

0.25 mg/kg (C) IV 48 × 4-8 weeks with  
ketaconazole

0.15-0.5 mg/kg (C) IV 1 × per month with  
ketaconazole

Gastroinestinal 
pythiosis

1-2 mg/kg (D) IV 48 or 3 × per week to a cumula-
tive dose of 12-24 mg/kg

Resistant 
 filamentous 
fungi

2-2.5 mg/kg IV 48 or 3 × per week to a cumula-
tive dose of 15-30 mg/kg

Leishmaniosis 0.5-0.8 mg/kg IV 48 to a cumulative dose of  
8-16 mg/kg

Pulmonary 
 fungal disease

Systemic dose diluted 
in 5% D/W

Aerosol 
 (nebulization)

Use the chosen systemic dose, 
prepared as 5 mg/mL in 5% 
dextrose

CNS fungal 
disease

0.2-0.5 mg Intrathecal 48 or 2-3 × per week. Dilute in 
5 mL cerebrospinal fluid or 
10% dextrose

Fungal cystitis 50 μg/mL prepared in 
5% D/W

Urinary bladder 
infusion

24; repeat once if necessary.

 Amphotericin B, 
 colloidal disper-
sion (ABCD) (1,2)

(Amphotec)
(Amphocel)*

Test dose
General mycoses

0.25-0.5 mg/kg
1-2.5 mg/kg

IV
IV

Once
48 or 3 × per week to a cumula-

tive dose of 15-30 mg/kg
Amphotericin B, lipid 

complex (ABLC) 
solution (1,2)

(Albecet) Test dose 0.25-0.5 mg/kg IV Once

General mycoses 1-2.5 mg/kg IV 48 or 3 × per week to a cumula-
tive dose of 12-30 mg/kg

Blastomycosis, 
severe

1-2 mg/kg (D) IV 3 × per week to a cummulative 
dose of 12-24 mg/kg

Cryptococcosis 1 mg/kg (C) IV 48 or 3 × per week to cumulative 
dose of 12 mg/kg
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Table 9-3  Dosing Recommendations for Antifungal Drugs (1)—cont’d

Drug Indication Dose Route Interval (hr)
Amphotericin 

B, liposomal 
(AmBD) (1,2)

Ambisome 
(B LamB)

Test dose 0.25-0.5 mg/kg IV Once

General mycoses 1-4 mg/kg (D) IV 48 or 3 × per week to a cumula-
tive dose of 12-30 mg/kg

Leishmaniosis 3-4 mg/kg (D) IV 48 or 3 × per week to a cumula-
tive dose of 12-30 mg/kg

250-300 mg/(D) PO (on food) 24 × 7-12 days
60-100 mg (C) PO 24 × 5 days
300-400 (C) PO (on food) 24 × 5 days

Coccidiosis 
 prophylaxis

28.8 mg/L water PO (in water) 24 × 14 days

1.25 g of 20% powder PO (on food) 24 × 14 days
Coccidiosis 

 treatment
150 mg/kg PO 24 × 14 days with 

 sulfadimethoxine
Captan powder 50% Dermatomycoses 30 mL/1 L of water  

(2 tbsp/gal of 
water)

Topical. Do not 
rinse

2-3 × per week

Chlorhexidine 
 diacetate

Fungal skin 
 infection

1 mL of 2% solution 
to 9 mL water

Topical PRN

Clotrimazole Dermatophytosis Apply to lesions Topical 12 until culture is negative
Antifungal 60 mL of 1 g/dL in 

polyethylene glycol
Topical (intranasal) Over 1 hr (under general 

 anesthesia); repeat in  
3-4 weeks PRN

Enilconazole Nasal 
 aspergillosis

5% solution Topical (instill into 
nasal sinus)

12 × 7-10 days

10-20 mg/kg (10% 
solution diluted 
50:50 with water)

Topical (instill into 
nasal sinus)

12 × 10-14 days

Dermatophytes Dilute to 0.2% 
 solution

Wash affected 
area???

72-96 × 4 treatments

Fluconazole (3) Blastomycosis 5 mg/kg PO 12
Cryptococcosis 2.5-10 mg/kg PO (with food) 12-24

150-200 mg/C PO 24 or divide dose and  
administer q8h

Flucytosine 
( combination 
therapy)

Cryptococcus 125-250 mg/C PO Divide dose and administer 
q6-8h. Do not use as sole 
therapy

150-175 mg/kg PO Divide dose and administer q6-8
25-50 mg/kg PO 6

Urinary 
 candidiasis

50-75 mg/kg Maxi-
mum of 100 mg/kg

PO 8. Alkalinize urine to > 7.4

Griseofulvin 
( microsize) (3)

Dermatophytosis 10-30 mg/kg PO (with fatty meal) 24 or divide dose and administer 
q8-12h

50 mg/kg PO (with fatty meal) 24 or divide dose and administer 
q8-12h

80-130 mg/kg PO (with fatty meal) 24 or divide dose and administer 
q8-12h

Griseofulvin 
 (ultramicrosize) (3)

5-10 mg/kg PO 24

20-50 mg/kg PO 24
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Drug Indication Dose Route Interval (hr)
Iodide, potassium Sporotrichosis, 

pythiosis
0.4 mL/kg (D) PO 24

30-100 mg/C PO 24 or divide dose and administer 
q 8-12h x 10-14 days

Itraconazole(4) Systemic 
mycoses or 
generalized 
dermatomy-
cosis

5-10 mg/kg PO 12-24

Ketoconazole(4) Systemic and 
cutaneous 
mycoses, 
protothecosis, 
aspergillosis

10-20 mg/kg (D) PO 12-24

Systemic and 
cutaneous 
mycoses, 
protothecosis, 
aspergillosis

10 mg/kg (C) PO 12-24

Sporotrichosis 5-10 mg/kg (C) PO 12-24
Sporotrichosis 15 mg/kg (D) PO 12
Candidiasis 10 mg/kg PO 8
Aspergillosis 10 mg/kg PO 24
CNS mycoses 15-20 mg/kg PO 12
Malassezia canis 10 mg/kg (D) or 24 × 30 days
Malassezia canis 5 mg/kg (D) PO 12
Dermatophytosis 10 mg/kg PO 24
Coccidiodomy-

cosis
10-30 mg/kg (D) PO 24 × 3-6 months or divide  

dose and administer  
q 12 × 3-6 months

Blastomycosis 10 mg/kg (20 mg/kg 
if ocular or central 
nervous system)

PO 12 × 2-3 months

Histoplasmosis 10 mg/kg PO 12-24 × 3 months
Cryptococcosis 10 mg/kg PO 24 (in combination with another 

antifungal)
Lufenuron Coccidiodomyco-

sis (adjuvant)
50-100 mg/kg (D) PO 24

15 mg/kg PO 24
Dermatophytosis 50-100 mg/kg PO Two treatments 2 weeks apart, 

then monthly
80-100 mg/kg (C) PO Two treatments 2 weeks apart, 

then monthly
Systemic mycoses 5 mg/kg (D),  

15 mg/kg (C)
Two treatments 2 weeks apart 

then monthly
Miconazole Dermatophytosis Apply topically as 

directed
Topical 12-24

Ocular fungal 
infections

Apply topically as 
directed

Topical 4-12 times per day

Natamycin Ocular fungal 
infections

Several drops Topical 3-8

Povidone–iodine Apply light coating Topical 12-24
Sodium hypochlorite 

(bleach)
Rinse 1:20 (0.5%) in water Topical spray Every 5-7 days

Table 9-3  Dosing Recommendations for Antifungal Drugs (1)—cont’d

Continued
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presumably because of cholesterol binding. Pimaricin causes 
lysis at low concentrations, limiting use to topical applica-
tion, whereas amphotericin B and nystatin cause lysis at much 
higher concentrations.3

Amphotericin is fungistatic but can be fungicidal at high 
concentrations. At high concentrations the drug directly dis-
rupts the fungal cell membrane. As with some other select 
antifungal drugs, amphotericin appears to have some immu-
nomodulating characteristics. Both humoral and cell-medi-
ated immunity may be enhanced, thus increasing the host’s 
ability to overcome infection. Amphotericin B activates mac-
rophages and stimulates TNF-α and interleukin-1 (IL-1), both 
of which facilitate macrophage killing by way of nitric oxide–
dependent pathways.5,14

Spectrum of Activity and Pharmacodynamics
Despite the advent of the azole antifungal drugs, amphoteri-
cin B remains the most effective agent against most of the 
major fungal pathogens. The indications for amphotericin 
therapy include most systemic fungal diseases, including 
those caused by the dimorphic fungi (histoplasmosis, blas-
tomycosis, cryptococcosis, and coccidioidomycosis) and dis-
seminated sporotrichosis, phycomycosis, aspergillosis, and 
candidiasis. Amphotericin B has greater activity against some 
organisms (e.g., Candida and Aspergillus species and coc-
cidioidal meningitis) than the newer azoles and particularly 
fluconazole. Amphotericin B is not effective against derma-
tophytes. Amphotericin MICs appear to correlate well with 
efficacy in animal models and human patients.10 The MICs of 

Drug Indication Dose Route Interval (hr)
Terbinafine Dermatophytosis 30-40 mg/kg (D) PO 24
Voriconazole(5) Aspergillosis, sus-

ceptible fungal 
infections

3-6 mg/kg (D) PO 12-24; use higher dose once 
daily. Dose has not been 
 verified

C, cat; CNS, central nervous system; D, dog; D/W, dextrose in water; IV, Intravenous; PO, by mouth; PRN, as needed; SC, subcutaneous.
1.  Minimum of treatment time reflects infectious agent. See text for renal-saving tactics. For nondermatophytes a minimum of 2 months, generally 4 to 6 months, extends to 8 to 
10 months for cryptococcosis and beyond for coccidiodomycosis, and always should be 1 to 2 months beyond resolution of clinical signs. Doses collected from Greene’s Infectious 
Diseases of the Dog and Cat (2006 and other resources)
2. Precede with 0.1 to 0.25 mg test dose diluted in 10 mL in dextrose. Dilute calculated dose in 10 to 60 mL (rapid) or 250 to 1000 ml (slow infusion) 5% dextrose. See text for 
rapid versus slow infusion techniques. Administration may be subcutaneous, although concentrations greater than 20 mg/mL are locally irritating. Total cumulative dose varies with 
target organism from 4 to10 mg/kg in dogs (8-12 mg/kg if coccidioidomycosis) or 4-8 mg/kg in cats. Higher daily and cumulative doses are generally indicated for lipid-complexed 
amphotericin (see text). See text for more specific guidance for each organism and combination therapy protocols. Use at 30-day intervals for prevention of relapse (scientific basis 
for this approach is lacking).
3. Duration for dermatophytosis 4-6 weeks; may be longer with long-haired breeds
4. Lower dose is given bid, higher once daily.
5. Induction in dog may result in decreased drug concentrations. Monitoring would be ideal if available.
*Amphocel (Amphocil) is no longer available in the US.

Table 9-3  Dosing Recommendations for Antifungal Drugs (1)—cont’d
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Figure 9-4 The mechanism of antifungal action and nephrotoxicity of amphotericin B reflect binding of the drug to ergosterol, 
the major sterol in fungal cell walls. Binding results in cell membrane permeability and the loss of critical micronutrients and 
electrolytes.
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amphotericin B toward selected fungal microbes are listed in 
Table 9-4.15,16 Although these are based on humans, they rep-
resent a reasonable target for isolates infecting animals as well. 
In addition to the MIC, the minimum fungicidal concentra-
tion (MFC) has been reported for selected organisms infecting 
humans (or animals).15 The MFC50 and MFC90; μg/mL) are, 
respectively, Blastomyces dermatitidis (0.125, 0.5); H. capsula-
tum (0.5, 2), and C. immitis (4, 16). In killing-curve studies, 
amphotericin B consistently exhibits concentration- dependent 
killing. However, killing is variable among organisms, being 
fungicidal toward Candida sp. but not toward many yeasts and 
other organisms. As a concentration- dependent drug, ampho-
tericin B may exhibit a long post-antifungal effect (PAFE), 
which, like the postantibiotic effect of concentration antimi-
crobials, varies in duration with the organism and the relation-
ship of the MIC to the plasma drug concentration (PDC).10 
However, it can prolong the dosing interval of the drug. A 
PAFE of only 0.5 hours occurs at approximately 2 hours expo-
sure at drug concentrations that reflect 0.5 times the MIC, but 
this duration is prolonged to approximately 10 hours at 32 
times the MIC for Candida and Cryptococcus neoformans; the 
PAFE for the latter may exceed 12 hours.10

Sufficient data exist to integrate Ambisome pharmocoki-
netics and pharmacodynamics toward selected microbes that 
infect the dog (Table 9-4; see also Table 9-2). Two targets are 
considered: the MFC and a 12-hour PAFE (targeting PDCs 
that equal the MIC90 of the infecting microbe by 32). Based on 
the Cmax of dogs for Ambisome measured at day 1 and day 30 
of dosing, the MFC of B. dermatitidis and H. capsulatum will 
be achieved on the first day of dosing at 1 mg/kg. Assuming 
the PAFE as described in animal models would be exhibited by 
dimorphic fungal organisms infecting dogs, based on MIC90 
for B. dermatitidis of 0.05 μg/mL (see Table 9-2), a target of 
1.6 μg/mL (32 times the MIC) is indicated to achieve a 10 to 
12-hour PAFE. Again, the target will be reached in dogs on day 
1 with a 1 mg/kg dose of Ambisome; the 12-hour PAFE could 
be added to the time the PDCs are above the MIC (which in 
turn, is based on half-life). For H. capsulatum, the MIC90 is 

1 μg/mL; accordingly, a target of 32 μg/mL (for at least 2 hours) 
might be indicated to achieve a 10 to 12-hour PAFE. Assum-
ing linear kinetics, reaching the target on day 1 will require 
a dose of approximately 4 mg/kg, which is likely not to be 
tolerated (an exception may occur for lipid-based products). 
However, the target is likely to be approached with 30 days of 
dosing at 2.5 mg/kg. C. immitis is less susceptible to the killing 
effects of amphotericin B; the MFC90 (11 μg/mL) is likely to be 
reached on day 1 of dosing at 2.5 mg/kg, but 30 days of dos-
ing will be required to reach the MFC90 or the 12-hour PAFE. 
These calculations were based on the MIC90 of the respective 
organisms; if the MIC of the infecting microbe is known, then 
a lower dose might be reasonable.

Resistance
The incidence of resistance to amphotericin B is low and has 
been documented primarily for Candida. The development of 
resistance may be related to changes in the number of sterol 
components in the fungal cell wall, with low ergosterol con-
tent associated with resistance.3 Pythium insidiosum, clas-
sified as a pseudofungus, (the cause of what was previously 
and inappropriate referred to as fungal phycomycosis), as with 
other oomycetes, is largely devoid of cell membrane sterol. 
As such, they are inherently resistant to polyenes.1 However, 
other mechanisms of resistance also exist, probably reflect-
ing multiple mechanisms. Some organisms are able to resist 
concentrations that exceed 2 μg/mL. The azole derivatives may 
contribute to amphotericin B resistance by preventing the for-
mation of ergosterol, the target of amphotericin B.1

Amphotericin appears to act synergistically with the fol-
lowing: 5-flucytosine against cryptococcosis, tetracyclines 
against coccidioidomycosis, and imidazoles (discussed later) 
for a variety of fungal disorders. The use of synergistic com-
binations may enhance efficacy while reducing the potential 
of toxicity.

Preparations
Because amphotericin is unstable, it is prepared with desoxy-
cholate as a lyophilized cake form (amphotericin B; previously 
Fungizone®; AmBD). Supplies were limited at the time of 
publication,8 perhaps reflecting declining use in human medi-
cine in favor of newer lipid-based formulations.

Desoxycholate—also referred to as deoxycholate, a bile 
salt—is added to aid solubilization of the lyophilized cake 

Table 9-4  Pharmacokinetic Data for Liposomal Amphotericin B Preparation in the Dog22

Dose mg/kg Day *Cmax μg/mL AUC μg hr/mL Vdss L/kg CL mL hr/kg HL hr
Liposomal 0.25 1 0.21±0.9 1.7±0.4 1.67±1.4 112±43 4.6±2.0
(Ambisome) 30 1.55±0.55 5.0±1.3 0.2±0.6 47±16 2.5±0.8

1 1 1.5 9.5±4.0 0.96±0.81 79±44 8.3±4.5
30 12 109±40 0.08±0.02 8.7±4 5.5±1.7

4 1 20 143±34 0.3±0.09 26±8 8.4±2.2
30 95 1452±423 0.04±0.03 1.8±1 16.0±4.7

AUC, Area under the curve; CL, clearance; HL, half-life; VDss, volume of distribution at steady state.
*Numbers without standard deviation were extrapolated from plots.

KEY POINT 9-3 Despite the advent of the azole antifungal 
drugs, amphotericin B remains the most effective agent 
against most of the major fungal pathogens.
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form of the drug, which, when reconstituted, is in a colloi-
dal suspension. Reconstitution should be with sterile water 
only; the solution will remain stable for 1 week if refriger-
ated. Storage should include protection from light, although 
protection during therapy is probably not necessary; potency 
is unaffected after light exposure of up to 24 hours. Labeled 
directions indicate that dilution should occur only with 5% 
dextrose to prevent drug precipitation and inactivation; Tris-
sel’s Handbook on Injectable Drugs (http://online.statref.com/
titles/titleinfopage.aspx?titleid=141) indicates that normal 
saline is incompatible with amphotericin B, leading to a 43% 
drop in drug concentrations within 2 hours. Although the 
drug has been mixed by veterinarians with 0.45% NaCl and 
2.5% dextrose with no apparent change, the basis for this 
observation is unclear, and the prudent clinician would avoid 
the combination and provide sodium loading (see the sec-
tion on therapeutic use) through a different catheter. In gen-
eral, amphotericin B should not be mixed with other drugs; 
although known to be compatible with some, it is incom-
patible with many others. The drug should be administered 
only intravenously, with exceptions for localized treatment in 
selected body tissues or fluids (e.g., aqueous humor, cerebro-
spinal fluid [CSF]). For small animals, which do not require 
a complete vial, the reconstituted drug can be divided into 
smaller aliquots and frozen.

Amphotericin also has been complexed to lipid mixtures in 
an attempt to reduce nephrotoxicity. Reticuloendothelial cells 
phagocytize the lipid component, facilitating directed deliv-
ery to the site of fungal infection. Drug uptake by the hepatic 
and splenic macrophages, bone marrow, and inflammatory 
tissues is thus enhanced. For liposomal products, some stud-
ies have shown that amphotericin B is selectively transferred 
from liposomes to fungal but not host cell membranes. Pro-
longed antifungal activity (compared with nonliposomal 
preparations) has been documented for these preparations. 
Each product is injectable and differs in the lipid makeup as 
well as the ratio of lipid to amphotericin B. Lipid-based prod-
ucts include a lipid complex (ABLC; Abelcet) suspension that 
forms a tightly packed ribbonlike structure and is the largest 
of the lipid-based products (250 nm); a colloidal dispersion 
of cholesterol sulfate, which forms 122 nm disks (Amphotec 
or Amphocil [ABCD]); and a single-layered liposomal prod-
uct, Ambisome (LAmB; see Table 9-4), which is the simplest 
and smallest (60 to 70 nm) of the molecules.17,18 The differ-
ences among these products have recently been reviewed.19 
Amphotericin B also has been administered with a lipid vehi-
cle (intralipid; AMB-IL) rather than 5% dextrose. Although 
nephrotoxocity appears to be reduced in some patients, it 
does not appear to be decreased in the patients at most risk 
for toxicity, and therefore liposomal lipid-based products 
should be considered.18a Administration of AMB-IL also 
is not recommended because of mixed product is unstable. 
The differences among the lipid-based or lipid-containing 
products and their clinical use in humans have recently been 
reviewed.19

Amphotericin is also available as a topical preparation 
(Fungizone), including cream, lotion, and ointment forms.

Pharmacokinetics
Amphotericin is not water soluble and thus is not bioavail-
able after oral administration. It is more than 90% bound to 
circulating serum lipoproteins (including cholesterol). Pen-
etration into the pleura, peritoneum, inflamed tissues, CSF, 
and aqueous humor may result in a drug concentration two 
thirds of that in the plasma. The metabolism and excretion of 
amphotericin is not well characterized and is complex, being 
complicated by binding to cholesterol, which is structurally 
similar to ergosterol (see Figure 9-3). Biliary elimination may 
be the primary method of excretion (in humans only 3% of the 
drug is eliminated in the urine); however, concentrations are 
detectable in both bile and urine for up to 7 weeks in human 
patients.

The pharmacokinetics of the various amphotericin B prep-
arations, including those complexed to lipids, vary markedly 
in humans; interpretation of kinetics is complicated by the 
lack of discrimination between free amphotericin B and that 
complexed to the various carriers. Because of its small size, 
Ambisome is characterized by the slowest uptake, and the 
highest PDCs. In humans, peak PDCs (μg/mL) vary with the 
dose (indicated in mg/kg), reflecting differences in volume of 
distribution that vary on account of tissue uptake: AmBD, 2.9 
μg/mL at 1 mg/kg); Albecet (ABLC), 1.7 μg/mL at 5 mg/kg); 
Amphotec (ABCD), 3.1 μg/mL at 5 mg/kg; and Ambisome 
(LAmB), 83 μg/mL at 5 mg/kg. For LAmB, concentrations 
appear to be both dose and time dependent in dogs (Table 
9-4). An advantage of the liposomal product is that it accumu-
lates at sites of infection and targets the fungal cell wall, with 
release of amphotericin into the cell.19 For ABLC (and LAmB), 
tissue or fungal phospholipases appear to release amphoteri-
cin B at the site of infection. However, the colloidal form of 
amphotericin B (Amphocil), which is taken up by reticuloen-
dothelial cells, was demonstrated in humans to accumulate in 
lung tissues to a greater concentration than Ambisome, sug-
gesting that it might be preferable for respiratory infections.20 
This finding requires further support by animal model or clin-
ical studies. That LAmB may be preferred for central nervous 
system (CNS) infections is supported by the study and review 
of Ibrahim and coworkers,21 who address the potential inabil-
ity of ABLC to penetrate the brain in mice or rabbit models. 
Comparing dosing ranges, LAmB was effective without neph-
rotoxicity at 5 to 20 mg/kg in animal models of disease, with 
highest tolerated doses being 30 to 50 mg/kg (as reviewed by 
Adler).19 Although ABLC was efficacious at doses ranging 
from 5 to 15 mg/kg, nephrotoxicity and decreased efficacy 
occurred at 15 mg/kg compared to 5 mg/kg. (as reviewed by 
Adler).19

The pharmacokinetics of Ambisone (LAmB) have been 
described in Beagles (n = 10 per group) as part of a toxicity 
study in humans and compared historically to AmBD (see 
Table 9-4).22 Dogs received 0.25 to 16 mg/kg/day as an intra-
venous infusion over 5 minutes, with PDCs determined on 
days 1, 14, and 30. Dogs receiving 8 and 16 mg/kg daily did 
not finish the treatment period because of severe weight loss 
(n = 17/20); this same pattern of weight loss was also described 
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in dogs receiving AmBD at 0.75 mg/kg every other day (as 
reviewed by Bekersky and coworkers22). However, dogs toler-
ated 4 mg/kg Ambisone daily with peak concentrations at this 
dose were markedly variable, ranging from 18 μg/mL at day 
1 to 94 μg/mL at day 30. Concentrations of Ambisone were a 
hundredfold higher than other formulations: A dose of 0.6 to 
0.75 of AmBD resulted in peak amphotericin concentrations 
of 1.25 to 4.4 μg/mL after multiple dosing. This compares to a 
peak concentration of 54 ± 16 μg/mL at 4 mg/kg daily. Ambi-
some kinetics were nonlinear, with clearance and distribution 
decreasing as dose increased, potentially reflecting saturation 
of distribution and clearance processes. For example, although 
dose only increased 64-fold in the study, area under the curve 
(AUC) on day 1 at 0.25 mg/kg was 2.6 μg*hr/mL (compared) to 
2592 μg hr/mL at 16 mg/kg, representing a 2500-fold increase. 
Multiple dosing also resulted in accumulation at each dose, 
with 30-day to 1 day AUC ratios being 2.5 and 10 at low (0.25 
mg/kg) and intermediate (4 and 8 mg/kg) doses, respectively. 
(see Table 9-4). Kinetics are likely to be equally complex in 
other dogs and cats, and lack of predictability may limit use.

Toxicities and Side Effects
Nephrotoxicity is the major side effect associated with the 
use of amphotericin B. Renal function becomes impaired in 
more than 80% of patients receiving amphotericin,4,23,24 with 
serum creatinine at least doubling in 40% to 60% in human.23 
Although largely reversible, renal toxicity depends on total 
cumulative dose and duration of therapy. In human patients 
chronic renal disease occurs in close to 50% of patients receiv-
ing more than approximately 60 mg/kg total dose compared 
with only 17% who receive less than 57 mg/kg. The propor-
tion decreases to 8% in those receiving less than 14 mg/kg 
total dose.23 Although renal function usually returns to nor-
mal before completion of therapy, some residual damage often 
persists after discontinuation of the drug. Two mechanisms 
are important in renal toxicity. Intense arterial vasoconstric-
tion occurs within 15 minutes of administration and lasts 4 
to 6 hours. The mechanism is unknown but can lead to acute 
tubular nephrosis secondary to ischemia. Nerve degenera-
tion, angiotensin II receptor blockage, adrenergic blockade, 
and potent vasodilators do not prevent renal vasoconstric-
tive effects. Amphotericin B may activate formation of vaso-
constrictive (thromboxane) arachidonic acid metabolites, 
which suggests that direct vasoconstriction may be respon-
sible. Amphotericin B can increase calcium fluxes. Histologic 
lesions are most profound in regions vulnerable to hypoxia or 
areas rich in oxygen.23

Distal renal tubular toxic effects result from binding of 
membrane cholesterol in the tubular cell membrane (see 
Figure 9-4). Altered electrolyte fluxes result in acidification 
abnormalities (metabolic acidosis), hypokalemia, and concen-
trating defects (polyuria, polydipsia). Renal tubular acidosis 
is common, dose related, and generally reversible (although 

resolution may take several months) and generally precedes 
significant decreases in glomerular filtration rate (GFR). Potas-
sium and magnesium wasting in humans can lead to substan-
tial deficits.23 Magnesium deficits appear at 2 weeks and are 
maximal at 4 weeks. Both potassium and magnesium should 
be monitored; electrolyte abnormalities may persist for several 
weeks after therapy is discontinued. Rarely, hyperkalemia has 
been reported in association with rapid infusion as potassium 
shifts from the intracellular compartments. The risk is greater 
in patients with renal failure. Concentration defects occur in 
essentially all human patients, are not related to azotemia, and 
may persist for months. Urine specific gravity may not be an 
effective measure by which to assess renal damage.

Ampohtericin B toxicity has been documented in dogs. Cey-
lan and colleagues24 described the nephrotoxicity of AmBD 
in dogs (n = 18; cross-bred) receiving 0.5 mg/kg in 25 mL 5% 
 dextrose in water as a 4- to 5-minute intravenous bolus; 1 mg/
kg in 50 mL as a 4- to 5-minute bolus, or 2 mg/kg in 1000 mL 
over 4 to 5 hours. Dogs were treated for 12 days. Side effects 
(vomiting, diarrhea, anorexia, fever, tachycardia, and phlebitis) 
were evident in all dogs by day 3 but were worse in dogs receiv-
ing 1 mg/kg and least in dogs receiving 2 mg/kg. Indicators of 
renal damage (blood urea nitrogen, creatinine) were increased 
in all groups by day 5 but were highest in the 1 mg/kg group. 
Serum calcium was significantly decreased compared with 
baseline in the 1 mg/kg and 2 mg/kg groups. Hematologic indi-
cators of anemia were evident in the 1 mg/kg group. Among the 
indicators of nephrotoxicity studied was urine γ-GGT, which 
was  significantly higher than baseline in all groups by day 5 of 
therapy but did not differ among groups or times during treat-
ment. On the basis of this study, the authors suggested that infu-
sion over a 4- to 5-hour period (or fluid support) decreases the 
risk of aminoglycoside toxicity. However, no study has deter-
mined the long-term effects of any method of administration of 
amphotericin B on renal failure in dogs or cats.

In their pharmacokinetic study of LAmB (Ambisome) in 
Beagles at doses ranging from 0.25 to 16 mg/kg daily for 30 
days, Bekersky and coworkers22 reported that no dogs died as 
a result of the drug; however, dose-dependent tubular nephro-
sis was present at 1 mg/kg, and 70% and 100% of dogs in the 
8 and 16 mg/kg treatment group, respectively, were euthanized 
before the end of the study because of 25% or more body weight 
loss. Vomiting and diarrhea were evident in all groups, includ-
ing a liposomal (i.e., without amphotericin B) control, but were 
worse in the 4, 8, and 16 mg/kg treatment groups. Azotemia 
was not present in the 1 mg/kg group. Azotemia was described 
as moderate and clinically significant toward the end of the 
30-day treatment period in the 4 mg/kg group, with creatinine 
increasing from a baseline of 0.7.1 ± to 2.3 ± 0.4 mg/dl by study 
end. Serum potassium was not clinically affected. The authors 
concluded that dogs tolerated up to 4 mg/kg well, despite peak 
amphotericin B concentrations ranging from 18 to 94 μg/mL.

Acute anaphylactic-type reactions such as vomiting, fever, 
and chills can occur with the use of amphotericin B and have 
been reported with lipid complex preparations as well.25 Up 
to 30% of dogs receiving AmBD develop fever.26 The frequent 
incidence of these reactions often leads to pretreatment for 

KEY POINT 9-4 Liposomal-based amphotericin is among the 
safest with regard to nephrotoxicity.
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anaphylaxis (one-time use of a short-acting glucocorticoid 
does not enhance the toxicity of amphotericin B; see the dis-
cussion of “cocktail” in the following section).

Other side effects associated with amphotericin B include 
nausea and anorexia, thrombophlebitis, cardiac arrhythmias 
and related toxicities, hepatic dysfunction, and CNS signs (if 
given intrathecally) (see discussion on therapeutic use). Sev-
eral side effects can be prevented by proper treatment (see fol-
lowing discussion of therapeutic use).

Drug Interactions
Amphotericin B interacts in an additive to synergistic fashion 
with a number of antifungal agents (see the discussion of com-
bination therapy), although this effect seems to be most con-
sistent with flucytosine. Although synergistic effects should be 
expected with azoles, this combination may be antagonistic if 
azole therapy is begun first.

In general, drugs that are renally active are not recom-
mended for patients also receiving amphotericin B. In humans 
cyclosporine and tacrolimus (calcineurin inhibitors) will 
enhance nephrotoxicity. However, these immunomodulators 
tend to be safer, as far as nephrotoxicity is concerned, in both 
dogs and cats, and the combination may not be as dangerous. 
The nephrotoxicity of amphotericin also may be enhanced with 
catabolic drugs such as glucocorticosteroids, antineoplastic 
drugs, antiprostaglandins (glucocorticoids and nonsteroidal 
antiinflammatory drugs), and other nephrotoxic antibiotics. 
One study demonstrated that diuretic therapy during, but not 
just before, amphotericin B therapy increased the risk of neph-
rotoxicity more than twelvefold (as reviewed by Bagnis and 
Deray23). Although diuretics have been used for a “protective” 
effect, the potential benefits are limited to mannitol, and even it 
may be associated with electrolyte disturbances. Combination 
with digoxin may enhance nephrotoxicity and hypokalemia. 
Declining renal function in association with amphotericin 
B therapy may affect clearance of co-administered drugs. 
Because it is renally excreted, 5- flucytosine toxicity may be 
enhanced if renal function declines with amphotericin B.

Therapeutic Use
Most of the advice and studies addressing the recommended 
method of administration of amphotericin B are based on the 
non-lipid preparation (AmBD).

Multiple strategies may help reduce toxicities or side effects 
to amphotericin B. The first focuses on prevention of an ana-
phylactoid reaction by pretreatment (to prevent vomiting, 
fever, chills, and anaphylaxis) with antihistamines (diphen-
hydramine 0.5 mg/kg, administered intravenously) and short-
acting glucocorticosteroids (e.g., hydrocortisone sodium 
succinate, 0.5 mg/kg, administered intravenously). Because the 
reaction appears to be associated with direct mast cell degranu-
lation (because of the cationic nature of amphotericin B), pre-
treatment with a small test dose (0.1 mg/kg for cats or 0.25 mg/
kg for dogs diluted in 10 mL infused over 15  minutes) may  
help identify animals that are likely to have an adverse reaction 
during infusion. Whereas lipid products may be character-
ized by less nephrotoxicity, they are more likely than nonlipid 

products to cause vomiting, nausea, and phlebitis.38 As such, 
pretesting is indicated with their use as well.

In addition to dilution protocols (see discussion under 
Toxicity), strategies are intended to minimize amphotericin-B 
induced nephrotoxicity. Although what constitutes amphoter-
icin B nephrotoxicity may vary, an increase in creatinine of as 
little as 25% may be considered significant in some patients.18 
Azotemia precedes tubular dysfunction in humans, allowing 
for early detection (i.e., before irreversible damage). Urine 
sediment initially should be monitored for evidence of neph-
rotoxicity. Serum chemistries tend to be less sensitive indi-
cators of nephrotoxicity. Urine γ-gt has been used to assess 
lipid-based amphotericin B toxicity. The drug should be tem-
porarily discontinued (24 to 48 hours) if the blood urea nitro-
gen level becomes abnormal.27

First and foremost, pretreatment with sodium-containing 
fluids is particularly important for preventing renal toxicity, 
including that associated with renal arterial vasoconstric-
tion; posttherapy treatment might also be prudent. Secondly, 
amphotericin B can be administered with a “cocktail” intended 
to protect the kidney. Administration of the dose diluted in 
5% dextrose is accompanied by mannitol (0.5 mg/kg) to main-
tain glomerular filtration rate and sodium bicarbonate (1 to 2 
mg/kg) to prevent cellular acidification defects. The mannitol 
and sodium bicarbonate should not be added directly to the 
amphotericin B solution but given through another catheter 
in order to avoid precipitation of amphotericin B. The abil-
ity of cocktails to prevent nephrotoxicity is controversial. The 
treatment is based on one small study in dogs31 for which 
mannitol was demonstrated to protect the kidney. However, a 
subsequent study (using isolated perfused rat kidneys) found 
mannitol to impart a protective effect, presumably by reducing 
renal tubular edema by virtues of its osmotic effect.32 Bind-
ing of cellular cholesterol prevented toxicity, supporting the 
presumed mechanism of direct cytotoxicty. This study also 
demonstrated a synergistic toxic effect of amphotericin B in 
the presence of hypoxia. Only one clinical trial, in humans, 
has addressed renoprotection by mannitol, and it failed to 
identify an effect. However, this clinical trial, although ran-
domized, involved only 11 patients and is probably not con-
clusive (as reviewed by Bagnis and Deray18,23) Although such 
cocktails generally are not harmful as long as the solutions 
are not mixed with amphotericin B, mannitol has been asso-
ciated with electrolyte abnormalities in the human-medicine 
literature.23 Deray18 indicates that mannitol decreases renal 
medullary blood flow and PO2. As such, the use of mannitol 
remains controversial. A relatively recent study describes the 
nephroprotective effects of N-acetylcysteine (10 mg/kg daily) 
in a rat model of amphotericin-induced nephrotoxicity;33 
administration began 1 day before amphotericin was started. 
As previously described, amphotericin should not be mixed 
with solutions containing electrolytes, acidic solutions, or 

KEY POINT 9-5 Nephrotoxicity caused by amphotericin 
B might be minimized by several approaches, including 
 pretreatment with sodium-containing fluids.
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preservatives because these materials may cause drug precipi-
tation. The rate at which amphotericin B is administered may 
also reduce the incidence of nephrotoxicity.

The third strategy by which amphotericin B toxicity might 
be reduced is administration with lipids or as a specialized 
delivery system (in lipids). Conventional amphotericin B is not 
recommended in humans in the presence of renal insufficiency, 
hypokalemia, hypomagnesemia, tubular acidoses, or poly-
uria.18 Lipid preparations are designed to deliver more drug 
selectively to the site of infection,34 thus allowing higher doses 
(see the section on preparations). The liposomal products tend 
to be very expensive. In contrast to liposomes, fat emulsions are 
easy to prepare and administer and tend to be more cost effec-
tive. These products appear to be equal in efficacy to nonliposo-
mal products but safer with regard to nephrotoxicity. However, 
the use of intralipid as the vehicle (AmB-IL) is associated with 
other difficulties that limit its use (see previous discussion).

The safety of liposomal or lipid-based products may allow 
delivery of higher doses without an increased risk of nephro-
toxicity, with the incidence of nephrotoxicity reduced by 8% 
to 28%, depending on the preparation.18,23 Although several 
studies are available that address the safety of these prod-
ucts individually, and LAmB (Ambisome) in particular,35 
none appears to have compared all three products. How-
ever, in general, the liposomal product LAmB (Ambisome) 
is recognized to be the safest with regard to nephrotoxicity. 
Ambisome achieves the highest concentrations in humans 
compared with other amphotericin preparations but is well 
tolerated renally.17,19 In general, efficacy of LAmB is equal 
to or exceeds that of AmBD and is consistently better toler-
ated. Survival rates in humans for the product ranges from 
99% to 100% (visceral leishmaniasis; three studies, n ≅ 400), 
37% to 78% (aspergillosis; five studies, n ≅ 400), 84% to 93% 
for cryptococcosis (two studies, n ≅ 280), 98% for histoplas-
mosis (one study, n = 55), and 20% to 69% for zygomycosis 
(three studies, n ≅ 130).35 That LAmB may be preferred for 
CNS infections is supported by the study and review of Ibra-
him and coworkers,21 who found LAmB generally superior 
to ABLC in treating CNS infections, as indicated by response 
and decrease in fungal load. Abelcet (ABLC) and LamB were 
generally characterized as having the lowest incidence of all 
side effects (fever, chills, nausea, dyspnea, hypertension, hypo-
tension, tachycardia, and nephrotoxicity) with the exception 
of hypokalemia (42% with LamB). Ambisome was associated 
with abnormal hepatic function tests in approximately 20% of 
human patients.17 Abelcet causes fewer infusion-related side 
effects in humans, and therefore a test dose is not necessarily 
indicated, whereas Amphotec is more likely to cause infusion 
side effects and should be given as a short infusion only.

One study reports the efficacy and safety of a liposomal 
product when used at higher than recommended cumula-
tive doses for treatment of canine blastomycosis.36 In another 
study, although the products were equally efficacious, the 
degree of nephrotoxicity between a fat emulsion and standard 
amphotericin B was no different.37 Amphotericin B also has 
been administered with a lipid vehicle (intralipid) rather than 
5% dextrose. Although nephrotoxocity appears to be reduced 

in some patients, it does not appear to be decreased in the 
patients at most risk for toxicity, and therefore liposomal lipid-
based products should be considered.18 Further studies docu-
menting the efficacy and safety of liposomal or fat emulsion 
products containing amphotericin B are needed.

A fourth strategy that can be used to minimize adverse 
events associated with amphotericin B is administration using 
alternative routes. Localized mycotic infections have been 
treated with localized administration of amphotericin, which 
may reduce the incidence of nephrotoxicity. Subconjuncti-
val, intravitreal, intrathecal, intranasal (human aspergillosis: 
5 mg/mL in water administered as aerosol), and intraperito-
neal routes have been reported. Oral administration has been 
used for treatment of gastrointestinal candidiasis and pre-
sumably might be used for other gastrointestinal fungal dis-
orders.29 Both LamB and ABLC have been demonstrated to 
have enhanced efficacy when administered as an aerosol for 
pulmonary infections (as reviewed by Adler).19 Amphotericin 
B (AmBD) can be mixed in sterile water to 200 mg/kg and 
infused into the bladder for fungal cystitis. For fungal infec-
tions of the CNS, the drug can be given (0.2 to 0.5 mg in either 
5 mL of CSF or 10% dextrose) intrathecally (under general 
anesthesia) two to three times per week.27

Combination antifungal therapy is a fifth stategy that is 
strongly encouraged to enhance efficacy and thus decrease the 
duration of antifungal exposure to the host. For example, as 
reviewed by Adler,19 efficacy of LamB is enhanced when com-
bined with micafungin (zygomycosis, aspergillosis) and vori-
conazole (aspergillosis).

Although a sixth strategy whereby amphotericin B tox-
icity can reduced includes variation in doses, frequency of 
administration, concomitant therapy, and duration of therapy, 
no protocol has proven to be superior to others. Some lit-
erature supports rapid intravenous administration (bolus) in 
less debilitated dogs; slow intravenous administration might 
be more prudent in cats. A dose (0.25 to 0.5 mg/kg) can be 
diluted in 300 to 1000 mL of 5% dextrose and administered in 
an indwelling catheter over 2 to 6 hours, or it can be diluted in 
as little as 10 to 60 mL (30 recommended) and given over 2 to 
10 minutes through a butterfly catheter27 (flush catheter after 
infusion). The slow infusion method has the added advantage 
of additional fluids, which may reduce the incidence of neph-
rotoxicity,28 especially in debilitated animals. The advantages of 
dilution and slow infusion is preferred and was previously dis-
cussed (see Toxicity). It is recommended that the small bolus 
be preceded or followed up with supplemental fluid, prefer-
ably normal saline. One report of an uncontrolled clinical trial 
describes the successful and apparently safer administration 
of amphotericin B after twice- or thrice-weekly subcutaneous 
administration (0.5 to 0.8 mg/kg diluted in 400 to 500 mL of 
fluid such that amphotericin B is less than 20 mg/L) for sev-
eral months for treatment of cryptococcosis in dogs and cats.30 
However, only five successful cases were described, and fur-
ther confirmation should be expected before this route is rou-
tinely embraced.

The sequence of repetitive treatments is also controversial. 
Some authors recommend alternate-day therapy, whereas 



380 Drugs Targeting Infections or Infestations SECTION 2

 others recommend daily therapy at a smaller dose. Doses also 
vary. Daily doses range from 0.15 to 0.5 mg/kg every other 
day (e.g., on Monday, Wednesday, Friday) until a cumula-
tive dose of 4 to 12 mg/kg (depending on the organism or if 
therapy is combined with another antifungal) AmBD has been 
reached. Starting at a low dose (0.15 to 0.25 mg/kg) and gradu-
ally increasing the dose until the desired daily dose has been 
reached may reduce the severity of side effects. For particu-
larly resistant infections, a dose of 1 mg/kg has been used on 
an alternate-day basis.

Other Polyenes
The spectrums of piramicin (natamycin) and nystatin are sim-
ilar to that of amphotericin B. Pirimacin is used primarily to 
treat fungal keratitis, although efficacy toward Aspergillus may 
be questionable.3 Aerosolization of piramycin for treatment 
of susceptible fungal disorders also should be considered. 
The toxicity of nystatin precludes parenteral administration, 
although a liposomal product is being formulated. Currently, 
use of nystatin is limited to superficial and mucosal mycoses.

AZOLE DERIVATIVES

Structure–Activity Relationship
The azole derivatives (imidazoles and triazoles) include a large 
number of predominantly synthetic drugs. These drugs con-
sist of a five-member ring with other aromatic rings attached 
by a carbon nitrogen bond. Imidazoles contain two nitrogen 
atoms and include clotrimazole, econazole, enilconazole, 
miconazole, and ketoconazole. Triazoles contain three nitro-
gen atoms and include fluconazole, itraconazole, and vori-
conazole (see Figure 9-1).4,39–41 Among the newer azoles are 
posaconazole and voriconazole. Voriconazole, a synthetic 
deriviative of fluconazole, is the first of the second-generation 
triazole compounds to be approved by the Food and Drug 
Administration. Voriconazole contains a fluorine molecule 
and a methyl group, which greatly enhances its spectrum 
compared with that of fluconazole.42 Other triazoles have been 
patented. Most compounds generally are not available as solu-
tions because they tend to be insoluble in water (an exception 
is fluconazole). They are, however, soluble in organic solvents 
such as propylene glycol.

Mechanism of Action
The azoles target fungal sterol ergosterol. However, in contrast 
to amphotericin B, the imidazole derivatives do not bind to 
ergosterol but rather block its synthesis. The azoles inhibit 
fungal cytochrome P450 enzymes with sterol14α-demethylase 
as the primary fungal target; however, other synthesizing 
enzymes also are targeted.3 Decreased cell membrane ergos-
terol alters cell membrane function but also is accompa-
nied by an increase in 14-methylsterols, compounds that are 
potentially toxic. Cell membrane function fluidity decreases 
as cell permeability increases, resulting in a fungistatic effect 
(fluconazole and ketoconazole). At higher concentrations, 
selected drugs (miconazole, econazole, clotrimazole) also 
interfere with cell membrane fluidity and physiochemical 

intracellular processes (e.g., secretory vesicles, mitochondrial 
respiration), resulting in fungicidal effects. Efficacy of selected 
agents against gram-positive organisms may reflect this latter 
effect.3 Chitin synthesis increases in concert with decreased 
ergosterol synthesis, but its irregular distribution contributes 
to altered cell wall function. Because azoles also generate and 
detoxify intracellular hydrogen peroxide, selected drugs also 
express antibacterial, antiprotozoal, and anthelmintic activi-
ties. The imidazoles are also characterized by immunomodu-
latory effects, which may facilitate effective therapy.5 Because 
their mechanism of action depends on cell wall synthesis, the 
onset of action of the imidazoles may result in a lag time to 
therapeutic efficacy. In addition, a long elimination half-life of 
some members of this class (e.g., itraconazole) results in a lag 
time as steady-state concentrations are achieved.

Spectrum of Activity and Pharmacodynamics
Although the imidazole derivatives are more selective in their 
cellular activity than amphotericin B (i.e., impairing the syn-
thesis of rather than binding to ergosterol), their spectrum of 
activity is broad and includes the dermatophytes (“ringworm”: 
Microsporum and Trichophyton species), yeasts, dimorphic 
fungi (blastomycosis, histoplasmosis, cryptococcosis, coc-
cidioidomycosis), Eumycetes, Actinomyces, and some Phyco-
mycetes.1,4,11,27,40,43 The efficacy against these organisms varies. 
Studies comparing the efficacies of the azoles in animals are 
limited at the time of this publication, although several are 
pending in the human-medicine literature.

In vitro MIC data regarding the relative susceptibility of 
selected organisms to itraconazole emphasize the variable 
susceptibility of fungal organisms to these drugs. Table 9-2 
provides MIC90 data for selected organisms and itraconazole. 
For dermatophytes, the MIC90 for Microsporum species is 250 
μg/mL versus for Trichophyton species 4 μg/mL. For other 
Eumycetes, MIC90 concentrations range from 0.130 μg/mL to 
more than 128 μg/mL.11,44 Fluconazole generally is consid-
ered to be fungistatic in action. This has been demonstrated 
for Candida sp. and C. neoformans.10 However, more recent 
data suggest that fungicidal activity may occur toward Can-
dida. Like fluconazole, itraconazole more consistently exerts 
a time-dependent, fungistatic effect toward most organisms. 
The MFC50 and MFC90 (μg/mL) have been reported for B. der-
matitidis (0.125, 3, respectively), H. capsulatum (2,  16), and 
C. immitis (>16 for both).15 However, it may exert fungicidal 

KEY POINT 9-6 The mechanism of action of the azoles will 
result in a lag time to efficacy, which may be prolonged 
further because of the time that must elapse before steady 
state concentrations are reached.

KEY POINT 9-7 Although not as efficacious as amphotericin 
B, the spectrum of the imidazoles is the broadest of the 
clinically used antifungal drugs.
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effects towards Aspergillus. The long half-lives of the imidaz-
oles will facilitate convenience of dosing despite their time-
dependent killing effects. Efficacy of itraconazole will be 
enhanced by the formation of its active metabolite, hydroxyl-
itraconazole, which may surpass the parent.45 As with other 
azoles, the spectrum of the third-generation imidazoles, 
posaconazole (similar in structure to itraconazole) and vori-
conazole (similar in structure to fluconazole), includes a vari-
ety of infecting fungal organisms. Their spectrums are very 
similar.10 Posaconazole has been demonstrated to be more 
potent than fluconazole toward Candida and should be effec-
tive against the dimorphic fungal organisms,46 although little 
information is available regarding its use. As with other azoles, 
voriconazole is fungistatic toward yeasts, exhibiting time-
dependent killing, but for some filamentous organisms may 
be -cidal. Its spectrum includes Candida sp., with MIC gener-
ally being 1 to 2 log lower than fluconazole; however, MICs are 
higher for fluconazole-resistant strains than for nonresistant 
strains. Voriconazole also is effective against C. neoformans, 
Trichosporon beigelii, and Saccharomyces cerevisiae. Addition-
ally, it is very effective against Aspergillus sp., including some 
strains resistant to amphotericin B; indeed, it is approved for 
the treatment of Aspergillosis in humans. Time-killing stud-
ies with Aspergillus demonstrate that, in general, amphoteri-
cin B is more efficacious but itraconazole less efficacious than 
voriconazole. Activity against B. dermatitidis, C. immitis, and 
H. capsulatum appears to be “reasonable” but “less” toward 
S. schenckii. Li15 compared the MICs of amphotericin B, itra-
conazole, and voriconazole and found voriconazole to be 
more active in vitro than amphotericin B for the mold forms of  
H. capsulatum, B. dermatitidis, and C. immitis, with activ-
ity being fungicidal (MFC50, MFC90, respectively) toward B. 
dermatitidis (0.125, 4) and some H. capsulatum (8, ≥ 32) (see 
Table 9-2). Fungicidal activity toward C. immitis is difficult 
to achieve (>32 for the MFC50). Activity Aspergillus also is 
fungicidal (MFC not provided) toward several dematiaceous 
molds.15 Many dematiaceous and hyaline molds resistant to 
amphotericin B (e.g., Scedosporium, Fusarium, Paecilomyces, 
Alternaria) are susceptible to voriconazole. However, zygo-
mycetes are not susceptible.42 Cutaneous infections by Leish-
mania species are clinically susceptible to ketoconazole.47 
Clotrimazole and miconazole are common drugs used topi-
cally for treatment of dermatophytosis (e.g., Conofite) or yeast 
(e.g., otic preparations such as Otomax). Both drugs, as well as 
other imidazoles (e.g,) appear to exhibit efficacy against gram-
positive organisms including staphylococci and anaerobes.

Resistance
Resistance to the azoles has been sporadic, generally occurring 
in immunocompromised patients receiving long-term therapy. 
Failed drug accumulation in the cell is a major mechanism of 
resistance (e.g., Candida sp., C. neoformans, Aspergillus  flavus, 
and A. fumigatus), caused by either decreased influx or for-
mation of efflux proteins. Two major efflux transport proteins 
have been identified, particularly for Candida sp. toward flu-
conazole: the multidrug-resistant protein, major facilitator 
superfamily (MFS; a proton-motive-force–based mechanism; 

e.g., CaMDR1) and the ATP-binding cassette (e.g., CDR1 and 
2). Resistance to azoles also may reflect altered interaction 
between the drug and targeted fungal CYP 450 enzyme; flu-
conazole appears more susceptible than itraconazole to muta-
tions that alter drug-receptor fit. Gene amplification leading to 
enhanced synthesis of the target protein also has been identi-
fied as a mechanism of resistance to azole derivatives. Finally, 
fungal organisms may circumvent the synthetic pathway 
inhibited by azoles or compensate for altered enzyme activity; 
for example, inhibition of ergosterol may result in the accu-
mulation of 14-methylated sterols that are less toxic than other 
compounds.3 Resistance to fluconazole appears to be increas-
ing. Widespread use of fluconazole for treatment of Candida 
has been associated with increased resistance of the drug for 
selected species. Whereas many molds (e.g., A. fumigatus) are 
inherently resistant to fluconazole,3 resistance of Aspergillus 
isolates to itraconazole is rare. Combinations with nonantago-
nistic antifungal agents might be considered for treatment of 
infections by organisms associated with antifungal resistance.

Pharmacokinetics
Only selected pharmacokinetic information is available for 
the imidazoles in dogs or cats (Table 9-5).Oral absorption 
of the imidazole derivatives varies with the drug and among 
animals. For many drugs oral preparations are not available. 
For example, enilconazole (imazalil) is not orally bioavailable. 
For other imidazoles the rate of absorption varies from 1 to 
4 hours. Oral absorption often depends on gastric pH, product 
preparation, and the presence of other drugs.48 Absorption of 
itraconazole and ketoconazole is enhanced by gastric acidity; 
these drugs should be administered with food.49 Alkaliniz-
ing drugs administered orally will decrease their absorption. 
Cyclodextrins are used to form complexes with the drugs, thus 
rendering the liphophilic drug soluble in solution, making 
oral solutions available for some drugs (e.g., Sporonix solu-
tion). In general, oral bioavailability should be anticipated 
to be better for these solutions than for capsules. Peak PDCs 
of itraconazole occur between 1 to 5 hours in cats and dogs. 
Bioavailability of capsules is approximately 20% in dogs and 
may be as little as 10% in cats, compared with close to 50% 
for the solution in cats and dogs.50,51 Decreased bioavailabil-
ity may be responsible for therapeutic failure associated with 
low PDCs in some animals (cats and dogs). Unpredictable oral 
administration of itraconazole prepared as a capsule limits its 
usefulness in humans; the solution, on the other hand, gener-
ates more predictable concentrations.17 Care should be taken 
with compounded preparations; oral absorption generally is 
not verified for these products, and adequate oral bioavail-
ability should not be assumed. Fluconazole is characterized 
by the best oral bioavailability among the imidazoles, being 
completely absorbed in cats;52 however, its efficacy, compared 
with that of itraconazole, is limited.

KEY POINT 9-8 Absorption of itraconazole and ketoconazole 
is enhanced by gastric acidity; these drugs should be 
administered with food.
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Distribution to tissues also varies among the imidazoles. 
Ketoconazole is up to 99% protein bound; the highest tissue 
levels occur in the liver, lung, and kidney (and cerumen). Itra-
conazole is also very highly protein bound in humans.4 There 
is minimal penetration of the CSF by ketoconazole, although 
fluconazole penetrates the CSF well, with serum to CSF PDCs 
ranging from 0.58 to 0.89 μg/mL. The volume of distribu-
tion of ketoconazole is only 0.87 L/kg in dogs compared with  
17 L/kg 5 L/kg for itraconazole in dogs51 and cats, respec-
tively.50 The  volume of distribution of fluconazole is 1.14 L/
kg in cats, with high concentrations occurring in the CSF 
and aqueous humor.52 The difference in distribution volume 
reflects, in part, distribution and accumulation to fat.51 Drug 
concentrations of itraconazole in the skin may exceed that in 
plasma by threefold to tenfold, with drug detectable 2 to 4 
weeks after therapy is discontinued.51 Although distribution of 
itraconazole to the CSF appears to be limited, therapeutic con-
centrations appear to be achieved in patients suffering from 
cryptococcal meningitis. Among the azole derivatives, fluco-
nazole has the best tissue distribution pattern and can achieve 
effective concentrations in CSF.

With the exception of fluconazole, the azole derivatives are 
eliminated by extensive oxidative (cytochrome P450) metabo-
lism with excretion as inactive metabolites into the bile and 
urine. However, metabolism of itraconazole generates an 
active hydroxylated metabolite, whose AUC may exceed that 
of the parent compound.53 Metabolism may be dose depen-
dent; elimination rate constants are lower and half-lives are 
longer at higher doses and with longer therapy. In contrast 
to the other imidazoles, fluconazole is eliminated principally 
(70%) in the urine. The half-life of the imidazoles varies, with 
that of ketoconazole being relatively short (1.4 hours in dogs). 
Fluconazole and itraconazole have longer half-lives, ranging 

from 22 to 32 hours in humans. The half-life of fluconazole 
in cats is 25 hours.52 The half-life of itraconazole in dogs is 51 
hours (itraconazole)52 versus 40 to 70 hours in cats (itracon-
azole);50 The longer drug elimination half-life must be taken 
into account because it results in a longer time to steady-state 
concentration and maximum therapeutic effect. However, it 
also allows the flexibility of once-daily (10 mg/kg) rather than 
twice-daily (5 mg/kg) dosing.

The disposition of voriconazole is complicated. Its disposi-
tion has been reported in dogs as part of a preclinical study 
(see Table 9-5).55 Beagles (n = 4) received multiple doses (8) 
of 6 mg/kg orally or 3 mg/kg intravenously using a crossover 
design; disposition was studied on day 1 and day 30 for each 
route. The AUC after single and multiple dosing (μg*h/mL) 
after the intravenous dose was 32 and 18, respectively, and after 
the oral dose 89 and 52, respectively, suggesting autoinduction. 
Other relevant parameters after single oral dosing were as fol-
lows: Cmax, 6.5 μg/mL at Tmax of 3 hours and apparent bioavail-
ability of 138%. The drug was 51% protein bound, indicating 
a concentration of approximately 3.25 μg/mL of active drug. 
For a safety study, Beagles (n = 6) also received oral doses of 3, 
6, or 12 mg/kg for 1 month. The apparent volume of distribu-
tion was 1.3 L/kg and clearance was 24 mL/min/kg, resulting 
in a calculated half-life of 6.3 hours. The Cmax increased in a 
slightly disproportionate dose- dependent manner, being 1.69 
± 0.83 μg/mL at 3 mg/kg and 10.3 ± 5.1 μg/mL at 12 mg/kg 
30 days after oral dosing. However, cytochrome P450 increased 
in a dose-related manner, resulting in a 1.7-fold increase in 
relative liver weight at the highest compared with the lowest 
dose. Autoinduction in dogs, which does not occur in humans, 
resulted in an increased clearance after multiple dosing, with 
these effects dissipating approximately 1 month after the drug 
was discontinued. For example, the mean Cmax after a single 
oral dose of 3 mg/kg in dogs was 6.5 μg/mL but only 1.7 after 30 
days dosing at the same dose. Although 55% to 87% of the drug 
ultimately was eliminated in the urine in dogs, only 5% was 
as the parent drug, indicating extensive hepatic metabolism. 
A major pathway of metabolism was generation of the N-oxide 

Table 9-5  Pharmacokinetic Data for Selected Imidazoles in the Dog

Drug
Dose (PO, Once) 
mg/kg Cmax μg/mL*

AUC (infinity)  
μg hr/mL Half-Life hr Oral Bioavailability %

Itraconazole52 5 3.55 ± 2.81 51 20 capsule
10 13.5 ± 8.5

Voriconazole55 3 6.5* 32 (IV); 89(PO)† 6.3 138
3 (30 days) 1.69± 0.83† 18 (IV);52
6 (30 days) 4.54±2.22
12 (30 days) 10.34 ± 5.1

Posaconazole56 10 3-3.5+ 43-57 7 65-72 (cyclodextrin)
10 0.2 (± 22%) at 7.6 hr 7.5 15 37-48 (methylcellulose)
10 (fed) 0.7 (± 28%) at 8 hr 27
40 (fed) 2.1 (±31%) at 9 hr 105

AUC, area under the curve; D, dog; IV, intravenous; PO, By mouth.
*50% protein bound.
†The lower Cmax and AUC after 30 days of dosing reflects autoinduction.
Vehicle dependent+

KEY POINT 9-9 Among the imidazoles, fluconazole is charac-
terized by the best oral bioavailability and distribution into 
the central nervous system.
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and hydroxylation metabolites as well as glucuronidation. The 
dose of voriconazole recommended for dogs can be based on 
pharmacokinetic–pharmacodynamic integration. The MIC90 
of most infecting microbes for which data are available will 
be achieved after 30 days at 3 mg/kg, even accounting for 50% 
protein binding in dogs. An exception occurs, however, for H. 
capsulatum, for which a higher dose is indicated. With a half-
life of 6 hours, based on time-dependent killing, at least twice 
the MIC of the infecting microbe should be targeted to allow 
for a 12-hour dosing interval. In humans dosing regimens are 
designed to reach 3 to 6 μg/mL in the plasma; accordingly, a 
dose of 3 to 6 mg/kg twice daily is recommended. However, 
the half-life in humans is long (6 to 24 hours, depending on 
the dose), and steady-state concentration requires 5 to 6 days 
of dosing. As such, a loading dose consisting of a double daily 
dose is recommended for the first day of therapy. This is not 
necessary in dogs: the shorter half-life precludes accumulation 
to a steady state. However, the shorter half-life will necessitate 
twice-daily dosing. Because of autoinduction in dogs, dosing 
regimens should not be extrapolated for cats from dogs without 
the support of pharmacokinetic studies.

Voriconazole is cleared primarily by hepatic metabolism to 
inactive metabolites by CYP 2C19 (the primary isoenzyme), 
2C9, and 3A4 being involved. Selected humans are considered 
“poor metabolizers” of the drug because of variation in CYP 
2C19. In humans the dose is halved in the presence of mild to 
moderate liver disease. The relevance of this to dogs, which 
autoinduce, is not known.

Very limited pharmacokinetic information is available for 
dogs receiving posaconazole (see Table 9-5).56 It was studied 
in two different vehicles (cyclodextrin or methylcellulose) 
during preclinical investigations. Absorption from the cyclo-
dextrin vehicle was better, resulting in a higher Cmax, greater 
AUC, and better oral bioavailability. Although the half-life 
following intravenous administration was approximately 8 
hours, the effective half-life is 15 hours after oral administra-
tion, probably reflecting slow absorption, as is indicated by a 
Tmax of 8 to 9 hours. Food enhanced absorption, increasing 
Cmax and AUC fourfold. Although Cmax increased more than 
two fold with multiple dosing, AUC was the same, indicating 
accumulation is not likely to be a clinical concern.

Preparations
Ketoconazole, itraconazole, and fluconazole are available for 
oral administration. Solutions are available for some products. 
Although their safety has not been documented for animals, 
fluconaozle (Diflucan) is available as an intravenous prepara-
tion that appears to be safe in cats when administered as a slow 
intravenous drip at 5 mg/kg. The solubility of imidazoles is poor 
and potentially toxic; solubilizing agents may cause adverse 
reactions. Cats also appear to tolerate a slow intravenous drip 
of itraconazole (5 mg/kg) with no adverse effects, although 
neither product is commercially available. Ketoconazole also 
is available in a topical preparation and a shampoo. Clotrima-
zole and miconazole are recommended only for localized der-
matophyte or yeast infections susceptible to topical treatment. 
Clotrimazole has been used topically to treat nasal aspergillosis. 

Enilconazole is a topically effective azole that has been used to 
treat nasal aspergillosis but is available in the United States only 
as a 13.8% poultry dip. It is available in Canada as a 10% solu-
tion approved for use in dogs and horses. The poultry dip has 
been used topically in the United States at a dilution of 1:50 in 
water in dogs and cats with no apparent adverse effects. Tercon-
azole is a new, topically active triazole that apparently has not 
yet been used for animals. However, an otic preparation con-
taining posaconazole (with orbifloxacin and an anti-inflamma-
tory) has recently been approved for dogs.

Drug Interactions
The azoles may interact synergistically with a number of anti-
fungal agents. Synergism with polymyxin B is benefited in otic 
preprations.3 Ketoconazole and, presumably, other azole anti-
fungals have synergistic antifungal activities with 5– flucytosine 
against Candida and Cryptococcus and with amphotericin 
against a variety of organisms. However, timing of amphoteri-
cin B and azole therapy is important. Azoles impair ergosterol 
synthesis, and therefore their use before amphotericin B may 
decrease its efficacy which is dependent on active cell wall syn-
thesis. Amphotericin B should begin either simultaneously with 
(azoles are characterized by a lag time to effect) or before azole 
administration. Enhanced efficacy has also been demonstrated 
for terbenifine and topical therapy (see Therapeutic Use).

Because the efficacy of the azoles depends on interaction 
with P450 (an oxidative enzyme responsible for drug metabo-
lism), drug interactions at the level of drug or steroid metabo-
lism should be anticipated in the patient. The azoles are both 
inhibitors and inducers of CYP isoenzymes; the extent to 
which an azole inhibits metabolism often depends on its rela-
tive affinity for host compared to fungal CYP 450.3,57 All of the 
clinically relevant imidazoles inhibit some CYP. These include: 
CYP3A4 (ketoconazole, itraconazole, fluconazole, voricon-
azole; (ketoconzole has a higher affinity than itraconazole); 
2C19 and 2C9 (ketoconazole, fluconazole, voriconazole); 2D6 
(ketoconazole); 2C8 (ketoconazole and voriconazole); and 1A2 
and 2E1 (ketoconazole). However, as has been demonstrated in 
dogs, voriconazole is an autoinducer and species differences in 
CYP interactions may be profound. When present, inhibition 
can be clinically relevant. It can be beneficial (e.g., the com-
bination of ketoconazole with cyclosporine in an attempt to 
prolong cyclosporine clearance in order to decrease the daily 
cost of this drug (see Chapter 31).58 In the author’s labora-
tory, the effect of ketoconaozle on cyclosporine concentrations 
appears to be quite variable, ranging from no effect to a dra-
matic increase. Kukanich and Borum59 found that ketocon-
azole (approximately 13 mg/kg for 5 days) did not appear to 
affect the intravenous disposition of morphine in Greyhounds.

However, more commonly, inhibition is associated with 
adverse reactions. The author is aware of two cases of marked 
increases in phenobarbital concentrations (to over 85 μg/mL) 
in epileptic dogs receiving fluconazole or itraconazole, respec-
tively, for treatment of Malassezia; one of the dogs was eutha-
nized resulting from (assumed) liver disease. More recently, a 
dog receiving deracoxib and also developed a perforated duo-
denal ulcer receiving ketaconazole for a skin yeast infection. 
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Itraconazole appears to cause autoinhibition; changes in the 
elimination half-life of intractonaozle have been documented 
in cats receiving long-term therapy (>6 weeks).50 In humans, 
the risk of drug interactions involving voriconazole is high, 
perhaps more so than with the other azoles. Their magnitude 
and impact in dogs and cats needs to be clarified. Clinically rel-
evant drug interactions have been documented for a number 
of drugs administered in concert with voriconazole; avoidance 
of other drugs administered by the liver would be prudent.42

Not all drug interactions involve inhibition of CYP. Clot-
rimazole is a potent inducer of CYP3A and miconazole of CYP 
1A and 2E; even ketoconazole is an inducer of CYP 2, although 
it is less potent than clotrimazole (see Chapter 2 for drugs 
metabolized by CYP isozymes). As previously discussed, vori-
conazole is an inducer of CYP in dogs. Ketoconazole interferes 
with sex hormones and corticosteroids by displacing them 
from globulins and perhaps by interfering with their synthesis. 
Ketoconazole inhibits lanosterol14-demethylase (cholesterol 
synthesis; CYP51) and two hydroxylase enzymes responsible 
for steroid metabolism as well as a key enzyme involved in tes-
tosterone synthesis. As a result of its effects on steroid synthe-
sis, ketoconazole has been used to treat hyperadrenocorticism 
and to impair testosterone synthesis in patients with prostatic 
hypertrophy or prostatic cancer. Ketoconazole has caused 
lightening of the hair coat of some dogs.60 Willard and cowork-
ers60 reported depressed basal cortisol and testosterone con-
centrations and ACTH response by cortisol at 30 mg/kg/day.  
A rebound response was seen after ketoconazole was discontin-
ued. Serum progesterone concentrations were also decreased. 
Aldosterone was not decreased. Cats receiving 30 mg/kg/
day for 30 days developed dry hair coat and weight loss but  
no changes in testosterone or progesterone concentrations.61

Finally, not all clinically relevant drug interactions involving 
imidazoles reflect effects on cytochrome P450. The imidazoles 
in general are substrates for P-glycoprotein, and ketoconazole 
is a known inhibitor.62 Accordingly, other drugs that serve as 
substrates for P–glycoprotein are likely to be absorbed to a 
greater extent. Thus ketoconazole can affect (increase) cyclo-
sporine A concentrations following oral administration with-
out affecting cyclosporine elimination half-life as has been 
documented in the author’s laboratory.

Toxicities and Side Effects
In general, the imidazoles are not characterized by the complex 
toxicities that are associated with amphotericin B. Because the 
azoles interfere with synthesis of ergosterol rather than bind-
ing the sterol, the host toxicities typical of those induced by 
amphotericin do not occur.63 Gastrointestinal toxicities are the 
most common and are not severe.4,40,27,54,64 Nausea and vom-
iting can usually be prevented by administration of the drug 
with food. Hepatotoxicity with ketoconazole has been reported 
in humans. Mayer and colleagues65 retrospectively reported 

adverse effects of ketoconazole in dogs. Medical records in 
Australia (n = 296), Germany (n = 35), and the United States  
(n = 301) were reviewed, and adverse events were reported in 92  
(14.6%). Doses ranged from 2.6 to 33.4 mg/kg, with an average 
daily dose of 11.2 mg/kg. The frequency of adverse events was 
as follows: vomiting (7.1%), anorexia (4.9%), diarrhea (1.1%), 
and lethargy (1.9%). Uncommon side effects included pruritis 
(0.6%) and ataxia, polyuria, and polydipsia; causal relation-
ships were difficult to establish for the uncommon reactions.

Side effects to itraconazole are limited to gastrointesti-
nal symptoms (nausea and vomiting), which may be related 
in part to the vehicle if associated with the oral solution (a 
cyclodextrin carrier).3 One case of cutaneous drug eruption 
typical of erythema multiforme caused by itraconazole has 
been reported in a dog;67 idiopathic vasculitis has also been 
reported.54 Fluconazole is associated with very few side effects; 
hematologic disorders may occur particularly in profoundly ill 
patients; otherwise, side effects appear to be limited to gastro-
inestinal and cutaneous reactions.

Isolated cases of hepatotoxicity have been reported with 
itraconazole and fluconazole. A retrospective study of dogs 
with blastomycosis found 5% to 10% of dogs treated with itra-
conaxole (5 to 10 mg/kg bid) developed hepatotoxicity with the 
effect dose dependent.119 A dose dependency has been docu-
mented in one case with fluconazole. Patients with impaired 
liver function may be predisposed to worsening hepatic func-
tion induced by the azole antifungal drugs. The occurrence 
of liver disease in animals treated with itraconazole is con-
troversial. Cats receiving 5 and 10 mg/kg twice daily showed 
no adverse effects (including weight loss) after receiving itra-
conazole for 6 weeks.50 However, one study of enilconazole 
applied as a 0.2% solution once every 3 days to Persian cats in 
a cattery indicated potential gastrointestinal signs in the cats, 
including salivation, anorexia, increased liver enzymes, and 
emesis and muscle weakness.66 Nausea, vomiting, skin rash, 
thrombocytopenia, and hypokalemia have also been reported 
with fluconazole therapy. The author dealt with acute hepa-
topathy in a cat treated topically with a commercial over the 
counter preparation of clotrimazole; the owner treated a large 
cutaneous wound topically several times a day. The hepatopa-
thy resolved within several days of discontinuing therapy.

Voriconazole is associated with a number of side effects. 
Interestingly, voriconazole (but no other azole) causes vision 
disturbances in humans. Disturbances are characterized 
by loss of color discrimination, blurred vision, bright spots, 
wavy lines, and photophobia; up to 30% of human patients 
are afflicted, although the drug rarely is discontinued because 
of this effect. Visual hallucinations are reported in 5% of 
human patients. Experimentally, voriconazole produced dose- 
dependent changes in the electroretinogram of dogs at plasma 
levels comparable to those in humans.68 Skin rashes also 
commonly occur; although most are mild, occasional severe 
reactions (e.g., Stevens–Johnson syndrome) occur. Clinical 
signs resolve when the drug is discontinued. As with other 
azoles, voriconazole is associated with increased hepatic leak-
age enzymes as well as serum alanine phosphatase; increased 
liver weight occurred experimentally in dogs after 1 month 

KEY POINT 9-10 All imidazoles appear to impact drug-
metabolizing enzymes, with inhibition being most common 
and clinically relevant.
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of dosing at 3 mg/kg.68 Hepatotoxicity should be assumed 
to be dose and duration dependent. Although most changes 
are asymptomatic, severe hepatopathy has been reported in 
humans receiving voriconazole, with effects apparently dose 
dependent. Hepatic function might be measured before and 
2 weeks into therapy and then every 2 to 4 weeks. The use of 
N-acetylcysteine, S–adenosylmethionine, or other hepatopro-
tectants might be considered. Again, because dogs appear to 
autoinduce, the impact of voriconazole on the liver is not clear. 
Other gastrointestinal side effects include nausea, vomiting, 
diarrhea, and abdominal pain.42 Although voriconazole is not 
nephrotoxic, nor is it eliminated in the urine, the carrier of 
the intravenous preparation may accumulate in patients with 
impaired renal function, and therefore the intravenous prepa-
ration should not be used in these patients.42

Therapeutic Use
In general, itraconazole and fluconazole are more  efficacious 
against many organisms than ketoconazole; however, the spec-
trum of fluconazole is limited compared with that of itracon-
azole. Ketoconazole has been used effectively for dermatophyte 
infections; mucocutaneous candidiasis; and many systemic 
mycoses in both dogs and cats. Ketoconazole has been reported 
to be effective in the treatment of dermatophytosis,70,71 blasto-
mycosis,72 histoplasmosis,73 coccidioidomycosis,74 and cryp-
tococcosis.75 Ketoconazole probably should not be used alone 
for treatment of canine blastomycosis; recommendations are 
to use amphotericin in addition to ketoconazole. Higher doses 
also are indicated for systemic cryptococcosis and coccidioi-
domycosis. Ketoconazole also has proved effective for treat-
ment of Malassezia dermatitis, and candidiasis. It is available 
as a topical shampoo that can be useful for treatment of der-
matophytosis or Malassezia. Ketoconazole has little efficacy 
(43%) against Aspergillosis species, fluconazole more efficacy 
(although some isolates, including A. fumigatus, are inher-
ently resistant), and itraconazole most efficacy (60% to 70%). 
Fluconazole has been used successfully to treat ketoconazole-
resistant strains of Candida. Equal efficacies of itraconazole 
and fluconazole have been shown for cryptococcal meningitis, 
despite relatively poor penetration of the CSF by itraconazole. 
Both are equally effective in Candida-induced pyelonephritis. 
Comparison of ketoconazole and fluconazole reveals flucon-
azole to be more active against coccidioidal meningitis.

Among the imidazoles, itraconazole and fluconazole are 
being used more consistently than the others for systemic treat-
ment of susceptible fungal infections. For itraconazole76 con-
ditions successfully treated include blastomycosis54 (including 
ocular77), histoplasmosis,78 cryptococcosis (including menin-
gitis),79–81 sporotrichosis,82 aspergillosis,83 dermatophytosis,64 
dermatophytic pseudomycetomas,84,85 phaeohyphomycosis,86 
and cutaneous Alternaria.87 Efficacy against Aspergillosis 
is better than that clinically recognized for any other agent 
(not including newer drugs), and although resistance is rare, 
treatment failure rates of up to 50% have been reported for 
itraconazole. In animals administration of itraconazole at a 
rate of 5 mg/kg twice daily is efficacious in the treatment of 
blastomycosis and histoplasmosis. After administration of  

10 mg/kg, the Cmax for itraconazole in dogs was 13.5 ± 8.5 μg/
mL versus 3.55 ± 2.81 μg/mL at 5 mg/kg. Although the MIC90 
of most infecting fungal organisms will be achieved at 5 mg/
kg, at the higher 10 mg/kg dose, the MFC for itraconazole will 
be achieved for B. dermatitidis, almost reached for H. capsula-
tum, but not reached for C. immitus. However, the incidence 
of adverse effects may be greater at this higher dose.54 Con-
centrations will be higher at steady state. The efficacy of itra-
conazole against coccidioidomycosis is equivocal, requiring 
long-term therapy. Relapse of disease appears to be common. 
Despite the larger MIC for dermatophytes compared to other 
susceptible fungal organisms, itraconazole at 1.5 to 3 mg/kg 
every 24 hours was effective in 8 of 15 cats in one uncontrolled 
clinical trial for treatment of dermatophytosis.64 Fluconazole 
is only modestly effective toward sporotrichosis; itraconazole 
should be considered first-line therapy.69

Itraconazole has been used to treat canine blastomycosis 
(5  mg/kg/day); sporotrichosis (7.5 mg/kg/day); and, in con-
junction with surgery, nasal aspergillosis (10 mg/kg/day). In 
cats it has proved effective for treatment of cryptococcosis 
and histoplasmosis. The dermatologic pharmacokinetics of 
itraconazole support pulse therapy, which has been used in 
human medicine for treatment of selective dermatologic fun-
gal disorders. Treatment occurs for 2 consecutive weeks of 
daily administration each month for 3 consecutive months.88 
One report of itraconazole used to treat dermatophytosis 
noted similar success with this technique.64

There are few reports regarding the efficacy of fluconazole 
for treatment of fungal infections in animals; infections that 
have been treated include blastomycosis,89 cryptococcosis,74 
and nasal aspergillosis.90 Efficacy has, however, been demon-
strated toward a variety of fungal disorders in humans. Pulse 
dosing (once weekly) of fluconazole also has been described 
for treatment of skin infections in people.

Enilconazole has excellent in vitro activity against a number 
of organisms, but its topical use is limited to dermatophytes 
and nasal aspergillosis. Miconazole also is limited to topical 
use; combination with polymyxin B yields synergistic activity.

Newer azoles are likely to prove even more efficacious than 
fluconazole and itraconazole for the treatment of aspergillosis 
and coccidioidomycosis. Voriconazole is approved for treat-
ment of selected infections, but in particular aspergillosis. 
The maintenance dose in humans is approximately 2 to 5 mg/
kg twice daily. In human patients who have not responded 
adequately to traditional therapy for treatment of aspergillo-
sis, 38% had a partial to complete response to voriconazole 
used as salvage therapy. In a study of invasive aspergillosis in 
humans, 53% of patients receiving voriconaozle responded 
(partial to complete) within 12 weeks compared with only 
32% of patients receiving amphotericin B; survival rates 
were 71% and 58%, for each drug, respectively.42 Because of 

KEY POINT 9-11 In general, itraconazole and fluconazole 
are more efficacious against many organisms than keto-
conazole; however, the spectrum of fluconazole is limited 
compared with that of itraconazole.
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superior clinical response, safety, and survival, treatment of 
immuncompromised human patients with voriconazole was 
demonstrated to be economically superior to treatment with 
amphotericin B.91 For Pseudallescheria/Scedosporium, major 
pathogens in human immunocompromised hosts normally 
resistant to amphotericin B and Fusarium sp., response rate 
was 30% to 63% and 50%, respectively, for the two species. 
Despite excellent in vitro efficacy against C. neoformans and 
good CNS penetration, voriconazole is not recommended 
for treatment of Cryptococcosis, in part because of its failure 
in human patients. The same may be true for blastomycosis, 
histoplasmosis, and coccidiodomycosis. Although effective in 
animal models, successful therapy with voriconazole for these 
organisms has not been demonstrated in humans. A salvage 
approach might be considered for these organisms.42

A single case report describes the successful treatment with 
posoconazole of a fungal disorder caused by Mucor (Zygomy-
cetes class; Mucorales order) species on the nose of a 15-year-
old cat.91a After poor response to fluconazole, the cat was 
treated at 5 mg/kg daily for 3 months, with initial response 
evident in 2 weeks and continued response for the remainder 
of the 3-month treatment period.

Terbinafine was shown to enhance efficacy when combined 
with itraconaozle or fluconazole when treating candidiasis 
characterized by low susceptibility to the azoles.92 Indeed, 
combination with benzoyl peroxide topically enhanced treat-
ment of candidiasis associated with Pseudomonas and Staphy-
lococcus aureus infections in humans.93

BENZIMIDAZOLES

Benzimidazoles (e.g., thiabendazole) may be better known 
for their anthelmintic activity, but many also are character-
ized by a broad range of antifungal activity at relatively low 
doses. Benzimidazoles bind to β-tubulin of the microtubule. 
Not only is mitosis blocked, but selected organelles also are 
displaced, such as mitochondria in hyphal tips, which alters 
linear growth. Unfortunately, resistance generally caused by 
point mutations in the β-tubulin genes, limits the antifungal 
activity of the drugs. The spectrum of thiabendazole is limited 
to the dermatophytes (toward which activity can be -cidal) 
and, to a lesser degree, A. fumigatus, penicillinosis, and some 
Fusarium species. Thiabendazole also is effective against Pneu-
mocystis carinii. Its use as an antifungal is largely limited to 
topical therapy (e.g., otitis externa).

ECHINOCANDINS

The echinocandins are the first new antifungal drugs to be 
developed in the last 15 years.94 Originally elucidated from dif-
ferent fungal organisms, including Aspergillus, they are synthet-
ically modified lipoproteins derived from fermentation broth 
of a number of organisms.95 Included in the chemicals identi-
fied thus far are aculeacin A, echinocandin B, pneumocandin 
B, enfumafungin, and papulacandins. These chemicals inhibit 
the synthesis of β-D-glucan (the major glucan in the cell wall 
of Aspergillus), disrupting the fungal cell wall (see Figure 9-1). 

Their novel mechanism of action results in rapid fungicidal 
effects for some organisms with minimal side effects.96 Caspo-
fungin (see Figure 9-2) is the first of the drugs to undergo 
approval in the United States. Its spectrum of activity is limited 
but does include Candida sp. and Aspergillus sp.; the drug is 
approved to treat the latter. Other drugs include micafungin 
and anidulafungin, both approved to treat candidiasis.

The large molecular weight of the echinocandins and poor 
oral absorption limit use to intravenous administration. Drug 
does not distribute well into the urine or CNS. Concentrations 
in the lungs approximate those in the plasma. The compounds 
undergo phase I metabolism to inactive metabolites. Despite 
its metabolism by the liver,97 capsofungin does not serve as 
a substrate for major CYP 450. However, selected drugs will 
alter capsofungin, disposition, including cyclosporine (which 
increases it). In humans caspofungin acetate is characterized 
by an elimination half-life of 9 to 10 hours but is adminis-
tered once daily. Capsofungin is involved in few drug inter-
actions. Side effects are unusual but include phlebitis, fever, 
nausea, skin rash, and abnormal liver function. Despite low 
CNS concentrations, human cases of cerebral aspergillosis 
have responded to caspofungin treatment. The ability to kill 
Aspergillus is controversial; generation of cell wall–deficient 
colonies in vitro may be associated with organism viability. 
The optimal dose has not yet been established in humans; gen-
erally a loading dose of 70 mg is followed up by doses of 50 to 
70 mg daily. A ceiling dose of 1 mg/kg has been suggested, but 
doses of micafungin as high as 300 mg daily (up to 8 mg/kg 
daily) was not associated with toxicity in humans.94 Efficacy 
has been demonstrated against fluconazole-resistant strains of 
Candida. However, Cryptococcus is resistant. Although Fusar-
ium is resistant, Scedosporium is moderately susceptible and 
Saccharomyces is susceptible.

FLUCYTOSINE

Structure–Activity Relationship
5-Flucytosine (FLU; 5-fluorocytosine) was originally devel-
oped as an anticancer drug much the same as its sister anti-
cancer drug, 5-fluorouracil. It is a water-soluble powder.

Mechanism of Action
As an antimetabolite, FLU interferes with DNA synthesis after 
its conversion to 5–fluorouracil, a substitution compound that 
prevents synthesis in the fungal cell.4,40 The compound enters 
the cell by way of cytosine permease, which also takes up 
adenine, guanine, hypoxanthine, and cytosine.3 The enzyme 
responsible for conversion of FLU to 5–fluorouracil is a cyto-
sine deaminase, an enzyme whose absence in mammalian 
cells renders FLU relatively specific for fungal cells. The effect 
of FLU depends on subsequent metabolism: if converted by 
pyrimidine processing enzymes to a uridine monophosphate 
derivative, inhibition of thymidylate synthase and DNA syn-
thesis yields -cidal effects. Alternatively, it can be converted by 
way of a pyrimidine salvage pathway resulting in metabolism 
to a uridine-5’-triphosphate derivative. Subsequent incor-
poration into RNA results in impaired protein synthesis and 
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fungistatic effects (Candida, Cryptococcosis). Many organ-
isms are intrinsically resistant to FLU because they either lack 
the permease enzyme or have a defective deaminase enzyme. 
Resistance also develops relatively rapidly, particularly for 
aspergillosis followed by cryptococcosis and candidiasis (espe-
cially Candida krusei).3 Secondary resistance usually reflects a 
decrease in an enzyme responsible for formation of uridine 
monophosphate. Use in combination with another antifungal 
agent reduces the development of resistance.

Spectrum of Activity
The spectrum of activity of FLU is limited and includes cryp-
tococcosis, candidiasis and some cladosporiosis, aspergillosis, 
chromomycosis, and sporotrichosis. It has been the treatment 
of choice for cryptococcosis in humans.4,40 Combination ther-
apy is usually indicated (e.g., amphotericin, ketoconazole). 
When FLU is used alone, resistance develops rapidly. Syner-
gism occurs with amphotericin B and probably with ketocon-
azole (or other imidazoles).

Pharmacokinetics
Oral absorption of FLU is rapid and close to complete. Peak 
plasma concentrations occur in 1 to 2 hours. Distribution is 
large, to total body water. Protein binding is minimal, and CSF 
concentrations reach up to 90% of plasma concentrations. 
Penetration of aqueous humor and joints is good. The half-life 
of FLU is 3 to 6 hours. Most of the drug is excreted into the 
urine unchanged. Renal clearance is similar to that of creati-
nine and thus may be significantly decreased if renal dysfunc-
tion is present. Doses will probably need to be modified for 
patients with renal disease.

Preparations
Flucytosine is available as an oral preparation.

Side Effects
Because FLU interferes with DNA synthesis, body systems 
composed of rapidly dividing cells are adversely affected. Bone 
marrow depression is manifested as anemia, leukopenia, and 
thrombocytopenia (pancytopenia). This toxicity may be seri-
ous and is more common in patients with renal disease. Gas-
trointestinal toxicity is manifested as nausea, vomiting, and 
diarrhea, but it is not usually serious. Reversible, erythemic, 
alopecic dermatitis has been reported in dogs.

GRISEOFULVIN

Structure–Activity Relationship
Griseofulvin (see Figure 9-1) is produced from a Penicillium 
species bacterium. The drug is insoluble in water.

Mechanism of Action
Griseofulvin enters fungi through an energy-dependent trans-
port system. Griseofulvin inhibits fungal mitosis by binding to 
the microtubules that form the mitotic spindle. The formation 
of microtubules from tubulin is inhibited. Formation of cyto-
plasmic microtubules responsible for transport of endogenous 

compounds also is inhibited. Other drugs, such as colchicine 
and vincristine, which also bind to and inhibit the microtu-
bule, do so at a site that is different from that of griseofulvin. 
Griseofulvin also probably inhibits nucleic acid and fungal 
wall synthesis. It is not certain if griseofulvin is fungistatic or 
fungicidal. Resistance probably reflects decreased drug uptake.

Spectrum of Activity
The spectrum of activity of griseofulvin reflects the presence 
of an energy-dependent transport system in the fungal organ-
ism. Those with prolonged energy-dependent transport sys-
tems are susceptible, whereas those with independent systems 
of short duration are not. Efficacy is limited to dermatophytes: 
Microsporum, Trichophyton, and Epidermophyton. Because of 
its distribution into keratin, griseofulvin remains the drug of 
choice for fungal infections of the nails.

Pharmacokinetics
Oral absorption varies because of water insolubility and 
depends on particle size and preparation. Absorption is 
increased in the presence of fat. The rates of dissolution and 
disaggregation alter the bioavailability of different products. 
Bioavailability of the ultramicrosize is at least 50% greater than 
that of the microsize. Although griseofulvin penetrates the 
stratum corneum, it does not achieve effective concentrations 
topically. Griseofulvin is widely distributed to most tissues, 
but it is deposited and concentrated in keratin precursor cells. 
Thus it is incorporated in new keratin of skin, nails, and hair 
and (in humans) is secreted in perspiration. Although new 
keratin formed during treatment with griseofulvin is resistant 
to fungus, griseofulvin does not destroy fungi that infect the 
outer layers of the skin. New hair, skin, or nail growth accom-
panied by shedding of older growth is necessary before the 
fungus is affected; new growth is the first to be free of disease. 
Thus skin infections require 4 to 6 weeks of therapy, whereas 
toenails may require up to a year of therapy. Long hair breeds 
probably should be treated for a longer period of time com-
pared to short hair breeds.

Hepatic metabolism of griseofulvin by dealkylation is sig-
nificant; metabolites are not active. The half-life reportedly is 
24 hours in the dog. Half of the drug is excreted as metabolites 
in the urine. The rest is excreted through the bile unchanged 
in the feces.

Preparations
Griseofulvin is available for oral use as either a microsize (par-
ticle size 10 μm) or ultramicrosize (particle size 2.7 μm; e.g., 
Fulvicin, Gris-PEG) tablets. The drug should be administered 
with a fatty meal, particularly if the microsize preparation is 
used. Duration of therapy is at least 4 to 6 weeks (new hair 
growth must occur) and possibly longer. The drug should be 
administered at least once a day despite initial reports that rec-
ommend one weekly administration.

KEY POINT 9-12 Treatment with griseofulvin must be suffi-
ciently long for new growth to replace infected growth.



388 Drugs Targeting Infections or Infestations SECTION 2

Side Effects and Drug Interactions
Side effects to griseofulvin are not uncommon. Nausea, vom-
iting, and diarrhea can be minimized by administration of 
the dose in divided increments with a meal. Hepatotoxicity 
may occur, and use in liver disease should be avoided. Idio-
syncratic toxicity has been reported in the cat, manifested as 
gastrointestinal upset, neurologic disease, and bone marrow 
suppression.98 The reaction appears to be both dose and dura-
tion independent. Signs may not be reversible, depending on 
the severity. Cats with feline immunodeficiency disorders may 
be more likely to develop neutropenia.99 Certain feline breeds 
(e.g., Persian, Siamese, Abyssinian) may be more commonly 
affected.98 At very high doses, the drug is teratogenic and car-
cinogenic in animals. The drug should not be given during the 
first two trimesters of pregnancy. Use with a shampoo (micon-
azole or chlorhexidine) enhances efficacy.

Griseofulvin is a potent inducer of microsomal enzymes. 
The clinical sequelae of this drug interaction are not well 
known, although increased metabolism of other drugs should 
be anticipated.

ALLYLAMINES AND THIOCARBAMATES

The allylamines (e.g., terbinafine, naftifine) and the much older 
thiocarbamates (e.g., tolnaftate) competitively inhibit squa-
lene epoxidase, blocking conversion of squalene to lanosterol, 
leading to squaline accumulation and ergosterol depletion in 
the cell membrane. Terbinafine has a much higher affinity for 
fungal compared with mammalian squaline epoxidase. Aviod 
uptake of terbinafine into body fat and epidermis enhances and 
potentially limits its efficacy to dermatophytes and superficial 
pathogens of the skin. Antifungal effects are -cidal in these 
organisms; it has proved more efficacious than griseofulvin for 
both acute and chronic dermatophyte infections in humans. 
Efficacy has also been demonstrated against S. schenckii and 
Aspergillus (A. flavus more so than A. fumigatus). Although 
it is not clear if effective tissue concentrations are acheived, in 
vitro activity toward B. dermatitidis, C. immitis, and H. cap-
sulatum has also been described as excellent. Some strains of 
Crypotococus sp. also are susceptible. In vitro activity also has 
been demonstrated toward Rhizopus, Alternaria, Phialophora, 
Chrysosporium, and Exophiala spp.3,100 Fungistatic efficacy has 
been demonstrated against yeasts,101 with activity being poor 
toward Candida.3 Increasingly, terbinafine has enhanced the 
efficacy of other antifungal drugs when used in combination 
for treatment of a variety of fungal disorders and pythiosis.100b 
Terbinafine expresses some antibacterial activity; for exam-
ple, when combined with benzoyl peroxide, its topical spec-
trum (in human) is expanded to include Pseudomonas and 
Staphylococcus.100b In contrast to terbinafine, tolnaftate is 
limited to treatment of dermatophytes. Resistance to the allyl-
amines is rare, but the drugs potentially can be affected by 
multidrug resistance efflux mechanisms.3

Terbinafine, available in oral and topical preparations, 
is well absorbed (80% in humans) after oral administra-
tion, although fat facilitates absorption. High concentrations 

occur in the stratum corneum, sebum, and hair. The drug is 
metabolized by the liver in humans; the elimination half-life 
is sufficiently long to allow once-daily administration, with 
steady state not occurring for 10 to 14 days in humans.3,102 An 
abstract reporting pharmacokinetics in cats suggested that a 
dose of 20 to 40 mg/kg once daily provided sufficient concen-
tration of drug in the skin. The drug was well tolerated at this 
dose.103 Side effects of terbinafine after oral administration 
are limited to gastrointestinal and skin symptoms; hepatobil-
lary dysfunction is a rare adverse event.3 Because inhibition of 
ergosterol synthesis occurs at a step before cytochrome P450 
involvement, the allylamines do not affect steroid synthesis as 
do the imidazoles.

IODIDES

The mechanism of antifungal action of the iodides is not 
known. Iodide is rapidly and completely absorbed orally. 
Distribution is to the extracellular fluid. Thyroid uptake will 
concentrate the drug up to 50 times that in plasma. Iodide is 
available as a 20% Na and K+ salt oral or intravenous prepa-
ration. Both salts have been used successfully to treat canine 
and feline cutaneous or lymphocutaneous forms of sporotri-
chosis, and, as such, it remains the drug of choice.104,105 Oral 
Na+ preparations are usually used. Iodide toxicity is more 
common in cats and is manifested as sweating; tachycardia; 
dry, scaly coat; diarrhea; and polyuria/polydipsia. Cardiomy-
opathy has been reported in cats. Treatment causing clinical 
signs of iodinism should be discontinued for 1 week and then 
reinstituted at a lower dose. Iodine has also been reported to 
be effective for various other fungal diseases, particularly as a 
topical ointment for localized skin infections. Topical iodine 
preparations continue to be available and might be used to 
treat fungal rhinitis (discussed later).

LUFENURON

Lufenuron is a chitin synthetase inhibitor used for the con-
trol of fleas in dogs and cats. Its use for the treatment of der-
matophytes is controversial. A retrospective study of dogs 
and cats found that dogs treated with once-daily administra-
tion of 50 to 60 mg/kg responded (based on skin scraping) 
within 21 days. Cats received doses that ranged from 50 to 
266 mg/kg, with response in 8 to 12 days. However, clinical 
trials have not been able to accomplish what the retrospec-
tive study implied. A study describing efficacy at a single 
dose of about 80 mg/kg every 2 weeks until culture cure 
was followed by clinical trials that failed to eradicate or pre-
vent infection at 140 mg/kg. When combined with weekly 
enilconazole shampoos, 60 mg/kg every 30 days caused clin-
ical response in most cats in a cattery after several weeks of 

KEY POINT 9-13 Although the distribution of terbinafine 
supports its efficacy to treat dermatophytes, it may also 
enhance the efficacy of other antifungal drugs toward other 
organisms.
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therapy; however, not all animals became culture negative, 
and relapse occurred.3 Several abstract reports have failed to 
demonstrate efficacy, despite differences in duration or dose. 
This includes studies using established animal models for 
which itraconazole is effective.106 Moriello and colleagues107 
could not demonstrate a protective effect of lufenuron (30 or 
122 mg/kg monthly for 2 months) when used before experi-
mental infection of juvenile cats with Microsporum canis. 
Studies based on combination rather than sole therapy may 
provide more information.

COMBINATION THERAPY

Combination antifungal therapy has been reviewed in human 
medicine,108 including the molecular basis.9 Indications 
include patients at risk (immunocompromised). Few clini-
cal studies provide conclusive evidence for or against com-
bination therapy.108 In vitro studies examining combination 
therapy often used different methods, limiting the ability to 
determine a consensus. Among the difficulties with clinical 
studies is the more common use of combinations in patients 
with greater severity of disease, thus biasing results. Not sur-
prisingly, sample size is often too small to demonstrate sig-
nificant differences. In vitro data for C. neoformans exposed to 
ampohtericin B, when combined with imidazoles, indicates, 
in order of minimal to most synergistic effect, fluconazole = 
itraconazole < posaconazole.9 The combination of flucyto-
sine with itraconazole indicated the most synergistic activity 
toward C. neoformans. In contrast, for candidiasis, the order 
of least to most synergistic activity when imidazoles are com-
bined with terbinafine was fluconazole < posaconazole < 
itraconazole < voriconazole.9 In animal (mice) models, the 
addition of fluconazole offered no benefit to amphotericin B 
for treatment of cryptococcosis. Flucytosine potentiated the 
effect of fluconazole but not posaconazole for treatment of 
C. neoformans. The most effective combination was ampho-
tericin with flucytosine; the addition of fluconazole to this 
combination reduced the fungal burden even more. The effi-
cacy of voriconazole toward aspergillosis was enhanced by 
caspofungin.

The combination of antifungals with other drugs not tra-
ditionally considered antifungal may offer enhanced clinical 
response. For example, combination therapy with antibacteri-
als that target DNA may enhance efficacy. Examples include 
the fluroquinolones and the rifamycins.9 Rifampin has shown 
some efficacy against fungal microorganisms (H. capsula-
tum, Aspergillus sp., and B. dermatitidis) when combined 
with amphotericin B. Amphotericin B apparently facilitates 
movement of rifampin through the fungal cell wall into the 
organism, where RNA polymerase then can be accessed. A 
beneficial effect has been demonstrated in vivo (but not in 
vitro) for trovafloxacin combined with fluconazole or ampho-
tericin G. In vitro efficacy has been demonstrated for the latter. 

The combination of traditional antifungal agents with terbin-
afine or chitin synthesis inhibitors (e.g., caspofungin) may also 
prove to be effective combinations for treatment of selected 
infections (e.g., coccidioidomycosis, aspergillosis, and others).

Among the drug combinations currently being actively 
researched are antifungal agents with immunomodulators. 
Included are cytokines such as granulocyte or macrophage 
colony-stimulating factors or interferon γ-1b. In contrast, the 
impact of calcineurin antagonists (e.g., tacrolimus and cyclospo-
rine) is one of exacerbation, at least for cryptococcal meningitis.

THERAPEUTIC USE OF ANTIFUNGAL 
AGENTS

Dermatologic Fungal Infections: 
Dermatophytosis
A number of fungal organisms inhabit the hair coats of dogs 
and cats. Alternaria, Cladosporium, and yeasts may be asso-
ciated with dermatitis. Dermatophytes can be isolated from 
normal animals or can be a cause of infection. Dermatophyte 
infections generally are self-limiting, with ability to mount 
an inflammatory response being an important determinant 
of infection control. Accordingly, drugs such as glucocorti-
coids, which mute the inflammatory response, predispose a 
patient to dermatophyte infection; dermatophytosis infection 
is 3 times more prevalent in cats infected with feline immuno-
deficiency virus than in noninfected cats.66 The route of drug 
administration (topical versus systemic therapy) depends on 
the extent of infection, with the exception of Trichophyton 
infections, which should be treated systemically.

Topical therapy is indicated for all patients with derma-
tophytosis and may be the sole therapy for local, nondif-
fuse lesions. Hair coat preparation before medication should 
include clipping and bathing to remove hair and crusts. 
Several medicaments are available as shampoo, ointment, 
or cream formulations for topical therapy (see Table 9-5). 
Active ingredients include povidone–iodine, chlorhexidine, 
and imidazole. Other active ingredients that can be applied 
topically include captan, lime sulfur, and sodium hypochlo-
rite. Short-term topical glucocorticoid therapy might be con-
sidered to control acute inflammation when present. Topical 
administration of enilconazole emulsion has been useful for 
treatment of feline dermatophytosis.

Moriello66,107 retrospectively evaluated in vitro and in vivo 
studies of treatments for dermatophytosis in dogs and cats. 
Topical treatments consistently found to be effective when 
administered once or twice weekly were lime sulfur (1:16), 
0.2% enilconazole rinse (twice weekly; response in as early as 5 
weeks), and a combined 2% miconazole–chlorhexidine sham-
poo. Captan, chlorhexidine (as sole agent), and povidine–
iodine were generally ineffective.

Response to systemic therapy is likely to be more rapid 
if combined with topical therapy.66 Systemic therapy should 
probably be preceded with a total body clip. Griseofulvin is the 
treatment of choice for long-term systemic antifungal therapy 
of dermatophytosis,109 although expense mandates that a 
diagnosis of dermatophytosis be confirmed. Care should be 

KEY POINT 9-14 Several abstract reports have failed to 
demonstrate efficacy of lufenuron in the treatment of fungal 
infections, despite differences in duration or dose.
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taken that the proper dose and duration of therapy are fol-
lowed; treatment probably should be longer for longer-haired 
animals. Cure was reported in 63 to 70 days in one study with 
a mean of 41 days at 50 mg/kg in another study (as reviewed 
by Moriello).66 For infections that do not respond to griseo-
fulvin, an imidazole can be used. Ketoconazole has been used 
successfully, particularly when dosed at 10 mg/kg daily for 
20 days. Itraconazole has, however, proved more efficacious for 
treatment of dermatophytes in human patients and has proved 
efficacious experimentally in cats infected with M. canis.110 
Itraconazole was effective at 10 mg/kg once daily for 56 days 
or for 28 days followed by a week–on week–off pulse dosing 
for 56 to 70 days.111 Interestingly, low-dose itraconazole (1.5 
to 3 mg/kg) in 15-day cycles required a shorter time period at 
1 to 3 cycles or 15 to 45 days. However, only 8 of 15 cats were 
successfully treated in this study, and two of these cats required 
a second cycle. Using an open clinical trial, a protocol using 
itraconazole (10 mg/kg once daily) and lime sulphur rinses 
(cat coat saturated with rinse at 8 ounces per gallon of water) 
every 7 days for 21 days was associated with successful treat-
ment of dermatophytosis in shelter cats.111a Cure was longer 
with higher fungal load (18.4+ 9.5 days) compared to smaller 
loads (14.5+5.7 days). Cats tolerated the rinses well. Efficacy 
of lufenuron was not substantiated in controlled studies. Ter-
binafine has demonstrated efficacy toward dermatophytosis in 
dogs and cats, although higher doses (>30 to 40 mg/kg) gen-
erally are required to achieve a mycologic cure. Time to cure 
in dogs varied from 21 to more than 126 days and from 28 to 
84 days in dogs. A lower dose (10 to 30 mg/kg) may also be 
effective in both dogs and cats, although treatment should be 
expected to be approximately 60 to 90 days.107 Use of terbi-
nafine at 30 mg/kg for 2 weeks resulted in a cure of 11 of 12 
cats with M. canis, and at 8.25 mg/kg daily, it eradicated spores 
from asymptomatic carrier cats (as reviewed by Bossche3). The 
use of systemic terbenafine at either a low (10 to 20 mg/kg) or 
high (30 to 40 mg/kg) dose once daily was compared with pla-
cebo treatment in cats (n = 9 per group) ranging between 1.5 
and 4.5 months of age that were experimentally infected with 
M. canis. Cats were treated for 120 days. Response in the low-
dose treatment group did not differ from that of the control 
group but did in the high-dose group; the number of cats cured 
per group was not provided. PDCs did not differ between the 
two dose groups, but concentrations in the hair were signifi-
cantly higher with the higher dose.112 Drug accumulated with 
multiple dosing, with concentrations at 3 months higher than 
at 2 months, suggesting peak effects may take up to 3 months 
(or more). Median concentrations in plasma at 9 and 120 days 
were 1.4 mg/L and 4.1 mg/L respectively, in the low-dose cats 
compared with 1.7 and 5.5 mg/L respectively, in the high-dose 
cats. Median concentrations in the hair at 9 and 120 days were 
1 mg/L and 1.2 mg/L, respectively, in the low-dose cats com-
pared with 1.9 and 3.6 mg/L respectively, in the high-dose cats. 
The highest concentration achieved in the hair in any one cat 
was 7.92 μg/mL; this compares with humans receiving only 
6 mg/kg, for which concentrations reach 2.40 to 55 μg/g.

Additional topical therapies for treatment of dermatophy-
tosis or other dermatologic fungal disorders are also addressed 

in Chapter 22. Environmental cleansing may be important to 
treatment of dermatophytosis. This might be accomplished 
with either 2% chlorhexidine or 0.5% sodium hypochlorite.

Yeast or Yeastlike Infections
Malassezia
Malassezia (Pityrosporum) is a commensal organism that inhab-
its the skin, ear canal, anal sacs, vagina, and rectum of dogs. It 
is now recognized to be the causative agent of either localized 
or generalized pruritic inflammatory skin disease in dogs. The 
pathogenesis of the infection is controversial and appears to 
involve hypersensitivity to the organism. Postulated predispos-
ing factors include allergic disease such as atopic dermatitis, dis-
eases of cornification, chronic inflammatory skin disease, and 
previous therapy with antibiotics or glucocorticoids.

Therapy for Malassezia is directed toward removing predis-
posing factors and killing the causative agent.113 Antimicro-
bial therapy ideally should include both systemic and topical 
drugs. Ketoconazole and itraconazole are the systemic drugs of 
choice and should be given for at least 30 days. Topical therapy 
may be sufficient in some cases. Antifungal shampoos con-
taining chlorhexidine, miconazole, or ketoconazole should be 
given at least twice weekly for a minimum of 6 weeks. Sham-
poos that resolve any exudate (e.g., benzoyl peroxide) may 
facilitate topical penetration of the antifungal drug. An acetic 
acid rinse (white vinegar and water at a ratio of 1:1) used twice 
weekly as a degreasing agent after shampooing may also prove 
beneficial as well as inexpensive. Application of eniloconazole 
emulsion may also be beneficial. The emulsion can be applied 
with a sponge or by whole-body immersion; the diluted prod-
uct appears to remain stable for 4 to 6 weeks when protected 
against light, although use of a fresh dilution is recommended 
for each treatment.

Cole and coworkers114 studied in vitro the addition of 0.1% 
ketaconaozle to an ear rinse containing EDTA tromethamine 
and benzyl alcohol (T8 Solution) for treatment of canine otitis 
associated with Malassezia. The low concentration was suffi-
cient to inhibit fungal growth. By itself, EDTA and thrometh-
amine had no effect. Ahman and coworkers115 studied pulse 
dosing of itraconazole (5 mg/kg orally qd, 7 days on, 7 days off, 
7 days on) for treatment of Malassezia pachydermatitis associ-
ated with greasy seborrheic dermatitis in Devon Rex cats (n = 
6). Assessment was not blinding; control cats were not studied. 
Clinical signs associated with seborrhea resolved in all cats, 
with dramatic improvement recorded in the second week, 
supporting the role of Malassezia in the disease.

Negre and coworkers116 systematically reviewed the lit-
erature (before 2007) with regard to the treatment of skin 
disorders associated with Malassezia. Clinical trials in peer-
reviewed veterinary literature were considered if they focused 
on treatment of Malessezia associated with dermatitis and 
involved more than five dogs. Studies were assessed for quality 
based on methods intended to select subjects that adequately 
represented the target population and minimized bias. Trials 
were classified by size of the study groups. Outcome measure 
assessment had to include both clinical evidence of response 
as well as the extent of reduction in fungal colony counts. Only 
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8 of 35 studies met the full criteria and another 6 met all but 
the mycologic requirement. Eleven studies were evaluated 
for evidence of efficacy for azole derivatives. Based on their 
review, 2% miconazole with 2% chlorhexidene was the only 
topical product for which good evidence existed. Fair evidence 
existed for either ketoconazole at 10 mg/kg daily or itracon-
azole at 5 mg/kg daily for 3 weeks.

Candidiasis
In the yeast phase, candidiasis normally occurs in the gastro-
intestinal, respiratory, or urogenital mucosa. The organism is 
acquired at birth and occurs at mucocutaneous junctions in 
the skin and in several organs inside the body. Factors that 
alter normal microflora (e.g., prolonged, high-dose, broad-
spectrum antimicrobial therapy) predispose to the develop-
ment of candidiasis. Cell-mediated immunity is important 
in the control of disease, and prolonged immunosuppression 
increases the risk of further spread. Generally, microcircula-
tion of the organs filters organisms, leading to embolization.

Topical infection can be treated with topical antifungal 
products, including polyene macrolides, imidazoles, and gen-
tian violet (1:10,000). Systemic therapy can be treated with 
amphotericin B, 5-flucytosine (combined with another anti-
fungal drug), or the imidazoles.

Systemic Fungal Diseases
Therapeutic success with antifungal drugs can be enhanced 
by long-term therapy, generally one to several months beyond 
the resolution of clinical signs; avoidance of immunosuppres-
sive drugs; and use of combination therapy, particularly for 
infections that are difficult to penetrate or are life or organ 
threatening.

Blastomycosis
Blastomyces organisms become established in the lungs and 
then disseminate throughout the body. The presence of clini-
cal signs in dogs is indicative of disseminated disease and the 
need for aggressive therapy. Preferred sites of infection in dogs 
are the skin, eyes, bones, lymph nodes, subcutaneous tissues, 
nasal passages, and brain. These tissues are difficult to pen-
etrate with most antifungal drugs, thus increasing the likeli-
hood of therapeutic failure. Immunosuppression is common 
in dogs with blastomycosis, further hindering therapeutic suc-
cess. The use of radioimmunoassay tests based on the major 
surface protein W1-1 is predictive of active infection, confirm-
ing absence of infection 100% of the time.117 The authors con-
cluded that the test is more accurate than those based on the 
A antigen and thus may be more relevant to assessing response 
to therapy. When the titer is used, concentrations are high ini-
tially but decline during therapy, persisting for months.117

Amphotericin B has been the treatment of choice for blasto-
mycosis.118 Although high doses are more effective, the risk of 
nephrotoxicity may necessitate a less aggressive approach; lipid-
based products should be considered particularly in patients at 
risk. The total cumulative dose for amphotericin B (AmBD) gen-
erally is 4 to 6 mg/kg for dogs and 4 mg/kg in cats; a higher dose 
should be anticipated for lipid-based products. A maintenance 

dose of 0.15 to 0.25 mg/kg intravenously once monthly after the 
cumulative dose was reached was recommended in the early 
1980s, but the scientific basis of this approach is questionable. 
Doses range from 0.15 to 0.5 mg/kg thrice weekly in dogs and 
cats, depending on renal function. Severe cases or intolerance 
to amphotericin B might be treated with a lipid complexed 
drug (see Table 9-3). Renal-sparing measures should be taken 
for patients with preexisting renal disease. Despite aggressive 
therapy, a relapse rate of 17% has been reported in dogs.26 Com-
bination therapy of amphotericin B with an imidazole should 
be considered whenever possible and is particularly important 
for infections in tissues that are difficult to penetrate, such as the 
brain and eye. However, because of mechanisms of action, it is 
important to begin the two drugs simultaneously. Of the imid-
azoles, ketoconazole has been used alone to treat blastomycosis 
in humans, but it is less successful for animals as a sole agent. 
Ketoconazole can be used at 10 to 10 mg/kg/day (up to 30 mg/
kg/day for difficult-to- penetrate tissues [e.g., eye, CNS]) when 
combined with amphotericin B. Because imidazoles are charac-
terized by variation in drug disposition among animals, efficacy 
might be enhanced by increasing the dose. Although sequen-
tial use of amphotericin B followed by ketoconazole has been 
recommended, the two apparently can be used in combina-
tion immediately with little to no increased risk of toxicity. The 
rapid effects of amphotericin B are critical for life- threatening 
or organ-threatening infections. Itraconazole or possibly flu-
conazole are more likely to be effective than ketoconazole for 
the treatment of blastomycosis. Although itraconazole is more 
likely to be effective as sole therapy,119 combination therapy with 
amphotericin B is still recommended. Therapy should continue 
for at least 60 days or 1 month beyond resolution of disease indi-
cators, whichever is longer. In their retrospective study of dogs 
with pulmonary blastomycosis, Crews119a found 79 dogs sur-
vived, 38 died, and 8 were euthanized. Most dogs were treated 
with itraconazole alone (n = 89) with does in 14 of these dogs 
less than recommended. No information was provided regard-
ing survival rates among the different treatments, including 
20 dogs treated with a combination of amphotericin B and an 
imidazole. No significant effect could be demonstrated in dogs 
loaded for 5 days (dose not given) with itraconazole.

With proper therapy up to 80% of dogs with blastomycosis 
can be effectively treated.54 The severity of pulmonary involve-
ment appears to be a prognostic factor for both initial survival 
and the likelihood of relapse. Therapy may result in an ini-
tial worsening of respiratory disease, presumably because of 
an inflammatory response to dying organisms. A short course 
of short-acting glucocorticoids might be considered concur-
rently as therapy is initiated.120 Of the remaining 20% of ani-
mals that survive initial therapy, some may die within the first 
2 weeks of therapy. Relapse can occur in up to 20% of infected 
animals within the first 6 months after therapy, but relapse 
after 1 year is rare.

Histoplasmosis
Host macrophages phagocytize the yeast phase of Histoplasma, 
and the organism then undergoes replication. The intracellu-
lar location is a mitigating factor in the hematogenous and 
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lymphatic dissemination of the organisms from the lungs to 
other tissues. In most patients cell-mediated immunity brings 
the infection under control. The gastrointestinal tract may also 
be a primary site of infection, although dissemination from 
the lungs appears to be more likely.121 Although pulmonary 
infection may be self-limiting, therapy is indicated to prevent 
dissemination of infection.

Ketoconazole has been the drug of choice for mild pul-
monary histoplasmosis.121 One study, however, reported that 
only itraconazole (5 mg/kg orally twice daily for 60 to 130 
days; because the half-life is sufficiently long in cats, 10 mg/kg 
once a day for the same duration might be used) was effective 
against histoplasmosis in cats after ketoconazole had failed,78 
and consequently, it is the preferred treatment. Fluconazole 
might be considered if the CNS is involved. For more severe 
pulmonary infection or gastrointestinal infection, therapy 
should be more aggressive and include itraconazole combi-
nation therapy with amphotericin B (0.15 to 0.5 mg/kg intra-
venously 3 times a week, increasing to up to 1 mg/kg every 
other day to a total cumulative dose of 7 to 8.5 mg/kg). Both 
of the latter drugs are much more effective (up to a hundred-
fold) than ketoconazole against histoplasmosis. The prognosis 
for patients with pulmonary histoplasmosis is fair to good but 
guarded when the disease has disseminated. Acute respiratory 
distress might warrant a course of antiinflammatories. In a ret-
rospective study of airway obstruction associated with chronic 
histoplasmosis in dogs,122 resolution of respiratory clinical 
signs occurred in less than 1 week in those dogs treated with 
glucocorticoids alone compared with a mean of 2.6 weeks if 
combined with an antifungal and 9 weeks if receiving an anti-
fungal only. The use of glucocorticoids was not associated with 
development of active or disseminated histoplasmosis. Treat-
ment should continue for at least 60 days or 1 month beyond 
resolution of disease indicators, whichever is longer.

Cryptococcosis
Cryptococcus organisms infect the upper respiratory tract or 
the alveoli, potentially causing granulomas at both sites. Once 
established in the respiratory system, they can disseminate to 
other tissues. Infection of the CNS by either dissemination or 
direct extension is common. Cutaneous and ocular lesions are 
common in cats.

Cell-mediated immunity is critical to the host’s ability to 
overcome a cryptococcal infection Cryptococcal organisms 
have several features that affect their virulence. The capsule 
inhibits plasma cell function, phagocytosis, and leukocyte 
activity. Fever is uncommon (25% of dogs), particularly in 
cats. Immunosuppression is essentially necessary for crypto-
coccosis to develop in humans. Underlying diseases are, how-
ever, not often identified in cats or dogs with cryptococcosis. 
A risk factor for therapeutic failure in cats, which are generally 
more commonly infected with Cryptococcus than are dogs, is 
co-infection with immunosuppressive viruses.123 The impact 
of the use of glucocorticoids in patients with severe Crypto-
coccus infection is not clear. Using a murine model of CNS 
and pulmonary cryptococcosis treated with fluconazole (5 
or 15 mg/kg every 8 hours), investigators found that whereas 

dexamethasone (0.15 mg/kg every 8 hours intraperitoneally) 
for 3 days, 30 minutes before fluconazole) administration did 
not have a deleterious effect on successful therapy with flucon-
azole, response was much better with early (1 day) as opposed 
to later (8 days) into infection. Because pharmacokinetics 
confirmed that fluconazole concentrations in the plasma and 
tissue remained above the MIC at both time points and did 
not change across time, the authors concluded that the num-
ber of fungal organisms influenced outcome. Although dexa-
methasone was not associated with beneficial or deleterious 
effects, the authors did not address whether sufficient animals 
had been studied to detect a difference;124 however, their study 
does support the early rather than later use of glucocorticoids.

Amphotericin B has been the treatment of choice for cryp-
tococcosis.79,80,85 Doses should start at 0.5 to 0.8 mg/kg 2 to 3 
times a week (0.25 to 0.5 mg/kg in cats); the drug can be given 
subcutaneously once diluted as long as the concentration does 
not exceed 20 mg/mL. A total cumulative dose at the higher 
end is recommended for cryptococcosis (4 to 8 mg/kg in one 
source, but up to 9 to 12 mg/kg in another for cats), reflect-
ing longer duration of therapy. Initial therapy with a low dose 
and a subsequent increase in dose has been suggested for cats. 
Combination with 5–flucytosine or the imidazoles is likely to 
improve therapeutic success and is indicated for CNS infec-
tions because amphotericin B cannot sufficiently penetrate the 
blood–brain barrier. Ketoconazole has been used successfully to 
treat cryptococcosis. Itraconazole (10 mg/kg orally once daily), 
however, and fluconazole are more effective than ketoconazole 
against cryptococcosis. Cats appear to tolerate itraconazole bet-
ter than ketoconazole.79 Both drugs, but especially fluconazole, 
are characterized by better tissue penetrability and can be used 
to treat CNS infection. One study with cats reported that 16 of 
28 were cured of cryptococcosis after treatment with itracon-
azole (100 mg orally once daily) for a mean of 4 to 16 months,81 
with duration dependent on resolution of disease indicators. 
Combination with either flucytosine (50 mg/kg every 6 hours) 
or terbinafine should also be considered.100 Response to therapy 
can be correlated to a decline in antigen titer.125 The prognosis 
for recovery is favorable if the CNS is not involved.

Coccidioidomycosis
Coccidioidomycosis begins as an alveolar infection that spreads 
to peribronchiolar tissues and the lung surface. Cell-mediated 
immunity is important in overcoming the infection. In immu-
nodepressed animals or in animals with massive exposure, 
pulmonary infection becomes extensive, and the infection 
disseminates first to mediastinal and tracheobronchial lymph 
nodes and then to other tissues. Organs that are subsequently 
infected include, in order of likelihood, bone, joints, visceral 
organs, the heart and pericardium, testicles, eyes, and brain.

Coccidiodomycosis is the most difficult of the dimorphic 
fungal infections to treat, and antifungal therapy is particu-
larly long.126 The duration varies with both the site of infec-
tion and the drug and can be for the life of the animal in some 
cases of disseminated disease. Whereas respiratory infections 
may spontaneously resolve, untreated disseminated infec-
tions will result in death. Ketoconazole has been the drug of 
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choice for treatment in the past and is associated with a 60% 
cure, with CNS or orthopedic involvement being associated 
with worse prognosis. Ketoconazole therapy should extend 
at least 1 year beyond resolution of clinical signs. However, 
itraconazole is more effective and should be considered; the 
duration is likely to be the same. Amphotericin B is also effec-
tive for the treatment of coccidioidomycosis; encapsulated or 
otherwise modified formulations should be considered such 
that therapy can continue for a longer period of time. A lower 
maintenance dose of either ketoconazole or amphotericin B 
has been recommended once clinical signs are in remission, 
although this approach (i.e., using lower doses) should be 
used very cautiously. Therapy with itraconazole may occur for 
a shorter time, although this has not been well established in 
animals. Fluconazole is indicated for CNS infections. Combi-
nation therapy (i.e., amphotericin B with an imidazole) should 
be strongly considered for treatment of coccidioidomycosis. 
Deterioration of clinical signs and a rising complement fixa-
tion test are both indications for combination therapy with 
amphotericin B. In general, duration of therapy should be at 
least 8 to 12 months; relapse is common, particularly in cats.127

Paracoccidioidomycosis
Paracoccidiodomycosis, caused by Paracoccidioides brasiliensis, 
is a severe infection of the lungs and other body systems associ-
ated with granulamatous response in humans. Although rare in 
animals, one case was reported in South America in a Dober-
man Pinscher that presented with cervical lymphadenopathy.128

Aspergillosis
Aspergillosis can occur as either the localized form, involv-
ing cavities of the ears, nose, or sinuses; or the disseminated 
form, occurring primarily in the lung of immunocompro-
mised animals. Both systemic and topical therapy should be 
implemented with either form of the disease. Systemic therapy 
should consist of an imidazole; among the drugs itraconazole 
is the most efficacious against aspergillosis. Itraconazole was 
effective in treatment of aspergillosis or penicillinosis in two 
cats, although hepatotoxicity developed in a third; topical 
treatment with clotrimazole resulted in cure for this animal.129 
Itraconazole therapy for 10 weeks cured one dog infected with 
systemic and subsequent respiratory infection with Aspergil-
lus niger.130 Topical therapy has included amphotericin B; 
thiabendazole; and enilconazole, a topical imidazole available 
in Europe but not the United States. Enilconazole might be 
the most effective treatment when directly infused into the 
nasal passages through fenestrated tubes.131 The 10% solu-
tion is diluted 1:1 with water and administered through surgi-
cally placed nasal tubes within 2 to 3 minutes. The solution 
emulsifies within several minutes of mixing; nasal tubes must 
be flushed after treatment. The total daily dose of 20 mg/kg 
is administered in two divided doses daily. Topical clotrima-
zole might be considered instead of enilconazole. One study 
reported response of refractory fungal rhinitis to surgical 
débridement combined with a povodine–iodine (see Chapter 
11 for definition) wound dressing changed every 2 to 3 days; 
treatment continued until granulation tissue was present.132

Steinbach and coworkers133 retrospectively examined the 
impact of combination or sequential antifungal therapy on 
invasive aspergillosis in humans or in experimental animals 
and found interactions ranging from synergy to antagonism. 
Amphotericin B combined with 5-fluorocytosine was the most 
commonly used combination (49%), with others including 
amphotericin B with itraconazole (16%) or rifampin (11%). 
Combination therapy was associated with improvement in 
63% of patients, generally with amphotericin B combined with 
either 5-fluorocytosine or rifampin. However, combination of 
rifampin with the azoles was discouraged because induction 
by the former was apt to decrease concentrations of the latter, 
potentially below that considered effective. Combinations of 
amphotericin B with itraconazole were considered indiffer-
ent. In retrospective studies of animal model reports, ampho-
tericin B plus 5-fluorocytosine, rifampin, or itraconazole was 
described as indifferent, whereas amphotericin B with mica-
fungin was described as a positive interaction. Sequential 
therapy also was associated with benefits: Improvement was 
noted with amphotericin B or itraconazole followed by vori-
conazole but not with itraconazole followed by amphotericin 
B.133 Indeed, azoles followed by amphotericin B (rather than 
opposite sequence) were found to be antagonistic, as might be 
expected based on the mechanism of action of the two drug 
classes. The use of capsofungin alone or with other antifungal 
drugs may provide alternative therapies for treatment of asper-
gillosis; terbinafine might also be considered in combination.

The use of voriconazole in animals for treatment of asper-
gillosis is very appealing but has not yet been described. The 
potential side effects of voriconazole and its complex pharma-
cokinetics suggest that use should be based on scientific stud-
ies that establish dosing regimens necessary to achieve MICs 
demonstrated for targeted fungal organisms, as well as studies 
that establish safety after several weeks of therapy at that dose.

Subcutaneous Mycoses
Sporotrichosis
Sporotrichosis occurs in three clinical forms: cutaneous, cuta-
neolymphatic, and disseminated. Disseminated disease gen-
erally involves most internal organs. The treatment of choice 
for both dogs and cats is supersaturated potassium iodide 
(SSKI).134 Itraconazole at 5 to 7.5 mg/kg every 12 to 24 hours 
has been recommended.126 Cats are more sensitive than dogs 
to the side effects of SSKI. Treatment should continue for at 
least 30 days beyond clinical remission. Immunosuppressive 
drugs should be avoided, if possible, for the duration of the 
animal’s life; recurrence in clinically cured animals has been 
reported after immunosuppressive doses of glucocorticoids. 
Imidazoles (e.g., ketaconazole or itraconazole) should be used 
to treat animals that cannot tolerate or do not respond to SSKI. 
Other antifungals (e.g., terbinafine) might be combined with 
iodine.

Rhinosporidiosis
Rhinosporidium rarely causes disseminated disease in animals 
and is essentially limited to the nasal tissues. Surgical excision 
is the treatment of choice.135 For recurrences dapsone may 
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be useful. Alternatively, ketoconazole or itraconazole may be 
successful.

Pythiosis
Originally referred to as phycomycosis, pythiosis, a granuloma-
tous disease, is caused by a number of taxonomically diverse 
nonseptated hyphal Oomycetes. The cell wall of Oomycetes dif-
fers from that of true fungi. Most notably is the limited amount 
of sterols in the fungal cell wall; hence antifungal agents are 
often ineffective against infections caused by these organisms. 
No antifungal agent has proved efficacious against this organ-
ism. However, two cases of gastrointestinal pythiosis were 
treated postoperatively (and apparently successfully) with a 
combination of itraconazole (10 mg/kg daily) or combined 
with terbinafine (7.5 mg/kg qd).136 Up to 20 mg/kg itracon-
azole daily has been recommended.126 Brown137 described the 
MIC of Pythium insidiosum and Lagenidium sp toward a num-
ber of antifungal agents and found that the relative efficacy to 
be azoles (limited) < terbinafine and caspofungin (minimal to 
moderate inhibition) < mefenoaxam (profound efficacy). The 
latter drug is a fungicide used in agriculture and is approved 
by the Environmental Protection Agency. Its mechanism is 
inhibition of RNA polymerase.
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Approximately 80 families and 4000 species of viruses are 
known to date, and more than 60% of illnesses afflicted humans 
in developed countries are caused by viruses. However, the 
development of drugs intended to prevent and treat viral dis-
eases has been frustratingly protracted. Despite the long and 
intensive search for effective antiviral drugs, very few com-
pounds have clinical applications. Currently, at least 23 antivi-
ral drugs have been approved for use in human medicine; none 
is approved for use in animals. Unfortunately, unlike the situ-
ation with many other anti-infectious drugs, applications for 
human antiviral drugs in veterinary patients often have been 
limited because the etiologic agents of viral diseases vary so 
widely. In recent years, however, given the similarities between 
feline and human immunodeficiency viruses1 and potentially 
other viruses, information regarding pathophysiology and 
drugs with potential efficacy are increasingly applicable to vet-
erinary use. Further, trends have developed toward develop-
ment of drugs that are broadly effective against viral diseases. 
The development of species-specific recombinant proteins 
(e.g., interferons [IFNs]) has increased our knowledge base 
and promises to improve the therapeutic armamentarium for 
viral disease afflicting dogs and cats. Although these drugs are 
discussed in greater depth in other chapters, their support of 
treatment for antiviral diseases will be addressed here.

For a number of reasons, the development of effective anti-
viral drugs is more difficult than development of other anti-
infectious agents. Drugs that target the viral processes must 
penetrate host cells to be effective, potentially limiting their 
distribution. Because the mechanisms by which viruses rep-
licate must involve the host genome, drugs that are effective 
against viruses also are likely to have a negative effect on the 
host, with most antiviral drugs subsequently being character-
ized by a narrow therapeutic window. Clinical signs during 
the stages of infection when viruses might be most conducive 
to pharmacologic therapy often being mild to absent, and the 
need for antiviral therapy is not recognized until antiviral 
response is unlikely. Therapy is further complicated by viral 

latency, the ability of the virus to incorporate its genome into 
the host genome such that clinical infection becomes evident 
again without re-exposure to the organism. Selection of the 
most appropriate antiviral drugs is handicapped by the lack of 
broad-spectrum antivirals and the lack of rapid tests to iden-
tify the infecting virus. Newer polymerase chain reaction tests 
have at least helped in the more rapid diagnosis of some viral 
disease (e.g., parvovirus in dogs).

In vitro susceptibility testing of viruses requires sophisti-
cated and expensive techniques such as cell cultures. In vitro 
inhibitory testing procedures have not been standardized, and 
results vary with the assay system, cell type, and viral inocu-
lum. Additionally, results may not correlate with therapeutic 
efficacy of antiviral drugs.2 The lack of correlation between in 
vitro testing and clinical efficacy reflects, in part, the require-
ment of some antiviral drugs for activation (i.e., metabolism 
of a prodrug, generally by the host).2 Not only is the spectrum 
of antiviral drugs narrow, but additionally, a drug often targets 
a specific viral protein (usually a polymerase or transcriptase 
enzyme) involved in viral nucleic acid synthesis.2 The limited 
mechanism of action tends to facilitate the development of 
antiviral resistance, which can occur rapidly, often reflecting 
substitution of only a single, although critical, amino acid in 
the target protein. Drugs that simply inhibit single steps in the 
viral replication cycle are virustatic. Consequently, viral rep-
lication is only temporarily halted, although in human medi-
cine, chronic drug therapy may suppress reactivation of the 
disease caused by the virus and thus prevent clinical signs of 
disease. Because drugs often inhibit only active replication, 
viral growth often resumes once therapy is discontinued.

KEY POINT 10-1 The development of effective antiviral 
drugs is limited by the latent nature of disease, inher-
ent host toxicity to viral drugs, and rapid emergence 
of viral resistance. Differences in viral diseases limits 
application of human antiviral drugs to dogs or cats.
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Antiviral drugs often cannot eliminate nonreplicating or 
latent viruses, and effective antiviral therapy generally also 
depends on an adequate host immune response. Consequently, 
those antiviral drugs that enhance the immune system of the 
host may be more likely to eradicate infection, as might combi-
nations of antiviral and immune-enhancing drugs. Conversely, 
it is the overexpression of the immune response and the subse-
quent immune (e.g., feline immunodeficiency virus [FIV] and 
feline leukemia virus [FeLV]) or inflammatory response (e.g., 
feline infectious peritonitis [FIP]) that causes continued patho-
physiology. The complex cascade of the immune system with 
dual pathways that balance a response renders pharmacologic 
management of just the right amount of immunomodulation 
in the right direction difficult in the face of viral diseases.

Prions (protein infectious virion) are infectious agents 
composed entirely of propagated misfolded protein that is 
resistant to endogenous straightening. The term prion refers 
to the unidentified unit of infection. The method of propoga-
tion is not clear but appears to involve abnormal refolding of 
protein such that aggregates of tightly packed beta sheets accu-
mulate to form amyloid. Accumulation occurs only in neural 
tissues and is uncontrollable and invariably lethal. Among the 
diseases affecting dogs or cats that are thought to be associ-
ated with prions is feline spongiform encephalopathy. Because 
these agents are not treatable, they will not be considered fur-
ther in this chapter.

VIRAL REPLICATION

Viruses are composed of a core genome consisting of either 
double-stranded or single-stranded DNA or RNA surrounded 
by a protein shell known as a capsid. Some viruses are further 
surrounded by a lipoprotein membrane or envelope. Both the 
capsid and lipoprotein membrane may be antigenic. Viruses 
cannot replicate independently and must usurp the host’s met-
abolic machinery to replicate. Therefore viruses are obligate 
intracellular parasites. The host’s pathways of energy genera-
tion, protein synthesis, and DNA or RNA replication provide 
the virus with the means of viral replication. For some viruses, 
replication is initiated by viral enzymes.2 DNA viruses include 
poxvirus, herpesvirus, adenovirus, hepadnavirus, and papil-
lomavirus. RNA viruses include rubella virus, rhabdovirus 
(rabies), picornavirus, arenaviruses, arboviruses, orthomyxo-
virus, and paramyxovirus (canine distemper) (Table 10-1).

Cells respond to viral infection in three ways: infection may 
have no impact on the cell or its function, cellular death may 
occur (which may preclude subsequent infection), or the cell 
may be transformed such that host control of cell growth is lost 
to viral activities. Viral replication occurs in five or six sequen-
tial steps (Figure 10-1): cell entry, including host cell attach-
ment, generally through specific receptors, followed by host 
cell penetration; disassembly or uncoating resulting in release 
of viral genome; transcription of viral genome (or viral mes-
senger RNA), which is dependent on virus-specified enzyme; 
translation of regulatory (early) or structural (late) viral pro-
teins; post-translation modifications (including proteolytic 
cleavage, myristoylation, glycosylation); assembly of virion 

components; and release of the virus, generally by budding 
or cell lysis.2 For DNA viruses, viral DNA is transcribed to 
host mRNA by host cell mRNA polymerase (or, for poxvirus, 
viral RNA polymerase). Replication of RNA viruses requires 
virion enzymes to synthesize mRNA. Double stranded RNA 
(dsRNA) viruses contain RNA molecules that are transcribed 
into proteins. Two groups of single stranded RNA (ssRNA) 
viruses exist. The RNA genome of positive-sense ssRNA 
viruses is directly translated as mRNA by the host. In contrast, 
the RNA genome of negative sense ssRNA viruses must first 
be translated to mRNA by viral RNA-dependent RNA poly-
merase; host ribosomes subsequently translate to the protein.

Retrovirues are unique viruses that contain a single strand 
of RNA that must first be translated, via reverse transcriptase, 
to a DNA copy of the viral RNA template. The DNA is then 
incorporated into the host genome (as a provirus), duplicated, 
and subsequently transcribed into genomic RNA and mRNA 
for translation into viral proteins.2

A number of host mechanisms protect against viral infec-
tion. However, the host response not only may fail to protect 
but also may perpetuate the disease. Antibodies will be gener-
ated in response to viral infection, but these do little to over-
come the initial infection. Rather, in part because viral activity 
is generally intracellular and thus inaccessible to antibodies, 
antibodies generally protect against subsequent infection. 
Unfortunately, the presence of circulating antibodies can con-
tribute to the disease process of some infections (e.g., FIP). 
Cell-mediated immunity (CMI) plays a critical role in over-
coming and preventing viral infection. However, viruses that 
can avoid an effective CMI response may cause latent or, if the 
cell does not result in the loss of normal cellular housekeep-
ing activities, persistent infections. Mechanisms by which this 
can be accomplished included downregulation of major histo-
compatibility complex production such that the infected cell 
is not recognized by T cells; cells are generated that are not 
detectable by the host immune system; and infection is lim-
ited to cells located in an immunoprivileged site, such as the 
brain. Viruses that are particularly adept at causing persistent, 
chronic infections include paramyxoviruses, selected herpes-
viruses, and retroviruses.

In addition to the directed immune response, the host will 
mount a number of nonspecific protective mechanisms. These 
include increased body temperature, activity of natural killer 
cells and phagocytes, and hormones. The role of IFN increas-
ingly is being revealed as a target of pharmacotherapy. Viral 
infection begins with interaction between the virus and its 
specific host cell receptor. It is this interaction that initiates the 
host activation of multiple signal transduction cascades that 
mount a host defense. Ultimately, these mechanisms cause the 
nucleus to activate diverse immunoregulatory genes and pro-
teins that cause the intracellular environment to be antagonis-
tic toward viral replication.3 Phosphorylations activate several 

KEY POINT 10-2 Host response often cannot effectively 
eradicate infection, even in the presence of drugs, but often 
contributes to the diseases process.
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families of transcription factors. Among the antiviral genes 
regulated are those encoding interferon (IFN), including α-1 
and –β regulators. Several viral cell receptor–initiated events 
have been identified for their ability to induce activation that 
ultimately involves IFN. For example, chemokine receptor 
binding to human immunodeficiency virus (HIV) envelope or 
glycoproteins, and poxvirus and measles virus binding to T 
and B cell membrane–bound glycoprotein each initiate such 
events. The 2–5A pathway is an example of an endogenous 
antiviral protective system that induces IFN through depen-
dent RNase and 2’-5’ oligoadenylate synthetase (OAS). Viral 
infection stimulates OAS, which ultimately leads to destruc-
tion of both viral and cellular rRNA. Subsequent cell death 
is similar in appearance to that caused by apoptosis. Viral 
replication is subsequently prevented.4 Activation of IFN-
based and other defense mechanisms also can occur through 

nonreceptor–mediated mechanisms.3 Not surprisingly, viruses 
have developed several mechanisms that evade IFN-mediated 
cell responses. An example includes production of soluble IFN 
receptors that preclude interaction with normal receptors (e.g., 
poxviruses and herpesviruses) that would otherwise activate 
the cascades, downregulation of IFN synthesis (adenovirus), 
and blocking of phosphorlyations.3

The pathophysiology of infection, including molecular 
 mechanisms, has recently been described for FeLV5 and FIV,1 
including the role of selected cytokines in the immune response.6

ANTIVIRAL DRUGS

Few antiviral drugs have been studied in animals (Tables 
10-2, 10-3), and widespread clinical use of antiviral drugs is 
not common in veterinary medicine. Only a selection of the 

Table 10-1  Classification of Viruses by Genome Type

Genomic Type Family (Viridae) Genus (Virus) Disease

DNA
ssDNA Reoviridae

Parvoviridae Parvovirus Canine parvovirus, feline panleukopenia  
(distemper)

dsDNA Adenoviridae Adenovirus Canine infectious hepatitis, blue eye (CAV1), 
 respiratory disease (CAV2)

Herpesviridae Herpesvirus Canine herpes (CHV, reproductive),  
feline herpes (FHV-1; rhinotracheitis)

Papillomaviridae Canine papillomas
Parvoviridae
Poxviridae

RNA dsRNA Reoviridae Rotavirus
( +)ssRNA Coronaviridae Coronavirus, feline  

coronavirus (FoCV)
Canine corona virus (gastrointestinal),  

feline infectious peritonitis
Caliciviridae Vesivirus Feline calicivirus (respiratory)
Flaviviridae West Nile virus
Hepeviridae Hepatitis virus E
Picornaviridae Enterovirus Polio, bovine, and porcine enterovirus

Rhinovirus
Hepatitis virus A
Erbovirus Equine rhinitis virus B
Aphthovirus Foot and mouth disease

(-)ssRNA Filoviridae Ebola, Marburg
Paramyxoviridae Parainfluenza virus Kennel cough (dog)

Mumps virus Mumps
Morbillivirus Measles, canine distemper
Newcastle virus Newcastle disease

Rhabdoviridae Rabies virus Rabies
Orthomyxoviridae Influenza A (including 

canine), B, C virus
Canine influenza (respiratory)

ssRNA Retroviridae* Lentivirus (HIV, FIV) Human, feline AIDS
Gammaretrovirus Feline infectious leukemia

*Many virus members contain oncogenes.
ds, Double strand; ss, single strand.
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Figure 10-1 Replication of a representative RNA virus and DNA virus. Targets of antiviral drugs are presented before or 
during infection (including cell penetration), inside the cell (including viral replication, assembly and release), and dur-
ing dissemination of progeny. The latter also includes preventing immunosuppression or the overzealous host response.  
cRNA, Replication intermediate; mRNA, messenger RNA; RNAp, RNA polymerase; vRNA, viral RNA.

more promising agents and their purported attributes are 
briefly discussed; alternatively, when pharmacokinetic infor-
mation is available, because such information is so limited, it 
also is provided even if the drug is not an accepted therapy for 
canine or feline viruses.

Antiviral drugs are most practically categorized by the 
major viruses targeted by the drug, which tends to limit direct 
applicability to animal diseases. Although data specific to 
veterinary use are increasing, much information regarding 
antiviral drugs continues to reflect extrapolation from the 
human-medicine literature. This is particularly true for phar-
macokinetics, and unless stated otherwise, such information is 
human in origin. Yet the disposition of antiviral drugs tends to 
be complex, often requiring prodrug activation, protein bind-
ing, and hepatic clearance, all of which tend to vary among 
species. The drugs are often characterized by a narrow thera-
peutic window. As such, extrapolation of dosing regimens 
should be done cautiously. Immune-modulating drugs in 
particular are not well understood, and mechanisms of action 
have not yet been fully elucidated. Very few human antiviral 
drugs have been studied or reported to be used for treatment 
of viral disorders in dogs or cats and the evidence provided by 
the few clinical trials performed in animals often is character-
ized by limitations in study design. Consequently, the inclu-
sion in this chapter of information regarding antiviral drugs 
should not be interpreted as justification for use but rather 
treated as a springboard for additional studies. Two categories 
of drugs have been and are currently being pursued for the 

pharmacologic treatment of viral diseases. Antiviral chemi-
cals directly interfere with the virus, whereas biologic response 
modifiers stimulate the host’s immune system, thereby increas-
ing the host’s ability to overcome viral invasion. The latter are 
discussed in greater depth elsewhere in this book.

Targets of Antiviral Therapy
Potential targets in the viral life cycle that might be pharmaco-
logically inhibited are expressed during extracellular stages of 
viral infection (i.e., penetration), intracellular stages (i.e., rep-
lication, assembly, and viral release), and dissemination. Those 
expressed during extracellular stages include specific enzymes 
whose release is required for skin and mucosal barrier penetra-
tion by some viruses, specific cell receptors required for pene-
tration by other viruses, and specific precursor “fusion” proteins 
that must be activated before cell penetration by some viruses. 
Antivirals that diminish penetration of host cells by the virus 
are more viral specific and thus not as inherently toxic as those 
that prevent viral replication by interfering with viral nucleic 
acid, DNA, and protein synthesis. Because cell penetration is 
enhanced by viral-induced immunosuppression, pharmaco-
logic immunomodulation may also help prevent viral penetra-
tion.7 Thus these drugs are inherently more useful during the 
early stages of infection, which are often missed because of the 
lack of clinical signs. Classes of antivirals that target cell entry 
include soluble receptor decoys and antireceptor antibodies. 
Uncoating of the virus can be targeted by ion channel blockers, 
capsid stabilizers, and fusion protein inhibitors.2
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Table 10-2  Antiviral Drugs with Potential Application in Dogs or Cats
Class Drug Mechanism Viral Target Veterinary Indications Comments
Pyrimidine 

nucleoside
Idoxurine Incorporated into DNA  

as thymidine analogue
Herpesvirus Herpetic keratitis Neoplasia and infertility 

limits to topical
Trifluridine Incorporated into DNA  

as thymidine analogue
Herpes simplex virus
Cytomegalovirus 
Adenoviruses

Herpetic keratitis Topical

Sorivudine DNA: thymidine analogue (thymidine Kinase) Varicella-zoster virus
Purine  

nucleoside
Vidarabine Host phosphorylation; analogue  

of adenosine; competitive  
inhibition 

DNA polymerase; ribonucleoside  
reductase, other RNA activities

DNA viruses: herpesvirus
Poxvirus
Rhabdoviruns
Hepadnavirus
Selected RNA tumor viruses

Herpetic keratitis Toxicity limits IV adminis-
tration to life-threatening 
situations.

Acyclovir 
Valacyclovir  
(prodrug)

Acyclovir: Synthetic analogue  
of guanosine; viral activation  (thymidine 
kinase) and host  phosphorylation: 
 inhibition of DNA polymerase

DNA viruses
Herpes virus

Feline rhinovirus?
Veterinary use limited by dif-

ferences in viral  thymidine 
kinase

Topical, oral, parenteral 
(acyclovir).

Oral (valacyclovir). Acyclo-
vir associated with renal 
disease in dogs

Penciclovir  
Famiciclovir  
(prodrug)

Guanine nucleoside, targeting  thymidine 
kinase (herpes) or  phosphotransferase  
(cytomegalovirus)

DNA viruses
Herpesvirus
Cytomegalovirus

Feline herpes virus Less potent than acyclovir 
but accumulated in cell

Ganciclovir Guanine nucleoside
Ribavirin Multiple enzymes inhibited,  

capping and polypeptide  
synthesis

DNA and RNA viruses (broad  spectrum) 
Herpesvirus 
Orthomyxovirus 
Poxvirus 
Picornavirus
Rhabdovirus
Rotavirus 
Retrovirus

Feline calicivirus (limited 
 efficacy against rhinovirus)

Oral, Aerosol
Lesions worsened in cats 

with calici

Antiretroviral Zidovudine  
(AZT)

Thymidine analogue; inhibition of  
RNA dependent DNA polymerase 
(reverse transcriptase)

Retroviruses Relatively safe in cats; studied 
alone and in combination 
with lamivudine

Lamivudine Retroviruses
HIV, FIV

FIV Relatively safe in cats; studied 
in combination with AZT

Didanosine Purine nucleoside HIV, FIV (including AZT resistant strains)
Miscellaneous Foscarnet

Amantadine 
Rimantadine

DNA polymerase
Interference with viral attachment,  

penetration or intracellular releases; viral 
mRNA transcription, assembly

Herpes
Influenza A
Influenza C
Sendai virus
Pseudorabies

Rhinovirus (prophylaxis); FeLV?
Oral, intranasal, subcutane-

ous, aerosol

Oseltamivir  
(prodrug)

Neuraminidase inhibitor Influenza A
Influenza B

Suramin Inhibition of reverse transcriptase FeLV?
Inosiplex Suppression of viral mRNA; induce T-cell 

 differentiation



403CHAPTER 10 Antiviral Therapy

Table 10-3  Doses of Selected Antiviral Drugs
Drug Indication Dose Route Interval (hr)
Famciclovir See text
Foscarnet sodium 20-30 mg/kg (D) IV, PO 8
Idoxuridine 0.1%  

solution
Ocular herpes virus 

 infection
1 drop in each  

eye (C)
Topical  

(ophthalmic)
4-8

Idoxuridine 0.5%  
ointment

Apply to local lesion Topical 4-8

Interferon alpha-2  
(human recombinant)

Non-neoplastic feline  
leukemia virus– 
FeLV-associated  
disease (low dose)

15-30 IU/cat IM, PO, SC 24h × 7 days on and off cycles

0.5-5 IU/kg (C) PO, SC 24h × 7 days on and off cycles
FeLV appetite  

stimulation
1 IU/cat PO 24h × 7 days on and off cycles

Feline infectious  
peritonitis  
(nonexudative)

30 IU/cat (C) PO 24h × 7 days on and off cycles

Feline infectious  
peritonitis (exudative)

2000 IU/Cat IM 24

Ocular herpes 10 IU PO 24
25-50 IU/mL saline Topical (both eyes) 4-6

Indolent ulcers 60-100 IU PO, SC 24
Interferon bovine beta Non-neoplastic FeLV- 

associated disease  
(high dose)

10,000-1,000,000  
IU/kg

PO, SC 24h × 7 days on and off cycles

Feline infectious  
peritonitis (exudative)

20,000 IU/C IM 24h × 14-21 days

Acute feline herpesvirus  
in kittens

10,000 IU/kg SC 24h × 21 days

Interferon, feline  
recombinant

Immunostimulation 1 million IU/kg SC 48h; reduce to 7 d when 
responding

Lactoferrin Feline immunodeficiency 
virus stomatitis

40 mg/kg (C) Topical 24

Lysine Immunostimulation 500 mg/cat PO 24h or divide dose and adminis-
ter q 12h for life

Oseltamivir Susceptible virus  
infections

2 mg/kg (D) PO 12h × 10 days

Propionibacterium acnes Immunostimulation <7 kg: 0.1-0.2 mg/dog IV 4 × per week in first week,  
2 × per week at 3- to 4-day 
intervals, followed by 1 × per 
week until clinical signs abate 
or stabilize. Maintenance dose 
once per month.

Propionibacterium acnes Feline retrovirus  
infection

15 μg/kg IV Biweekly for 2-3 weeks

Ribavirin Susceptible virus  
infections

11 mg/kg IM, IV, PO 24h × 7 days

Trifluridine ophthalmic 
solution

Ocular herpesvirus  
 infection

1-2 drops of a 0.1% 
 solution

Topical 3-8

Vidarabine Ocular herpesvirus  
 infection

Apply 0.3 cm (0.125 
inches)

Topical 4-8

Zidovudine Susceptible virus  
infections

5-25 mg/kg (C) PO, SC 8-12

C, cat; D, Dog; IM, intramuscular; IV, intravenous; PO, by mouth; SC, subcutaneous.
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Currently, targets expressed during intracellular stages of 
viral infection are the most common sites of pharmacologic 
intervention. Drugs include antivirals as well as a number of 
other classes of drugs (e.g., immunomodulators). Viral repli-
cation depends on macromolecular synthesis (by the host) of 
viral genome and on genome replication, transcription, and 
translation. Classes of drugs that inhibit transcription include 
inhibitors of viral DNA or RNA polymerase, reverse tran-
scriptase, helicase, primase, or integrase. Natural substances 
capable of inhibiting viral transcription and translation (e.g., 
IFN) are much more potent than synthetic compounds. Viral 
replication is targeted by antisense oligonucleotides and ribo-
zymes. Many antiviral drugs are nucleoside or nucleotide 
analogs, whose chemical structures allow prevention of viral 
replication by blocking nucleic acid metabolism (Figure 10-2; 
see also Figure 10-1). However, viral replication is so closely 
connected to vital functions of the host cell that agents capable 
of inhibiting viral replication usually injure host cells as well. 
Although such drugs are more likely to be broad in their anti-
viral spectrum, most also are potential teratogens, mutagens, 
and (particularly in humans) carcinogens. Further, they are 
associated with a variety of other host toxicities, with bone 
marrow suppression a not uncommon occurrence.7

Fewer agents have been developed that block viral trans-
lation. Classes of drugs that inhibit viral translation include 

IFNs, antisense oligonucleotides, and ribozymes. In addition, 
regulatory proteins might be inhibited. Another category of 
intracellular targets are specific enzymes, such as RNA or DNA 
polymerase, or reverse transcriptase of retroviruses, whose 
expression is required for the maintenance of the viral life 
cycle. Antiviral agents designed to block expression of these 
enzymes may have increased selectivity for viruses compared 
with the host, although their antiviral spectrum frequently is 
limited. Finally, assembly of synthesized viral macromolecules 
and release of the assembled virus may be pharmacologi-
cally inhibited. For example, IFN-induced inhibition of RNA 
tumor viruses occurs at assembly, although the mechanism is 
unknown.7

Posttranslational modifications such as proteolytic cleavage 
may be targeted by some drug classes (e.g., protease inhibi-
tors). IFNs and drugs that inhibit specific proteins target viral 
assembly. Finally, antiviral antibodies and cytotoxic lympho-
cytes target the release of viruses from the host cell.

The final stage of viral infection that might be targeted 
pharmacologically is release of the new viral progeny from the 
infected host cell. Viruses can leave cells by causing cellular 
lysis or budding. With lysis, virus leaves in a sudden burst that 
kills the host cell. With budding, interaction between the virus 
and cell receptor induces changes that allow fusion of viral and 
cellular membranes, thus allowing the progeny to gradually 
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leave the infected cell by budding. An example target for drugs 
during viral release is the neuraminidase in influenza viruses, 
a virulence factor that cleaves the sialic acid (neuraminic acid) 
residues from the glycan portion of cell receptors recognized 
by viral hemagglutinin.8

Viral infection may be also be pharmacologically inhib-
ited during dissemination, which for some viruses appears to 
depend primarily on virally-induced host immunosuppres-
sion. Thus dissemination is another stage in which modula-
tion of the immune system may help the host overcome viral 
infection.7 Biological response modifiers emerge with a role 
in modification of host response, whether it be inhibition of 
viral-induced immunosuppression or inhibition of an over-
zealous host response. The biological response modifier most 
commonly studied for its effect on viral infections and show-
ing the most promise in efficacy has been IFN.

Antiviral-Induced Nephrotoxicity
Among the toxicities caused by antiviral drug is nephrotox-
icity. The risk of antiviral drug–induced nephrotoxicity has 
increased as drugs have become more effective and novel in 
their action and as combination drug therapy has been imple-
mented in response to increasing viral resistance.9 Acute tubu-
lar necrosis has been associated with a number of antiviral 
drugs (e.g., foscarnet, acyclovir, IFN, and cidofovir). However, 
variable renal lesions have been ascribed to a number of drugs, 
reflecting three major mechanisms: transporter defects, apop-
tosis, and mitochondrial injury. Glomerular disease resulting 
in proteinuria and, occasionally, the nephrotic syndrome has 
been mediated by either immune-mediated complexes (IFN) 
or crystal deposit (foscarnet). Crystalline deposits in the renal 
tubule (e.g., acyclovir, ganciclovir, and indinavir) can cause 
intrarenal obstruction. Isolated tubular defects may occur; 
examples include a Fanconi-like syndrome (cidofovir, tenofo-
vir), distal tubular acidosis (e.g., acyclic nucleotide phospho-
nates, foscarnet), and nephrogenic diabetes insipidus (NDI: 
foscarnet).9 A major contributor to toxicity is intratubular cell 
drug accumulation mediated by ion-transport systems. For 
example, nephrotoxicity associated with cidofovir and adefo-
vir appears to be facilitated by transport mediated by a trans-
port protein.10 Limited use of antiviral drugs in veterinary 
medicine probably precludes effective evaluation of the advent 
of nephrotoxicity in animals with viral infections subsequently 
treated with antiviral drugs. However, among the clinical signs 
of toxicosis to accidentally ingested acyclovir in dogs were 
signs consistent with acute renal failure.11

Antiherpesvirus Drugs
Pyrimidine Nucleosides
A variety of pyrimidine nucleosides (both halogenated and 
nonhalogenated) effectively inhibit the replication of herpes 
simplex viruses with limited host cell toxicity. The exact mech-
anism of action of these compounds appears to reflect sub-
stitution of pyrimidine for thymidine, causing defective DNA 
molecules.

Idoxuridine. Idoxuridine (5-iodo-2-deoxyuridine, IDU; 
Stoxil) was the first of the nucleoside analogues to prove  useful 

in the treatment of viral diseases. Idoxuridine resembles and is 
substituted for thymidine. After phosphorylation, it is incor-
porated into both viral and host cell DNA. Altered DNA is 
susceptible to breakage, resulting in faulty transcription and 
altered viral proteins. The spectrum of antiviral activity is lim-
ited to DNA viruses, particularly members of the herpesvirus 
group. Resistance to IDU develops rapidly.2 The ability of IDU 
to cause neoplastic changes, genetic mutation, and infertility 
limits its use to topical, primarily ophthalmic, infections. IDU 
is available as an ophthalmic ointment or solution. It is cur-
rently approved for use in the treatment of herpes keratitis in 
humans and has proved useful for the treatment of feline her-
petic keratitis. One drop of a 0.1% solution is usually applied to 
the affected eye every hour; the 0.5% ointment can be applied 
every 2 hours.12,13 Topical application of IDU to the conjunc-
tiva has been associated with irritation, pain, pruritus, inflam-
mation, and edema of the conjunctiva and punctate areas on 
the cornea. Resistance of viruses to the drug develops readily 
both in vitro and in clinical cases.

Trifluridine. Trifluridine (triflurothymidine; TFT; Viroptic) 
is a halogenated (fluorinated) pyrimidine that is similar and 
often considered superior to IDU. TFT monophosphate irre-
versibly inhibits thymidylate synthetase, and TFT triphosphate 
competitively inhibits DNA polymerase incorporation of thy-
midine into DNA. Like IDU, it is preferentially incorporated 
into both viral and host DNA, and late virus-specific DNA 
transcription is inhibited.2 Trifluridine has in vitro inhibitory 
effects against herpes simplex virus (types 1 and 2), cytomega-
lovirus, and selected adenoviruses. Clinical resistance to TFT 
has been reported. As with IDU, the primary therapeutic indi-
cation for TFT is herpetic keratitis. TFT is prepared as a 0.1% 
ophthalmic solution and is usually applied 6 to 8 times per 
day. Trifluridine is frequently preferred to IDU for the treat-
ment of human and feline herpetic keratitis in order to prevent 
toxicities associated with IDU.12,13 Adverse reactions include 
discomfort on application and palpebral edema.2

Sorivudine. Sorivudine is a pyrimidine nucleoside analog 
characterized by potency that results in a relative selectivity 
for varicella-zoster virus (VZV). The drug is initially phos-
phorylated by viral thymidine kinase and then metabolized to 
diphosphate by viral thymidylate kinase. As such, sorivudine 
triphosphate is a competitive inhibitor of viral DNA replica-
tion. Unlike acyclovir, however, sorivudine is not incorporated 
into viral DNA. Inhibitory concentrations of sorivudine are 
1000-fold lower for VZV than are those of acyclovir. Cellular 
uptake in cells infected with herpesvirus is fortyfold greater 
than in uninfected cells. Clinical resistance has not yet been 
detected.2

Sorivudine (in humans) is well absorbed after oral adminis-
tration and is characterized by 98% protein binding. The elimi-
nation half-life is 5 to 7 hours, although half-life increases with 
age. Elimination appears to be urinary, with minimal hepatic 
metabolism. Side effects are primarily gastrointestinal (nau-
sea, vomiting, and diarrhea). Hepatic enzymes may increase. 
Long-term administration has caused hepatic neoplasms in 
rodents. Sorivudine (probably its metabolite) appears to nega-
tively interact with 5-fluorouracil by inhibiting the enzyme 
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responsible for fluorouracil metabolism.2 Sorivudine is avail-
able in both oral and intravenous preparations but only as 
investigational drugs.

Purine Nucleosides
Certain purine nucleosides have proved to be effective antivi-
rals and are used as systemic agents. Several of these antiviral 
drugs deserve special mention.

Vidarabine. Vidarabine (Vira-A) was initially investigated 
for its efficacy as a cancer chemotherapeutic drug. An analog 
of adenine, vidarabine is phosphorylated by host enzymes and 
competitively inhibits viral DNA polymerase. It is substituted 
for adenine into DNA, thus inhibiting viral DNA polymerase. 
Mammalian DNA is also inhibited, although to a lesser extent. 
Ribonucleoside reductase, RNA polyadenylation, and trans-
methylation reactions also are inhibited.2 Vidarabine selec-
tively inhibits DNA viruses, particularly herpesviruses. It is also 
effective against poxviruses, rhabdoviruses, hepadnaviruses, 
and selected RNA tumor viruses.2 Until recently, the drug was 
prepared as an injectable suspension. It is poorly water solu-
ble, however, and must be dissolved in large volumes of fluid 
before intravenous use. A 3% ophthalmic ointment continues 
to be available. On intravenous administration, vidarabine is 
deaminated to hypoxanthine arabinoside which has 10% of the 
potency of the parent compound, but reaches concentrations 
that exceed the parent compound by fifteenfold after constant 
intravenous infusion. The drug is eliminated renally but pre-
dominantly as the hypoxanthine metabolite. The elimination 
half-life of the metabolite is approximately 3.5 hours. Adverse 
reactions are more likely with intravenous administration and 
include gastrointestinal upset (vomiting, diarrhea) and central 
nervous system (CNS) derangements (hallucinations, ataxia, 
tremors, and painful peripheral neuropathies with long-term 
use). In addition, vidarabine is probably mutagenic and carci-
nogenic. Phlebitis, hypokalemia, rash, elevated transaminases, 
and pancytopenia as well as inappropriate concentrations of 
antidiuretic hormone have been reported in humans. Sys-
temic use in humans is reserved for life-threatening infections 
(e.g., herpes encephalitis). Although vidarabine is preferred 
over IDU for topical therapy of herpetic keratitis, the advent 
of acyclovir has reduced its use. Vidarabine can be useful 
for patients that have developed resistance to acyclovir or in 
combination with acyclovir for life-threatening infections.2 
Literature regarding its use in the cat is limited, but topical 
administration of the 3% ointment appears to be well tolerated 
in cats.12,13

Acyclovir and Valacyclovir. Acyclovir is an acyclic synthetic 
purine nucleoside analog that substitutes for guanosine in 
DNA synthesis. Valacyclovir is an L-valyl ester prodrug of acy-
clovir. Efficacy of acyclovir depends on activation of the drug 
to its monophosphate derivative by viral thymidine kinase. 
Subsequent phosphorylation to the diphosphate and then 
triphosphate form is mediated selectively by cells infected 
with herpesvirus. The formation of acyclovir-GTP results in 
the inhibition of viral DNA polymerase and incorporation of 
acyclovir-GTP into viral DNA, which terminates viral DNA 
synthesis. The drug has a greater affinity for viral (versus host) 

thymidine synthetase. Antiviral activity of acyclovir is limited 
essentially to herpesviruses. The in vitro activity of acyclovir 
is 100 times that of vidarabine and 10 times that of IDU. Viral 
resistance to acyclovir results from mutation to strains that are 
characterized by a reduction in viral thymidine kinase (the 
most common mechanism), altered substrate specificity, or 
altered viral DNA polymerase.2

Acyclovir is available in topical, oral (capsule), and paren-
teral (powder to be reconstituted) preparations. The bioavail-
ability of the oral preparations (in humans) is poor (10% to 
30%) and decreases with increasing doses.2 In contrast, vala-
cyclovir, which is rapidly and completely converted to acyclo-
vir, increases bioavailability of acyclovir to 50% (in humans). 
Acyclovir distributes to all body fluids, including cerebrospi-
nal fluid. It is eliminated primarily unchanged by glomerular 
filtration and tubular secretion and accumulates in patients 
with renal failure. The elimination half-life in adults with nor-
mal renal function is 1.5 to 6 hours; this can increase to 20 
hours in anuric patients.

Toxicity of acyclovir, regardless of the preparation, is lim-
ited. Oral administration (of both acyclovir and valacyclovir) 
is associated with gastrointestinal upset. Intravenous admin-
istration may cause renal insufficiency and (rarely) CNS side 
effects. Cats experimentally infected with feline herpesvirus 
type 1 (FHV-1) that received 60 mg/kg daily of valacyclovir 
orally became ill within 6 to 9 days of therapy, necessitating 
termination of the study in 12 days. White blood cell counts 
declined, yet no difference was found in viral pathology in 
treated versus untreated cats, leading the authors to assess 
valacylovir as an unlikely option for treatment of FHV-1.14 
Renal dysfunction is reversible and may reflect concentration 
in urine to the point that crystallization occurs2 (see previous 
discussion). Rapid infusion, dehydration, and inappropriate 
urine flow increase the risk of renal damage. Phlebitis also may 
accompany intravenous administration. A retrospective review 
(January 1995 through March 2000) of acyclovir toxicoses  
in dogs (n = 105) following accidental ingestion reported by 
The American Society for Prevention of Cruelty to Animals 
National Animal Poison Control Center found clinical signs 
developing in 6 of 10 dogs within 3 hours of ingestion  of doses 
ranging from 40 to 2195 mg/kg. 11 The most common clini-
cal signs were vomiting, diarrhea, anorexia, and lethargy, with 
polyuria and polydipsia reported in only 1 dog. Treatment 
included standard decontamination procedures, (i.e., induc-
tion of emesis, administration of activated charcoal), diuresis, 
and supportive care.

Veterinary use of acyclovir may be limited, probably 
because of differences among infecting viruses in viral thy-
midine kinase for acyclovir. In addition, antiviral resistance is 
increasing. Acyclovir is unable to eliminate latent infections. 
It is available as an ophthalmic ointment, a topical ointment 
and cream, an intravenous preparation, and various oral 
formulations.

KEY POINT 10-3 Veterinary use of acyclovir may be limited, 
probably because of differences in viral thymidine kinase 
for acyclovir.
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Penciclovir and Famciclovir. Like acyclovir, penciclovir is 
an acyclic guanine nucleoside. Its spectrum of activity (her-
pes simplex virus and VZV) is also similar to that of acyclo-
vir. Penciclovir (up to 77% bioavailable) is formed from its 
prodrug famciclovir. Penciclovir is a hundredfold less potent 
than acyclovir but is accumulated to higher concentrations 
than is acyclovir in infected cells.2 Plasma elimination half-
life in humans is approximately 2 hours, and elimination is 
renal. Although, like acyclovir, the drug is well tolerated orally, 
chronic administration appears to be tumorigenic, causing 
testicular toxicity in animals.

The pharmacokinetics and safety of penciclovir resulting 
from oral administration of famciclovir have been reported in 
cats (n = 8) at 62.5 mg (half of a 125-mg tablet; 9 to 18 mg/kg) 
orally after single and multiple dosing (every 8 or 12 hours; 4 
cats per group) for 3 days.15 The maximum drug (Cmax; ng/mL) 
concentration following a single dose was 330 ± 120, and the 
elimination (disappearance) half-life was 3.1 ± 0.9 hr. Using a 
multiple-dosing, 12-hour dosing regimen, the Cmax of penci-
clovir (ng/mL) did not change significantly from single dos-
ing (multiple 12-hour dosing Cmax [ng/mL] of 330 ± 180 at a 
Tmax of 5 hours) but did with 8-hour dosing (multiple 8-hour 
dosing Cmax of 680 ± 290) µg/mL. This increase is practically 
expected with a 3-hour half-life in the face of an 8-hour dosing 
interval (accumulation ratio of 1.4), but altered clearance can-
not be ruled out without intravenous pharmacokinetic studies. 
The half-life did not change with multiple dosing, although the 
duration of dosing may not have been enough to allow emer-
gence of drug interactions and the sample size may not have 
been sufficient to detect a difference. Dose normalization of 
Cmax and area under the curve (AUC; 24 hours) yielded no 
significant differences between the two dosing intervals; again, 
limitations in sample size may have precluded detection of 
differences. Adverse effects may have included decreases in 
packed cell volume (by 27%) and total protein (by 10%). How-
ever, these changes may have reflected frequent blood draws 
during the study. White blood cell counts increased (neutro-
phils and monocytes) by 54% after the last dose. Although the 
cats tolerated dosing well, the target concentration suggested 
for treatment of FHV-1 is 3500 ng/m (based on the review of 
Thomasy et al.15), which was approximately tenfold higher 
than the Cmax achieved in this study. Further studies must 
verify the safety of the drug at doses necessary to achieve this 
concentration.

Ganciclovir. Ganciclovir is structurally similar to acyclovir, 
with the addition of a hydroxymethyl group on the acyclic side 
chain. Its spectrum includes herpesvirus, with particular effi-
cacy against cytomegalovirus; effective concentrations are ten-
fold to a hundredfold lower than the concentrations effective 
against other herpesviruses.2

Unfortunately, similar concentrations are inhibitory to 
bone marrow progenitor cells. As with other guanine nucle-
osides, ganciclovir inhibits viral DNA synthesis after mono-
phosphorylation mediated by viral thymidine kinase (herpes) 
or phosphotransferase (cytomegalovirus). Diphosphates and 
triphosphates of ganciclovir are formed by cellular enzymes. 
The triphosphate competitively inhibits deoxyguanosine 

triphosphate incorporation into both viral and host DNA, 
with preferential inhibition of viral over host DNA poly-
merase. Intracellular concentrations (which exceed acyclovir 
concentrations by at least tenfold) decline much more slowly 
than those of acyclovir, resulting in a cellular elimination half-
life of approximately 24 hours. Hence the drug is given once 
daily in humans.2 Resistance most commonly reflects point 
mutations or deletions in viral DNA, resulting in reduced for-
mation of viral phosphotransferase.

Ganciclovir is poorly bioavailable in humans (9%, with 
food). More than 90% of the absorbed drug is eliminated 
renally, with an (plasma as opposed to cell) elimination half-
life of 2 hours. Elimination half-life increases proportionately 
with creatinine clearance. The primary adverse effect is myelo-
suppression, with neutropenia occurring in up to 40% and 
thrombocytopenia in 5% to 20% of patients. Myelosuppression 
more commonly occurs with intravenous administration and 
is generally reversible by 1 week after discontinuation of ther-
apy, but it can be persistent and fatal. Treatment with granu-
locyte colony-stimulating factor may minimize neutropenia.2 
The risk of myelosuppression is increased when ganciclovir is 
combined with other cytotoxic drugs. Side effects in the CNS 
also are frequent, occurring in up to 15% of human patients. 
Clinical signs include convulsions and coma. Other adverse  
effects include infusion-related phlebitis, azotemia, anemia, 
fever, hepatic dysfunction, nausea, vomiting, and eosinophilia. 
Therapeutic use of ganciclovir includes cytomegalovirus reti-
nitis, particularly in humans with acquired immune- deficiency 
syndrome–induced immunodeficiency. Ganciclovir is also 
used for treatment of any infection or prevention of infec-
tion (particularly in transplant recipients) associated with 
cytomegalovirus.

Ribavirin. Ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-
3-carboxamide; Virazole) is a purine nucleoside analog that is 
activated by viral phosphorylation and subsequently prevents 
the formation of mRNA and translation of viral genome.12,13 
The action of ribavirin involves specific inhibition of virus-
associated enzymes, inhibition of the capping of viral mRNA, 
and inhibition of viral polypeptide synthesis. Thus it is effective 
against both DNA and RNA viruses and is a broad- spectrum 
antiviral drug. Susceptible viruses include adenoviruses, her-
pesviruses, orthomyxoviruses, poxviruses, picornaviruses, 
rhabdoviruses, rotaviruses, and retroviruses. Viral resistance 
to ribavirin is rare. Ribavirin is well absorbed in humans, 
widely distributed in the body, and eliminated by both renal 
and biliary routes as both parent drug and metabolites; it has a 
plasma half-life of 24 hours in humans. It does not have a wide 
margin of safety in domestic animals. Toxicity is manifested by 
anorexia, weight loss, bone marrow depression, anemia, and 
gastrointestinal disturbances. It has been successfully admin-
istered by topical, parenteral, oral, and aerosol routes. Ribavi-
rin is administered as an aerosol to human patients afflicted 
with respiratory viral infections, thus avoiding the hematopoi-
etic toxicities associated with systemic use of the drug. In the 
cat, in vitro investigations revealed marked antiviral activity 
against a strain of calicivirus but little efficacy for rhinotra-
cheitis.12,13 However, Povey16 studied the oral administration 
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of 25 mg/kg every 8 hours for 10 days in cats that had been 
 experimentally infected with calicivirus. Pathologic lesions in 
infected cats worsened, primarily because of severe thrombo-
cytopenia that presumably was drug induced. Cats also devel-
oped liver disease, although clinical signs resolved 1 week after 
the drug was discontinued.

Miscellaneous Antiherpes Drugs
Foscarnet
Foscarnet (phosphonoformic acid) is an inorganic trisodium 
salt that interferes directly with herpes viral DNA polymerase. 
The drug may also be effective in treating retroviral infections 
owing to similar interference with reverse transcriptase. Direct 
actions preclude the need for intracellular activation. Foscar-
net has a hundredfold greater affinity for viral as opposed 
to host DNA polymerase-α.2 Point mutations in DNA poly-
merase are responsible for resistance. Foscarnet is poorly bio-
available after oral administration. The drug is concentrated 
in bones, resulting in complicated plasma elimination. Elim-
ination (in humans) is bimodal with an initial 4- to 8-hour 
elimination half-life followed by a 3- to 4-day half-life. It is 
eliminated primarily by the kidneys, with clearance decreasing 
proportionately with creatine clearance.

Major side effects in human patients include nephro-
toxicity and hypocalcemia, which can become symptom-
atic. Serum creatinine increases in up to 50% of patients but 
decreases after therapy is stopped. Acute tubular necrosis, 
crystalluria, and interstitial nephritis have occurred. Sodium 
loading before therapy may decrease the risk of renal toxicity. 
Because foscarnet is highly ionized at physiologic pH, meta-
bolic abnormalities are common in human patients. Calcium 
and phosphorus may decrease or increase. Decreases in ion-
ized calcium may be sufficient to cause clinical signs consis-
tent with tetany. Other CNS side effects reported in human 
patients (up to 25%) include tremors, irritability, seizures, and 
hallucinations. Fever, nausea, vomiting, anemia, leukopenia, 
and hepatic dysfunction also have been reported. Indications 
in human patients include cytomegalovirus retinitis and her-
pes infections that are resistant to acyclovir. The disposition 
of foscarnet and its precursor, thiophosphonoformate (TPFA), 
have been studied in normal cats. Whereas foscarnet was 
only 8% bioavailable, TPFA was 44%; however, only 14% of 
the drug is converted to foscarnet.16a The half-life of foscar-
net was approximately 3 hrs with clearance of 1.88 ml/min/kg,  
being similar to renal clearance. Foscarnet has been shown 
to be effective prophylactically in the treatment of feline rhi-
notracheitis. Its efficacy against retroviruses warrants further 
investigation for the treatment of FeLV. Currently, foscarnet is 
given to immunocompromised human patients and is being 
studied in the cat for treatment of retroviral infections.

Antiretroviral Drugs
Zidovudine
All clinically used (human-approved) antiretroviral agents 
are 2ʹ,3ʹ– dideoxynucleoside analogs. Zidovudine (AZT; Ret-
rovir) is a thymidine analog. Within the virus-infected cell, 
the 3ʹ-azido group substitutes for the 3’-hydroxy group of 

thymidine. The azido group is then converted to a triphos-
phate form, which is used by retroviral reverse transcriptase 
and incorporated into DNA transcript.12,17 The 3’ substitution 
prevents DNA chain elongation and insertion of viral DNA 
into the host cell’s genome, preventing viral replication. Thus 
the shared mechanism of action of these drugs is inhibition 
of RNA-dependent DNA polymerase (reverse transcriptase). 
This enzyme is responsible for conversion of the viral RNA 
genome into double-stranded DNA before it is integrated into 
the cell genome. Because these actions occur early in repli-
cation, the drugs tend to be effective for acute infections but 
relatively ineffective for chronically infected cells.2 Cellular 
α-DNA polymerases are inhibited only at concentrations a 
hundredfold greater than those necessary to inhibit reverse 
transcriptase, thus rendering this drug relatively safe to host 
cells. Cellular γ-DNA polymerase, however, is inhibited at 
lower concentrations. Zidovudine is effective against a variety 
of retroviruses at low concentrations (<0.001 to 0.04 μg/mL. 
The intracellular elimination time of AZT is 3 to 4 hours.2

In human patients AZT is rapidly absorbed, with a bioavail-
ability of 60% to 70%. Food impairs absorption. Concentra-
tions in the cerebrospinal fluid are approximately 50% of those 
in plasma. The plasma elimination half-life is 1 to 1.5 hours. In 
human patients AZT undergoes first-pass metabolism.

Among the toxicities caused by AZT is myeloid suppres-
sion. The concentration necessary to suppress (human) 
myeloid cells is higher than that associated with antiviral activ-
ity, but nonetheless is still relatively low at 0.3 to 0.6 μg/mL.2 
Although metabolites appear to be void of antiviral toxicity, at 
least one may contribute to myeloid toxicity. Granulocytope-
nia and anemia are the major adverse effects of AZT in human 
patients. The risk of toxicity increases in human patients with 
low (CD4+) lymphocyte counts, high doses, and prolonged 
therapy. Idovudinzidovudine may cause Heinz body anemia 
in cats,21 suggesting that complete blood counts should be per-
formed on cats receiving AZT. Granulocyte colony-stimulat-
ing factor is indicated for management of granulocytopenia. 
CNS side effects are more likely as therapy is begun. Other 
side effects reported in humans include myopathy (character-
ized by weakness and pain), neurotoxicities, hepatitis (uncom-
mon), and esophageal ulceration. Resolution of myopathy 
occurs slowly after drug therapy is discontinued. The risk of 
myelosuppression is increased by drugs that inhibit glucuroni-
dation or renal excretion. Therapeutic indications for AZT in 
humans include treatment of HIV infections. Treatment with 
AZT prolongs survival, decreases the incidence of opportu-
nistic infections, increases measures of immune function, and 
decreases HIV antigens and RNA. Zidovudine has been com-
bined with didanosine or zalcitabine for more sustained CD4+ 
lymphocyte response.

The disposition of AZT has been studied in cats. It is rap-
idly absorbed in cats after intragastric or oral administration. 
Administration of a single dose of 25 mg/kg in normal cats 
by either route generates maximum serum concentrations 
of 28 ± 7 and 29 ± 15 μg/mL, respectively. Bioavailability 
for the intragastric route is 70 ± 24%, and for the oral route 
95 ± 23%. The elimination half-life is approximately 1.5 hours 
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and volume of distribution 0.82 L/kg. Drug concentrations 
were above the effective concentration 50 (EC50) of 0.19 μg/
mL for FIV for at least 24 hours after either intravenous or 
oral administration.18 The drug appears safe at this dose 
despite drug concentrations being well above that associated 
with myeloid suppression of human cells. Side effects in cats at  
25 mg/kg (administered intravenously) were limited to tran-
sient restlessness, mild anxiety, and hemolysis.18

Lamivudine
Lamivudine is among the more potent drugs against human 
immunodeficiency virus (HIV) and also has been studied in 
cats. As with AZT, it is rapidly absorbed in cats after intragas-
tric or oral administration. Administration of a single dose of 
25 mg/kg in normal cats by either route generates maximum 
serum concentrations of 50 ± 38.5 and 40 ± 40 μg/mL, respec-
tively, with bioavailability for the intragastric route being 
88 ± 45%, and for the oral route 80 ± 52%. The elimination 
half-life is approximately 2 hours and volume of distribution is 
0.6 L/kg. The effective concentration 50 (EC50) for lamivudine 
ranges from 0.8.7 (mutant) to 11 μg/mL (wild type) for FIV 
and is present for at least 24 hours after either intravenous or 
oral administration.19 As with AZT, lamivudine appears safe 
in cats at 25 mg/kg with similar side effects.19

The disposition of the combination of AZT (5 mg/kg) and 
lamivudine (3 mg/kg) has also been studied in normal and 
FIV-infected cats after single and multiple (7-day) dosing.20 
Median AZT concentrations (ng/mL) were (median followed 
by range) 3.67 (2.67 to 4.66) at first dose and 3.65 (3.54 to 3.76) 
at steady state for AZT and 2.86 (2.62 to 3.08) at first dose and 
3.89 (3.27 to 3.08) ng/mL (31.7 to 102.4 ng/mL) at steady state. 
These concentrations were comparable to those achieved in 
humans, although direct comparisons are precluded by differ-
ent doses. Volume of distribution, clearance, and half-life were 
similar with combined therapy to that reported for individual 
therapy by Zhang and coworkers.18,19

Didanosine
Didanosine is a purine nucleoside effective against HIV, includ-
ing strains that have developed resistance to AZT. Although it 
is tenfold to a hundredfold less potent than AZT, it is more 
active in quiescent cells and in nondividing (human) mono-
cytes and macrophages. It also is not toxic for hematopoietic 
precursor cells or lymphocytes at clinically relevant concentra-
tions. It is metabolized inside the cell to its active derivative 
(ddATP), which competitively inhibits virus preferentially to 
host reverse transcriptase. Oral bioavailability of didanosine 
is about 40% in humans. Because it is very acid labile, food 
decreases absorption by 50% or more. Didanosine is available 
as both tablets and powder, with the tablet being 20% to 25% 
more bioavailable than the powder. Only about 20% of drug 
in plasma distributes to the cerebrospinal fluid. Up to 60% of 
the drug is excreted unchanged through the kidneys, with a 
plasma elimination half-life of up to 1.5 hours. Intracellular 
metabolism may be responsible for some plasma elimination. 

Side effects include painful peripheral neuropathy and pan-
creatitis. High doses increase the risk for both. A history of 
pancreatitis predisposes the patient to this side effect. Up to 
70% of human patients develop pancreatitis, although hyper-
amylasemia will occur in up to 20%. Other adverse effects 
include diarrhea; rashes; CNS signs, including insomnia and 
seizures; optic neuritis; and, rarely, hepatic failure or cardiac 
dysfunction. Animal studies also have found gastrointestinal, 
bone marrow, hepatic, and renal dysfunction. Didanosine 
(33 mg/kg orally per day for 6 weeks) was used to develop a 
model of antiretroviral peripheral neuropathy in normal and 
infected SPF kittens.21a Didanosine is approved for treatment 
of advanced HIV infections in human patients intolerant of or 
resistant to AZT. Stavudine, a thymidine nucleoside, and zal-
citabine, a cytosine nucleoside, are alternatives to AZT therapy 
for human patients.2

Miscellaneous Antiviral Drugs
Amantadine
Amantadine and its derivative rimantadine are synthetic anti-
viral agents that appear to act on an early step of viral replica-
tion after attachment of virus to cell receptors. Interference of 
release of infectious viral nucleic acid into the host cell through 
the transmembrane domain of the viral M2 protein is proposed. 
The effect seems to lead to inhibition or delay of the uncoating 
process that precedes primary transcription. Amantadine may 
also interfere with the early stages of viral mRNA transcrip-
tion. Amantadine also prevents virus assembly during virus 
replication. Viruses affected at usual concentrations include 
different strains of influenza A and C (but not B) virus, Sendai 
virus, and pseudorabies virus. It is almost completely absorbed 
from the gastrointestinal tract, and about 90% of a dose admin-
istered orally is excreted unchanged in the urine over several 
days (according to data for humans). The main clinical use has 
been to prevent infection with various strains of influenza A 
viruses. In humans, however, it also has been found to produce 
some therapeutic benefit if taken within 48 hours after the 
onset of illness. Amantadine and its derivatives may be given 
by the oral, intranasal, subcutaneous, intraperitoneal, or aero-
sol routes. It produces few side effects, most of which are CNS 
related; stimulation of the CNS is evident at very high doses. 
Acute toxicity generally reflects its anticholinergic effects and 
includes cardiac, respiratory, renal, or CNS toxicity.

Oseltamivir
Oseltamivir is prepared as an ester prodrug. On release by 
 esterases in the gastrointestinal tract, the carboxylate form acts 
as a selective inhibitor of influenza A and B viral neuraminidases 
by inducing a conformation change at the enzymatic active site. 
The viruses cannot leave the infected cell and therefore aggre-
gate at the cell surface and are unable to spread. Concentrations 
achieved in humans after oral administration of a therapeutic 
dose is 0.35 μg/mL of the carboxylate form. In humans the 
half-life is approximately 6 to 10 hours. It is excreted by renal 
tubular excretion; probenecid prolongs the half-life by twofold. 
The drug has not yet been studied in dogs or cats despite its 
anecdotal use for treatment of parvovirus in dogs.

KEY POINT 10-4 The disposition and safety of AZT support 
its use in cats.
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Suramin
Suramin is a polysulfonate hexasodium salt capable of inhibit-
ing reverse transcriptase; it has been studied for use in treating 
FeLV (discussed later).

Inosiplex
Inosiplex (Isoprinosine) is a compound formed from inosine 
and the para-acetamidobenzoate salt of 1-dimethylamino-2-
propanol. Inosiplex can inhibit cytopathic effects of several 
viruses in culture. In vivo experiments, however, suggest that 
optimal activity of inosiplex occurs with therapeutic admin-
istration after viral infection and requires an adequate host 
immune response. The mechanism of antiviral activity appears 
to involve specific suppression of viral mRNA. Inosiplex does 
not appear to be as efficacious as several antimetabolite anti-
viral compounds. Inosiplex can also induce T-cell differentia-
tion similar to that induced by thymic hormones, apparently 
by augmenting RNA synthesis. Thus inosiplex may be more 
useful as an immunopotentiator in immunodeficient patients 
(see earlier discussion of biologic response modifiers).12,17,22

Interferon and Its Inducers
Interferons (IFNs) are addressed in greater depth in Chapter 3. 
They are a group of multiple-gene inducible cellular glyco-
proteins that interact with cells and render them resistant to 
infection by a wide variety of RNA-containing and DNA-con-
taining viruses. In addition, IFNs have numerous other effects 
on target cells, including a reduction in the rate of cell pro-
liferation and alterations in the structure and function of the 
cell surface, the distribution of cytoskeletal elements, and the 
expression of several differentiated cellular functions. Interfer-
ons induce the synthesis of new proteins that are responsible 
for the activation of cellular endonucleases that degrade viral 
mRNA. Human IFNs are classified as α, β, or γ, depending on 
their physical stability, immunologic neutralization proper-
ties, host range, and homology in amino acid sequence. Viral 
infections generally are associated with the expression of IFN 
α and β genes. Those used in clinical trials have been produced 
by induction of synthesis by human white blood cells; fibro-
blasts; lymphoblasts; and, more recently, recombinant DNA 
techniques in bacteria. Numerous modes of antiviral action 
have been proposed. In addition to their ability to establish an 
antiviral state in host cells, they also appear to modulate the 
immune system of the host.

Interferons inhibit the replication of a wide variety of 
viruses. Among the RNA-containing viruses, the togaviruses, 
rhabdoviruses, orthomyxoviruses, paramyxoviruses, reovi-
ruses, and several strains of picornaviruses and oncornaviruses 
are sensitive to inhibition by IFNs. Among the DNA-con-
taining viruses, the poxviruses and several strains of herpes 
simplex types 1 and 2 viruses, as well as cytomegalovirus, are 
inhibited by IFNs. Adenoviruses are generally resistant. There 
are extreme variations in sensitivity to IFNs among different 
types and even strains of virus. In addition, the responses in 
different model and test systems can be extraordinarily vari-
able. Interferons appear not to be as useful in the therapy of 
viral infections as was hoped initially. Interferons are usually 

administered parenterally but recently also have been used 
orally with some success. Although rare at recommended dos-
ages, side effects may occur at higher levels.

To date, at least five feline IFN-alpha (feIFN) subtypes 
have been encoded,23 each of which (1, 2, 3, 5, and 6), when 
expressed in a Chinese hamster ovary cell line, has exhibited 
antiviral activity against vesicular stomatitis virus– and feline 
calicivirus–infected cells.24A recombinant feline IFN omega 
(rFeIFN-ω) is an insect- (silkworm-) generated (rather than 
microbial-based) product (Virbagen Omega) that is licensed 
by the U.S. Department of Agriculture for the treatment of ret-
rovirus infections in cats.

Several substances induce IFN and have been tested 
for the prevention and treatment of viral infections and 
for treatment of neoplastic diseases. Although effective  
in some model systems, IFN inducers have not yet been 
found to be clinically useful because of their toxicity. 
High-molecular-weight inducers include polyriboinosinic 
acid/ polyribocytidylic acid or poly(I)/poly(C); low-molec-
ular-weight inducers include tilorone, aminobromophenyl-
pyrimidinone, and aminoiodophenylpyrimidinone.

Miscellaneous Alternatives or Adjuncts 
to Antiviral Drugs
Lymphocyte T-Cell Immune modulator is an immune-
regulating single polypeptide extracted and purified from 
bovine-derived stromal cells (ProLab manufacturers). The 
product package insert indicates that lymphocyte counts rap-
idly increased in cats (n = 23) with FIV or FeLV after treat-
ment (1 mL) at 0, 7, and 14 days followed by monthly doses. 
Clinical scores became significantly better after the third dose. 
Red blood cell counts also increased in severely anemic cats. 
A clinical trial was not available for review, and no informa-
tion was provided regarding control animals. As a biologic, the 
product has not been considered for approval by the Food and 
Drug Administration but had received conditional licensing 
by the United States Department of Agriculture as of Novem-
ber 2009.24a

Several drug classes continue to be investigated mainly 
because of their in vitro antiviral activities. Their poten-
tial clinical usefulness remains obscure in most instances. 
Included among these agents are thiosemicarbazones, guani-
dine, benzimidazoles, arildone, phosphonoacetic acid, rifamy-
cins and other antibiotics, and several natural products.

Lysine is an essential amino acid. Herpes simplex viral pro-
teins are rich in L–arginine, and in vitro tissue culture stud-
ies suggest that viral replication is enhanced in the presence 
of a high L-arginine to L-lysine ratio. In contrast, when the 
ratio is low (i.e., lysine > arginine), viral replication and the 
cytopathogenicity of herpes simplex virus have been found to 
be inhibited. The effects of lysine may reflect antagonism of 
arginine-growth promoting effects, although the site of inter-
action is not known. Replacement of viral arginine with lysine-
yielding nonfunctional proteins also has been proposed.

Mycophenolic acid (MPA) is a non-nucleoside noncom-
petitive, reversible inhibitor of eukaryotic inosine monophos-
phate dehydrogenase. Inhibition of lymphocyte proliferation 
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has led to its use to treat host versus graft rejection in human 
transplant recipients. Because microbial RNA and/or DNA 
synthesis also is inhibited, MPA has the potential for inhib-
iting infecting parasites and microbes, the latter including 
viruses. Mycophenolic acid appears to impair viral replication 
of a variety of viruses, including Sindbis virus, HIV herpes-
virus, hepatitis B virus, orthopoxviruses, dengue virus, West 
Nile virus, and double-stranded RNA avian reoviruses.25 It 
also appears to potentiate the inhibitory effects of cyclic gua-
nosine analogs (e.g., acyclovir, penciclovir, and ganciclovir) 
against herpesviruses, the nucleoside analogs against HIV. 
However, its use as a broad-spectrum antiviral agent against 
positive- and negative-stranded RNA viruses has not been 
established.25

TREATMENT OF SELECTED VIRAL 
INFECTIONS

Treatment of viral diseases in small animals is nonspecific 
and seldom includes antiviral drugs. Therapy tends to be sup-
portive, focusing on fluid and electrolyte supplementation, 
prevention or treatment of secondary bacterial infection, 
and treatments that support the function and structure of 
the organ targeted by the infection. By far, the most impor-
tant approach to management of viral diseases in dogs and 
cats is prevention and, in particular, an effective vaccina-
tion program. In addition, isolation of infected animals and 
cleansing of environments contaminated with potentially 
infecting viruses are important ways to limit the spread of 
viral infections.

Treatment of Selected Canine Viral Infections
Canine Parvoviral Enteritis
Parvoviral enteritis, caused by canine parvovirus-2 (CPV-2), 
is among the most common and fatal viral infections afflicting 
dogs, including most members of the family Canidae. Infec-
tion by this highly contagious virus generally reflects contact 
with infected feces. Animals, humans, and objects can serve 
as vectors. After exposure viral replication begins in the lym-
phoid tissue of the gastrointestinal tract, from where it dis-
seminates to the intestinal crypts of the small intestine. The 
virus localizes in the epithelium of the tongue, oral and esoph-
ageal mucosa, small intestine, and lymphoid tissue. Because 
CPV-2 infects the germinal cells of the intestinal crypt, cell 
turnover is impaired and villi shorten. Mitotically active 
myeloid cells and lymphoid cells are also targeted, leading to 
neutropenia and lymphopenia. Complications of intestinal 
damage include bacteremia, endotoxemia, and disseminated 
intravascular coagulation (DIC). Infections are most severe in 
puppies younger than 12 weeks of age because of their imma-
ture immune system. Clinical signs include vomiting (which 
can be severe), diarrhea, and anorexia. Animals may be febrile. 
Clinical pathology may reveal leukopenia. Myocarditis can 
develop in patients infected in utero or less than 8 weeks of 
age. Diagnosis is based on clinical signs, leukopenia (gener-
ally proportional to the severity of illness), and enzyme-linked 
immunoassay (ELISA) antigen testing.

The clinical efficacy of rfeIFN-omega has been evaluated for 
the treatment of dogs with experimental and spontaneous par-
voviral enteritis. Martin and coworkers26 treated experimen-
tally infected Beagle puppies with rFeIFN-omega (2.5 MU/kg)  
for 3 consecutive days and reported 1 of 5 deaths compared 
with 5 of 5 in untreated controls. De Mari and coworkers27 
studied spontaneous disease using a multicentric, double-
blind, placebo-controlled study. Clinical signs of the IFN-
treated (2.5 million units/kg/day for 3 consecutive days) 
animals (n = 43) improved significantly during the 10-day 
study period compared with those of control animals (n = 49). 
Only 3 deaths occurred in the IFN group compared with 14 
deaths in the placebo group, resulting in a 4.4 reduction in 
mortality. This increased to a 6.4–fold reduction in mortality 
in unvaccinated dogs.

Oseltamivir has been used to treat parvovirus, although 
this use is not based on a randomized clinical trial. One 
(abstract form) study reports a decrease in mortality of par-
vovirus by 75% to 100% (2 mg/kg orally every 12 hours); cost 
will be approximately $0.25/kg. However, neuraminidase does 
not appear to be a virulence factor for parvovirus, including 
the release of viruses from the cell. In contrast, bacterial neur-
aminidases are also produced by a large number of respiratory 
mucosal pathogens and are necessary for biofilm forma-
tion by Pseudomonas aeruginosa. Use of viral neuraminidase 
inhibitors prevents biofilm formation by microbial organisms. 
Accordingly, the use of oseltamivir for its nonviral indications 
warrants further consideration for its potential impact on 
intestinal bacterial translocation; well-designed clinical trials 
are needed to demonstrate efficacy.

Symptomatic therapy for canine parvoviral enteritis focuses 
on restoration of fluids and electrolytes and on prevention or 
treatment of bacteremia or endotoxemia. Fluid therapy is the 
single most important treatment and should be aggressive 
and continued as long as the patient is vomiting or diarrhea 
is present. Among the antiemetics, metoclopramide originally 
was among the most successful, with ondansetron considered 
for animals that fail to respond. Maropitant may be the better 
choice. Treatment of diarrhea is generally not indicated. The 
use of narcotic motility modifiers (e.g., loperamide, diphenox-
ylate) has been recommended if necessary,28 but their use may 
prolong the presence of undesirable toxins in the gastroin-
testinal lumen. Thus their use is discouraged. Antimicrobial 
therapy should focus on both gram-negative coliforms and 
anaerobic organisms. In general, an injectable beta-lactam 
combined with an aminoglycoside has proved efficacious. 
Fluid therapy, once-daily dosing, and the immature nature of 
pediatric canine kidneys provide protection against aminogly-
coside-induced renal disease. Fluorinated quinolones should 
not be used if possible because of the risk of cartilage damage. 
Ceftiofur has been used because of its potential for intrave-
nous administration and its efficacy against Escherichia coli, 

KEY POINT 10-5 Efficacy of oseltamivir for treatment of 
parvovirus, if it is scientifically demonstrated, may reflect its 
impact on bacterial translocation rather than viral inhibition.
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one of the major contributors to secondary bacterial compli-
cations of parvovirus. Note, however, that efficacy and safety 
at doses necessary to control the systemic bacterial complica-
tions of parvovirus have not been documented. In addition, 
efficacy against anaerobic organisms of the gastrointestinal 
tract has not been studied. Cefazolin should be equally effec-
tive as ceftiofur against E. coli associated with translocation, 
although more frequent administration may be necessary and 
efficacy against anaerobes may be less.

Parvoviruses are extremely stable, being resistant to envi-
ronmental conditions and many chemical disinfectants. 
Canine parvovirus is susceptible to sodium hypochlorite 
(1 part household bleach to 1:32 parts water). Exposure to 
diluted bleach must be long in duration.

Canine Distemper
Canine distemper29 spreads by aerosolization to the epithelium 
of the upper respiratory tract. Multiplication in tissue macro-
phages leads to spread to lymphatics; tonsils; bronchial lymph 
nodes; and ultimately to lymphatic tissues of the gastrointesti-
nal tract, liver, and other organs. Additional spread generally 
is hematogenous. Leukopenia characterized by lymphopenia 
develops as the virus proliferates in lymphoid tissues. Animals 
with adequate immunity are able to clear infection within  
8 to 9 days. In dogs with an insufficient immune response, the 
virus spreads to other tissues, including the skin and other 
organs. Persistent viral infection of the CNS appears to develop 
in dogs that are not able to generate circulating IgG antibod-
ies to the viral envelope. Immune complex deposition in the 
CNS may facilitate viral infection. Lesions and their sequelae 
in the CNS vary with the age and immunocompetence of the 
dog, the pathogenicity of the virus, and the duration (acute 
versus chronic) of infection. Acute encephalitis is more likely 
in young or immunosuppressed dogs and reflects direct viral 
damage. Demyelinating polioencephalomalacia is character-
ized by minimal inflammation. Continued infection in the 
CNS leads to progressive increases in the immune response, 
ultimately contributing to continued and widespread dam-
age. Chronic infection is associated with increased concen-
trations of antimyelin antibodies, activation of macrophages, 
and release of reactive oxygen radicals. Despite resolution of 
inflammation in surviving animals, canine distemper virus 
can persist in infected brain tissues.

Clinical signs vary with the extent of infection and include 
general listlessness; fever; upper respiratory tract infec-
tion (similar to kennel cough); keratoconjunctivitis sicca; 
serous to mucopurulent discharge; and vomiting and diar-
rhea, often associated with tenesmus. Animals may become 
severely dehydrated. Neurologic signs generally develop after 
recovery (generally at 1 to 3 weeks but potentially up to sev-
eral months) and tend to be progressive. Mature animals can 
abruptly develop neurologic signs despite prior vaccination 
and no previous evidence of disease. Clinical signs of CNS 
involvement vary with the area of the CNS affected and with 
the magnitude of damage and include hyperesthesia, cervical 
rigidity, seizures, cerebellar signs, paraparesis or tetraparesis, 
and myoclonus. Diagnosis is based on immunologic testing of 

IgM (ELISA). Measurements of IgG in both serum and cere-
brospinal fluid may be useful for detecting chronic CNS infec-
tions. Immunocytology may also be helpful in the diagnosis 
of canine distemper, although the need for special equipment 
renders this aid less practical.

The most appropriate approach for limiting morbidity and 
mortality associated with canine distemper is proper vac-
cination.29 Treatment continues to be largely supportive and 
focuses on prevention or treatment of bronchopneumonia 
(usually caused by Bordetella bronchiseptica), fluid and elec-
trolyte support with supplementation of B vitamins as needed, 
and treatment of neurologic signs. Progression of neuro-
logic signs may provide justification for treatment of cere-
bral edema (e.g., single administration of dexamethasone).29 
Seizures should be treated with anticonvulsant medications 
(diazepam for immediate control, phenobarbital or bromide 
for long-term control). Myoclonus is not treatable. Chronic 
inflammatory forms of distemper (including optic neuritis, 
encephalitis) may require long-term glucocorticoid therapy. 
Glucocorticoids that are more effective in their ability to con-
trol oxygen radicals (e.g., methylprednisolone) may offer an 
advantage, although this has not been clinically addressed 
with controlled studies. Therapy with ascorbic acid intrave-
nously has not been proved to be clinically useful but none-
theless has been recommended.29 Infections associated with 
measles in children apparently have responded favorably to 
two treatments with vitamin A (200,000 IU or 60 mg) if given 
within 5 days of the onset of clinical signs.29 Canine distemper 
virus is extremely susceptible to common disinfectants.

Infectious Canine Hepatitis
Infectious canine hepatitis30 initially localizes in the tonsils and 
spreads to regional lymph nodes and then to the bloodstream. 
The virus rapidly disseminates to all tissues, with hepatic 
parenchymal cells and vascular endothelial cells serving as 
the primary targets. Cytotoxic effects of the virus cause injury 
to the liver, kidney, and eye. In immunocompetent animals, 
infection is cleared within 7 days. Acute hepatic necrosis tends 
to develop in immunoincompetent animals. Although acute 
necrosis is the most common cause of death in animals surviv-
ing the initial phases of infection, it also can be self-limiting. 
Animals that respond with a partial neutralizing antibody tend 
to develop chronic active hepatitis, which can progress to fibro-
sis. Although renal lesions may develop with acute infection, 
progression to chronic renal disease apparently does not occur. 
Animals, however, remain prone to pyelonephritis. Ocular 
location of the virus occurs in about 20% of animals and can 
cause severe anterior uveitis and corneal edema. Ocular lesions 
tend to be self-limiting unless complications develop. DIC is 
a frequent acute complication of infectious canine hepatitis, 
probably triggered by widespread endothelial damage and 
activation of the clotting cascade. Decreased hepatic function 
and inability to clear products of degradation and to synthesize 
clotting factors contribute to DIC. Clinical signs in the acute 
stages of infectious canine hepatitis include enlargement of 
lymphoreticular tissues, fever, coughing, abdominal tender-
ness associated with hepatomegaly, and hemorrhagic diathesis. 
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Less commonly, icterus and CNS signs may develop. Ocular 
lesions may be associated with blepharospasm, photophobia, 
cloudiness of the cornea, and ocular discharge. Diagnosis is 
based on clinical laboratory changes consistent with damage 
caused by infectious canine hepatitis and serologic testing.

Therapy is supportive and should continue until the liver 
has adequately healed from acute damage. Among the alter-
native therapies that might be considered is lactoferrin. Inhi-
bition of growth has been demonstrated toward a number of 
viruses by the iron-binding protein lactoferrin. This endog-
enous compound is found in mucosal membranes, milk, and 
other tissues where it imparts other antimicrobial effects. 
Among the viruses targeted is canine herpesvirus, as has been 
demonstrated using in vitro techniques (canine kidney cells). 
The effects targeted viral replication and were independent of 
the iron-binding effects of the drug.31 Impaired interaction 
between the virus and cell receptors leading to altered viral–
host cell attachment was a suggested mechanism.

Therapy focuses on fluid and electrolyte support, treatment 
as indicated for DIC (including both replacement therapy and 
anticoagulant therapy), and treatment for hepatic encephalop-
athy as needed in acute stages. Hypertonic glucose (0.5 mL/kg 
of a 50% solution given intravenously over 5 minutes) may be 
helpful in the presence of hypoglycemia. Polyinosinic–poly-
cytidylic acid, an IFN inducer, has been used experimentally 
but is not a practical therapy. Persistence of chronic liver dis-
ease should be treated appropriately.

Infectious canine hepatitis is very resistant to many chemi-
cal disinfectants, including chloroform, ether, acid, and for-
malin. Chemical disinfectants that appear to be useful include 
iodine, phenol, and sodium hydroxide. The application of 
steam (5 minutes at 50° to 60° F) may be a reasonable method 
of disinfection for instruments.

Canine Infectious Tracheobronchitis (Kennel 
Cough)
The most common causative organisms of kennel cough are 
canine parainfluenza virus, a single-stranded RNA virus, and 
B. bronchiseptica.32 Other viruses and bacterial infections are 
also associated with the syndrome. Bacterial causes of tra-
cheobronchitis are discussed in Chapter 8. Viral transmission 
occurs primarily by aerosol or, for some viruses, oronasal con-
tact. The lack of viral replication in macrophages limits infec-
tion of the virus to the upper respiratory tract, although it is the 
viral-induced damage to the respiratory epithelium that allows 
secondary bacterial infection. B. bronchiseptica preferentially 
attaches to the respiratory epithelium, replicates on respira-
tory cilia, and releases potent toxins that impair phagocyto-
sis and cause ciliostasis, allowing infection by opportunistic 
organisms. The most common clinical signs associated with 
canine infectious tracheobronchitis (ITB) is paroxysmal non-
productive coughing, often associated with retching. Edema 
of the vocal folds is responsible for the characteristic honking 
sound of the cough. History includes exposure to other dogs, 
often at a boarding facility. Diagnosis is based on history and 
clinical signs. Culture of the upper airways (by bronchoscopy 
or transtracheal wash) can support diagnosis of a bacterial 

component. Rising antibody titers may be helpful in identi-
fying a specific viral etiology. Therapy focuses on control of 
cough and, in cases complicated by persistent bacterial infec-
tion, (as evidenced by mucopurulent discharge that emerges 
after viral phase) antimicrobials. Glucocorticoids may be 
helpful for controlling cough but do not appear to shorten 
the clinical outcome. Antitussive therapy should include both 
peripheral bronchodilators and centrally active drugs. Nar-
cotic derivatives are more likely than non-narcotics to control 
cough associated with ITB. Aerosol therapy may be helpful 
in cases associated with marked accumulation of respiratory 
secretions or pneumonia. Mucolytics, such as N–acetylcyste-
ine, may be very irritating to the respiratory tract and can be 
given orally or parenterally.

Parainfluenza virus is susceptible to sodium hypochlorite, 
chlorhexidine, and benzalkonium solution. Control of out-
breaks in a kennel may require isolation of the entire facility 
for up to 2 weeks. Vaccines are available; intranasal vaccina-
tion may lead to clinical signs typical of ITB.

Canine Papillovirus
Papillovirus is a largely self-limiting infection. However, anti-
viral therapy might be considered in nonresponders or in the 
interest of improving the comfort of animals. One uncontrolled 
clinical trial reported response of infection with nonspecific 
immunomodulation. Dogs (n = 16) presenting with papillomas 
in the oral mucosae and palate were treated with 2 mg Propi-
onibacterium acnes intramuscularly once per week. Response 
was realized in 2 weeks, with resolution of lesions occurring 
within 5 weeks in younger animals. However, in older animals 
response required treatment 3 times per week, with regression 
of lesions beginning at week 3 and completed by week 6. No 
significant side effects of therapy were reported, leading the 
authors to conclude that P. acnes would be a reasonable alter-
native for treatment of canine papillomas that have not natu-
rally regressed.33 Other anecdotal treatments have included 
IFN–alpha–2a, 1–3 million IU/dog, orally 3 times per week.

Yagci and coworkers34 prospectively studied the positive 
effects of azithromycin (10 mg/kg once daily for 10 days) for 
treatment of canine oral (n = 12) or cutaneous (n = 5) pap-
illomatosis using a double-blinded controlled design. Dogs 
were assigned to treatment groups based on entry into the 
study; 10 dogs (7 oral and 3 cutaneous) received treatment, 
whereas 7 did not. Cutaneous lesions on 1 dog in the placebo 
group spontaneously resolved at day 41. However, skin lesions 
in the 10 dogs with cutaneous lesions in the treatment group 
resolved in 10 to 15 days (although not stated in the report, it 
is assumed that all dogs with oral lesions also had skin lesions). 
The number of animals with oral lesions that responded was 
not provided. Recurrence of lesions was not evident during 
the 8-month follow-up period of the study.

Treatment of Selected Feline Viral Infections
Feline Panleukopenia
Feline panleukopenia35 is caused by parvovirus transmitted by 
direct contact between cats or between cats and vehicles act-
ing as vectors. As with other parvoviruses, cells that are rapidly 
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dividing are particularly susceptible to infection, including bone 
marrow, lymphoid tissue, and intestinal mucosal crypt cells. In 
utero infection can cause a number of reproductive disorders in 
the pregnant cat, ranging from loss of fetuses if infection occurs 
early in the pregnancy to birth of affected kittens. Injuries in kit-
tens occur in the CNS, particularly the cerebellum, optic nerve, 
and retina. Panleukopenia causes acute signs, including fever; 
depression; anorexia; and, less frequently, vomiting. Dehy-
dration can be extreme. Other potential clinical signs include 
ulceration, bloody diarrhea and icterus, and signs indicative of 
DIC. Queens infected during pregnancy may be diagnosed with 
infertility, and dead fetuses may mummify. Kittens affected in 
utero present with classic signs of cerebellar hypoplasia.

Diagnosis generally is based on a complete blood count. 
Therapy is symptomatic and focuses on fluid and electrolyte 
replacement (with vitamin B) and maintenance, antiemetics 
(generally metaclopramide), and broad-spectrum antimicrobi-
als to control secondary infection. The use of antivirals has not 
been established. Diazepam or other appetite stimulants can be 
attempted in anorectic cats that are not vomiting. Blood trans-
fusions may be indicated in the presence of severe anemia.

Feline Infectious Peritonitis (FIP)*
The treatment of FIP has recently been reviewed.36 Although 
caused by a coronavirus, the pathophysiology of infection is 
complex, in part because a variety of coronaviruses are capable 
of infecting cats. Further, cat susceptibility to infection and 
subsequent development of FIP vary unpredictably.37 The 
underlying relationship between FIP virus and non-FIP feline 
corona virus (FeCoV) cannot yet be discriminated based on 
current serology methods alone. The role of polymerase chain 
reaction based assays has to be defined; the ABCD Guidelines 
for FIA indicates that it cannot diagnose FIP in that positive 
results have been obtained in healthy carriers and negative 
results may occur in cats with FIP. Rivalta’s test—based on high 
protein content, inflammatory mediators, and fibrinogen pres-
ent in fluids of the effusive form—is characterized by a high 
predictive value.37a Among the feline corona viruses are strains 
whose pathogenicity and virulence vary from minimal, with 
replication limited to the gastrointestinal epithelium, to the 
virulent strains causing (FIP). Variability in virulence exists 
even within strains causing FIP. Cats infected with non-FIP 
corona virus are at risk to develop FIP as some strains appear to 
rapidly mutate to the virulent form. Virulence may be related 
to the ability of the virus to infect and replicate within mac-
rophages. The “S” protein on the viral envelope appears to be 
responsible for viral attachment, membrane fusion, and virus-
neutralizing antibody production. Infection and subsequent 
reinfection among carrier cats (e.g., in catteries or multiple-cat 

*The European Advisory Board and Cat Diseases (ABCD) has pub-
lished guidelines for the viral disease of major feline or human public 
health significance. Each guideline provides an excellent review of the 
pathophysiology of the disease and an evidence-based approach to 
the diagnosis, prevention, and treatment of the diseases (Table 10-4). 
Although the availability of diagnostic and treatment aids will vary 
among countries, the principles and applications are relevant to all.

households) probably facilitates mutation. Cats do not develop 
FIP unless preexisting corona antibodies exist. Antibodies 
to the virus facilitate monocytes and macrophage infection 
(antibody-dependent enhancement), leading to dissemination. 
Cats that develop antibodies before mounting an effective cell-
mediated response to FeCoV appear to develop the effusive 
form of FIP on reinfection; a partial cell-mediated response 
may result in the noneffusive form of the disease.

Clinical signs of FIP reflect immune-complex deposition 
(Arthus-type reaction) in smaller vessels. Clinical signs of FIP 
vary with the site of virus and immune complex deposition 
and generally reflect either an effusive or noneffusive form. 
Immune complexes that form in response to the virus or the 
specific viral antigen include both antiviral antibodies and 
complement. Activation of complement leads to the release 
of vasoactive amines, endothelial retraction, and increased 
epithelial permeability, which in turn allows exudation of the 
protein-rich exudate typical of FIP. If vascular permeability is 
the predominant effect, the effusive form develops. Less severe 
permeability with subsequent recruitment of inflammatory 
cells appears to lead to the pyogranulomatous inflammation 
characteristic of the noneffusive form. Neutrophil accumula-
tion and subsequent release of lysozymes cause vascular necro-
sis. Systemic involvement may reflect spread of viral-infected 
macrophages and subsequent complement activation or depo-
sition of immune complexes from circulation into tissues. 
Pyogranulomata develop, the magnitude of which reflects the 
size, number, and amount of antibody and antigens. Regions 
of high blood pressure and turbulence appear to be more com-
mon sites of deposition. Effusive FIP causes ascites with or 
without pleural effusions. Noneffusive FIP tends to be vague 
in presentation and includes fever, weight loss, anorexia, and 
depression. Ocular lesions are common, characterized by iri-
tis, hypopyon, and hyphema. Pyogranulomata may be present 
in the vitreous or the retina. Neurologic signs are not uncom-
mon and include ataxia, nystagmus, and seizures. Meningitis 
may lead to tremors, hyperesthesia, behavioral changes, or 
cranial nerve defects. Hydrocephalus also may develop.

Investigations into treatment of FIP have focused on both 
antiviral therapy (particularly IFN) as well as control of the 
immune response. A number of drugs have been studied for 
potential efficacy against FIP, some with little hope of being 
clinically applicable. For example, in one in vitro study, 
the rank of CD50: ED50 (the ratio of a cytotoxic to effective 
dose) of drugs toward FIP was pyrazofuin > 6-azauridine > 
3-deazaguanosine > hygromycin B > fusidic acid > dipyridam-
ole. Compounds with no effect were caffeic acid, carbodine, 
3-deazauridine, 5-fluoroorotic acid, 5-fluorouracil, D(+)glu-
cosamine, indomethacin, D-penicillamine, rhodamine, and 
taurine.38 More recent in vitro studies have demonstrated the 
potential efficacy of ribavirin or adenine arabinoside, but nei-
ther acyclovir nor AZT.

A variety of studies (as reviewed by Hartmann and others36) 
have focused on minimizing the immune and thus inflamma-
tory response. However, studies have been characterized by a 
number of limitations, including failure to accurately diagnose 
FIP and limited sample size. Glucocorticoids with or without 
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cyclosphosphamide have been associated with variable suc-
cess in uncontrolled studies. Despite in vitro studies, ribavirin 
has not been proven effective and appears to be too toxic at 
doses that are necessary to achieve effective concentrations. 
Case reports have described variable success with thrombox-
ane synthetase inhibitors, melphalan, chlorambucil, tylosin 
(for its immunomodulatory effects), promodulin, human IFN, 
P. acnes and the “paraimmunity” inducer Baypamum have all 
been reported either as single cases or in clinical trials. No 
clear effective treatment has emerged.

According to the ABCD, low dose human IFN- α is contrain-
dicated and SC high dose was ineffective in cats with FIP. Most 
recently, efficacy of feline recombinant-omega IFN has been 
studied. A series of 12 cases of spontaneous FIP treated with a 
combination of glucocorticoids and recombinant feline-omega 
IFN (106 IU/kg administered subcutaneously every 48 hours 
until clinical improvement followed by once weekly); com-
plete remission (over 2 years) was reported in 4 cats and partial 
remission (2 to 5 months) in another 4. However, all survivors 
were older cats (older than 5 years), with the effusive form of  
the disease.39 Hartmann and coworkers Ritz and cowork-
ers399 failed to find a treatment effect compared to placebo for 
rF-INFω in cats (n = 37) whose FIP was confirmed histologi-
cally and immunohistochemically (ability to detect a signifi-
cant difference may have been limited by sample size). Effusive 
disease was also treated with dexamethasone or prednisolone. 
rF-INFω was administered at 106 IU/kg subcutaneously daily 
for 8 days and then weekly thereafter. Despite ongoing and his-
torical studies, effective treatment of FIP remains elusive. Anec-
dotal reports suggest efficacy of pentoxifylline for the effusive 
form of FIP. Supportive therapy includes fluids as necessary, 
antimicrobials, ascorbic acid, vitamin B, and vitamin A.

Options for treatment of ocular FIP (Table 10-4) include 
topical and oral glucocorticoids (prednisolone or dexamatha-
sone) or a combination thereof. As a primary T-cell, rather 
than B-cell inhibitor, cyclosporine is not recommended. As 
with systemic disease, anecdotal reports suggest efficacy of 
pentoxifylline. Intracameral tissue plasminogen activase has 
been anecdotally suggested if fibrin does not resolve.

Preventive efforts toward FIP infection are also compli-
cated by the futility of identifying and removing carriers: 
serologic testing will identify only previous exposure to coro-
navirus, which will be true for the majority of cats. Vaccines 
thus far have proved ineffective because antibodies sensitize 
to rather than protect from the disease. Strains and route of 
inoculation will influence outcome of vaccination. Because 
animals will have been exposed by the time diagnosis is made, 
isolation is not necessary. However, environmental cleansing 
should be relatively easy. Although FeCoV is relatively stable 
in the environment, it is easily destroyed by most common 
detergents and disinfectants, including diluted (1:32) sodium 
hypochlorite solution.

Feline Respiratory Disease
Feline rhinovirus (FRV) and calicivirus (FCV) are the major 
viral causes of respiratory disease in the cat,40 but a number of 
bacterial organisms contribute to the pathogenesis, including 

B. bronchiseptica, Mycoplasma spp., and Chlamydia psittaci. 
Other viral organisms (e.g., reovirus, poxvirus) also may con-
tribute. Rhinovirus is a herpesvirus. Natural routes for both 
viral infections are by way of the nasal, oral, and conjunctival 
mucosae. Viral replication of rhinovirus occurs primarily in 
the nasal mucosal epithelium and, for calicivirus, throughout 
the respiratory epithelium. Growth of rhinovirus tends to be 
restricted to areas of lower body temperature; thus lesions tend 
to be limited to the nasal mucosa and the pharynx. Lesions 
reflect necrosis and result in the typical clinical signs of marked 
sneezing, pyrexia, depression, and anorexia; cats may salivate. 
Conjunctivitis with chemosis and hyperemia are common, 
with mucopurulent discharge of the nares and eyelids devel-
oping. Oral ulceration is rare. Several syndromes have been 
described, including the classical acute rhinosinusitis and 
corneal disease; an atypical disease that may be accompanied 
by a systemic response (including fading kitten syndrome), 
and chronic rhinosinusitis disease. For the latter, damage to 
nasal turbinates can be extensive and permanent, leaving the 
infected cats susceptible to lifelong chronic upper respiratory 
tract infections (e.g., rhinitis, sinusitis) and conjunctivitis. 
Rhinosinusitis may also reflect a chronic allergic inflamma-
tory response.40b Calicivirus infection has variable clinical 
signs because it is more likely to affect the lungs. Oral lesions 
(tip of the tongue, mouth, and nose) are the most predominant 
sign, reflecting epithelial necrosis; fever and mild respiratory 
and conjunctival signs also occur. Feline calicivirus also has 
been associated with chronic gingivitis and stomatitis. Sneez-
ing and ocular and nasal discharge are not as common as with 
rhinovirus. Pulmonary lesions begin with alveolitis. Lameness 
also may occasionally develop. An often lethal, highly virulent 
form of FVC resulting in systemic disease has been reported, 
with the disease more severe in adults compared to kittens.40a 
The syndrome is associated with a systemic inflammatory 
response syndrome. Diagnosis using molecular-based assays 
should be made only cautiously for FVC as the presence of 
virus and clinical signs are poorly correlated.

Similarities between human and feline herpesvirus infec-
tion justifies the potential application of human antiherpetic 
drugs to treatment of feline infections. Accordingly, informa-
tion regarding their use for treatment of feline respiratory 
infections is increasing. For example, using infected feline 
kidney cells, the inhibitory concentration (50%) was deter-
mined for a number of antiviral drugs toward FHV-1. In vitro 
efficacy of IDU and that of ganciclovir were approximately 
equivalent and approximately twice that of cidofovir and pen-
ciclovir. Foscarnet appeared to be comparatively ineffective.41 
Also using in vitro techniques, cidofovir decreases cytopathic 
effects and viral load FHV-1 of feline corneal epithelia at 
concentrations of 0.05 and 0.02 mg/mL. However, cytotoxic 
effects also were evident in cultured cells.42 Van der Meulen 
and coworkers43 reported on the in vitro efficacy of six anti-
viral drugs [acyclovir, ganciclovir, cidofovir, foscarnet, adefo-
vir, and 9–(2- phosphonylmethoxyethyl)–2, 6- diaminopurine 
(PMEDAP)], using an in vitro plaque reduction assay 
(embryo-derived feline kidney cells). Of the six drugs, ganci-
clovir, PMEDAP, and cidofovir were most effective in reducing 
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Table 10-4  Summary of the European Advisory Board on Cat Disease Guidelines 
for Feline Viral Diseases*37a, 40a, 40b, 69a, 73, 74

Disease Cause Diagnosis Vaccine Prevention Treatment
FVC Calicivirus PCR? Two injections, at 9 and 12 

weeks (4 weeks accept-
able with repeat every 2 
weeks until 12 weeks of 
age); third at 16 weeks in 
high risk situations; 52 
weeks; then yearly (high 
risk) or every 3 yr booster 
queen before mating.

Sodium hypochlorite 
(5% bleach; 1:32).

Individual cages for 
non-household  
member cats.

Antivirals: None
Immunomodulators:
rFINFω (IV)
Stomatitis: Immunosuppres-

sants (glucocorticoids, 
others [IV]), human or 
rfIFNω (IV), including 
intralesional

Highly virulent strain: 
 glucocorticoids, IFN (III)

Supportive therapy:
Stomatitis: Stomatitis: 

cleaning-extraction, anti-
microbials

Highly virulent: fluid 
therapy, antimicrobials

Rhinotracheitis Feline herpes 
virus (alpha)

PCR; positive 
may indicate 
low level 
shedding or 
viral latency

All kittens: at 9 weeks and 
12 weeks. Unvaccinated 
adults: two vaccina-
tions, 2 to 4 weeks apart. 
Booster: annual for high 
risk; if > 3 yr between 
boosters, two vaccina-
tions 2-4 weeks apart. 
Otherwise booster every 
3 yr.

Antivirals (III):
Trifluridine topically every 

hr × 24 then every 4 hr
Idoxuridine topically every 

2 to 4 hr
Ganciclovir topically
Acyclovir topically and oral
L-lysine 250 mg bid to 

400 mg once daily
Immunomdulators (III):
rfIFNω: 1 MU/kg every 24 

to 48 hr
50,000-100,000 U PO every 

24 hr
10  MU/19 ml 0.9% NaCl: 2 

gtt OU 5×/day for 10 days
Supportive (fluids etc):
Appetite stimulants (feeding 

tube if necessary)
Antimicrobials
Mucolytics, including nebu-

lization with saline
Panleukopenia Feline  

parvovirus
Latex aggluti-

nation based 
tests; PCR

All kittens: Start at 4 weeks 
with inactivated product 
(if exposed), or 6 to 9 
weeks otherwise. Repeat 
every 3 to 4 weeks until 
12 weeks (if started at 
4 weeks) or 16 weeks. 
Booster at 1 yr and then  
3 yrs or more.

Adult cats: one vaccination; 
booster at 1 yr. Booster 
queens before breeding; 
kittens may require extra 
vaccination at 16 to 20 
weeks. Avoid modified 
live in pregnant queens.

Isolate from susceptible 
kittens.

Passive immunization 
of exposed young 
kittens, unvaccinated 
adults.

Virus extremely stable; 
cleanse with sodium 
hypochlorite, formal-
dehyde (gas for room 
disinfection), sodium 
hydroxide or peracetic 
acid.

Antivirals: None
Immunomodulators:
Immune serum
rFINFω (IV)
Supportive:
Fluids, antimicrobials 

(including anaerobic 
spectrum)

Enteral or parenteral nutri-
tion (IV?)

Antiemetics
Plasma or whole blood if 

hypoproteinemic
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plaque numbers and thus were cited as potentially viable can-
didates for treatment. In another in vitro study penciclovir 
was found to be much more potent (concentration by which 
plaques were reduced by 50% of 1.6 μg/mL) against FHV than 
acyclovir (24 μg/mL) and trifluorothymidine (5.7 μg/mL).44

Although in vitro studies are useful for identifying poten-
tial drugs, clinical trials are necessary to support their use. 
However, well-controlled clinical trials are limited. Stiles45 ret-
rospectively described the use of a variety of drugs for treat-
ment of FHV-1 in cats (n = 17). Drugs included IDU (n = 7), 
vidarabine (n = 4), and trifluridine (n = 3) as well as recombi-
nant human alpha-IFN (PO, n = 3) in conjunction with topi-
cal administration of antiviral agents. Williams followed up 

on his 2004 in vitro study46 with a clinical trial involving cats 
(n = 30) with clinical signs associated with and demonstrated 
to be positive for FHV-1. Acyclovir ointment (0.5%) was 
applied 5 times daily; cats had been previously treated (for 21 
days) with topical chlortetracycline three times daily for treat-
ment of Chlamydia. No placebo or other control groups were 
studied. Cats that were FHV-1 positive did not respond to the 
21 days of chlortetracycline therapy, but did respond to acyclo-
vir in a median of 12 days of treatment. Cats that were treated 
only 3 times a day with acyclovir (due to poor owner com-
pliance) did not respond initially, but did respond when the 
frequency of treatment was increased. Based on these studies 
and anecdotal reports, ocular herpetic infections can be treated  

Disease Cause Diagnosis Vaccine Prevention Treatment
Infectious 

 peritonitis
Feline corona 

virus group 1
Clinical signs
Rivalta’s test
Others?

Isolation of cats not nec-
essary. Clean as with 
standard disinfec-
tants. Wait 2 months 
after seropositive cats 
removed before intro-
duction of new cat.

Antivirals: none
Immunodulators:
rFINFω (IV)
Immunosuppression:
Prednisolone or
Dexamethasone (III)
Pentoxyfylline (IV)
Cyclophosphamide (with 

glucocorticoids) (IV)
Thromboxane synthetase 

inhibitors (ozagrel) (III)
Immunodefi-

ciency virus
Retrovirus  

(lentivirus)
ELISA; West-

ern blot for 
inconclusive 
results

Routine vaccination of FIV-
positive cats controver-
sial; inactivated vaccines 
recommended.

Neuter cats (to avoid 
fight-induced trans-
mission).

Shelters: segregate FIV+ 
cats.

Antivirals: 
AZT (5-10 mg/kg stomatitis: 

III); (do not use if anemic)
Immunomodulators
rf-IFNω(?)
rh-IFNα (III)
Stomatitis: Glucocorticoids 

others
Neutropenia: Filgastrim (III)
Anemia: rh-erythropoietin (IV; 

100 IU/kg SC every 48 hr
rh-insulin-like growth factor 

(III)
Leukemia Gamma  

retrovirus
ELISA; PCR for 

inconclusive 
results

Generally recommended at 
8-9 and 12 weeks; booster 
annually and then at 2 
to 3 yr intervals in cats 
older than 3 to 4 yr. Note: 
response to other vac-
cines may be insufficient. 
Do not vaccinate sick 
FeLV + Cats.

Vaccinate healthy FeLV and 
FIV + Cats.

Neuter cats (to avoid 
fight-induced trans-
mission).

Hospital and shelters: 
segregate FIV+ cats

Test and remove multi-
cat households. Shel-
ters: euthanize sick 
cats; house-positive 
cats individually.

Antivirals:
AZT (I)
Immunomodulators:
rf-IFNω (I)
Avoid immunosuppressants 

unless cancer or stomatitis
Neutropenia: Filgastrim

H5N1  
(swine flu)

Influenza  
type A

Clinical signs NA Strict isolation; standard 
medical disinfectants.

Supportive; contact regula-
tory authorities

*The number (I-IV) by each treatment is the evidence number suggested by ABCD Guidelines for that disease where I = the highest level of evidence reflecting well designed random-
ized, controlled clinical trials in the target species; II = well-designed controlled studies in target species with spontaneous disease but an experimental setting; III = nonrandomized 
clinical trials, case series, uncontrolled studies with dramatic results; and IV = expert opinion, case reports, nontarget species studies or pathophysiologic justification.

Table 10-4  Summary of the European Advisory Board on Cat Disease Guidelines 
for Feline Viral Diseases*37a, 40a, 40b, 69a, 73, 74—cont’d
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topically with, in order of efficacy, trifluridine (1%) or idoxu-
ridine (0.1%), vidarabine (3%), and acyclovir (3%). Each must 
be applied at 4-hour intervals for 1 week beyond the resolution 
of clinical signs.47 Preference as to idoxuridine or trifulridine 
as first choice may depend on cost and tolerance (irritation).

Anecdotal reports suggest the potential efficacy of other 
drugs. For example, famciclovir (31 mg or ¼ of a 125-mg 
tablet orally twice daily for 10 days) has been used for acute 
flare-ups in cats not exhibiting systemic signs of illness associ-
ated with upper respiratory tract infections. In their review, 
Caney and coworkers48 report that FHV-1 might be treated 
with topical use of trifluorothymidine (trifluridine; most 
potent; hourly the first 24 hours, then hourly during the wak-
ing hours, to every 4 hours as soon as re-epithelialization has 
occurred), IDU (every 2 to 4 hours for the first 24 hours, then 
4 to 6 times daily until 1 week beyond clinical resolution of 
signs) and vidarabine. It is best if treatment is started early, 
but the duration of therapy should be limited to 2 to 3 weeks 
because of the risk of epithelial toxicity. Oral administration of 
AZT also should begin early, although it is a hundredfold less 
potent against FHV than it is toward human herpes simplex.

Other drugs might be considered for treatment of feline 
viral respiratory infections, although evidence for use is lim-
ited. Among those most commonly cited is lysine. Using a 
placebo-controlled design, L-lysine administration (400 mg in 
food once daily) was associated with a decrease in the inci-
dence of conjunctivitis in cats with experimentally induced 
viral respiratory diseases.49 Animals were infected 5 months 
before the study such that infections were latent. Viral expres-
sion was induced by either the stress of rehousing or admin-
istration of glucocorticoids. The drug caused a delay in onset 
of clinical signs (average delay of 7 days) and a decrease in 
episodes of viral shedding 5 months but only in rehoused cats 
and not glucocorticoid-treated cats. The 400-mg dose yielded 
a maximum plasma concentration of about 450 nmol/mL after 
single dosing (two cats; time not noted) and approximately 
300 nmol/mL at 3 hours after 30 days of therapy.49 Stiles and 
colleagues50 also studied the impact of lysine (500 mg orally 
twice daily) beginning 6 hours before experimental infection 
of cats (n = 4; an additional 4 cats received placebo). Because 
arginine is an essential amino acid, both arginine and lysine 
were analyzed in plasma. Lysine did not affect arginine con-
centrations, supporting its safe use in cats. Despite the small 
number of animals, clinical scores differed between the two 
treatment groups between days 5 and 15 after infection; how-
ever, the scores of the two groups were similar during the 
final week of the 21-day study, as resolution of clinical signs 
caused the scores to return to baseline (preinfection).This 
study provides some evidence of support; failure to maintain a 
significant difference at 21 days may reflect sample size. How-
ever, the efficacy of once-daily L–lysine (250 mg if less than 
5 months or 500 mg if greater than 5 months) also was stud-
ied for its impact on emergent upper respiratory infection in 
animal shelter cats (n = 144 treated and 147 nontreated cats). 
No difference was found in the subsequent incidence of upper 
respiratory infection that emerged between the two treatment 
groups.51

Interferon also has been studied. Human recombinant drug 
has been used at 5 to 25 U per day orally, whereas rFeIFN-ω 
is recommended at 2 drops of 500,000U/mL saline topically 5 
times a day. Sandmeyer and coworkers52 studied the in vitro 
effect of rFeIFN-ω n cultured corneal epithelial cells infected 
with FHV-1. Concentrations of 100,000 IU/mL significantly 
reduced virus-induced pathology without causing cytotoxic-
ity. Siebeck and coworkers53 also studied in vitro the impact of 
recombinant human IFN α-2b and rFeIFN-ω in FHV-1 using 
feline kidney cells. Both plaque number and size were reduced 
by 100,000 U/mL of both recombinant IFNs; neither product 
at any concentration (up to 500,000 U/mL) caused cytotoxic-
ity. The feline product was more effective but only at higher 
concentrations. Ohe and coworkers53a demonstrated in vitro 
sensitivity to recombinant feline IFN (the IFN type was not 
provided but the product is produced in Japan) by 5 strains 
of FCV causing breakthrough disease in vaccinated cats. No 
well-controlled study has identified drugs useful for treatment 
of feline calicivirus.

Supportive therapy for respiratory disease associated with 
viral infections must also be directed toward the second-
ary bacterial infection associated with the syndrome. This 
includes both removing debris that might support bacterial 
growth at the site of infection and controlling bacterial infec-
tion and inflammation. Antimicrobial therapy is best based 
on an appropriately collected culture, which may be difficult. 
Empirical selection should target the most likely infecting 
organisms (e.g., fluorinated quinolones, doxycycline, azithro-
mycin). Note that ineffectual antibacterial therapy is likely to 
contribute to infection by P. aeruginosa. Alternating antimi-
crobial therapy may reduce the development of resistance; 
higher doses should be used not only because penetrability is 
likely to be impaired but also because minimizing the advent 
of resistance is important. Combination therapy should be 
considered with acute flare-ups associated with bacteria 
(see Chapter 8). Because oral medication may be difficult to 
administer, injections and medications that can be given once 
daily may be preferred. Nasal decongestants may be helpful 
during the acute phases, but note that α–adrenergic decon-
gestants may contribute to nasal mucosal necrosis owing to 
impaired blood flow. Antihistaminergic products are probably 
preferable; among them are newer drugs that may have better 
efficacy than older antihistamines if they preclude mast cell 
degranulation (Zyrtec [cetirizine], 2.5 mg/cat daily). However, 
their use should be discontinued in the presence of purulent 
secretions. At this point, liquefaction of secretions may be par-
amount to success; a dysfunctional mucociliary apparatus may 
contribute to infection by providing an optimal environment 
for microbial growth. Mucolytic drugs and mucokinetics may 
facilitate movement of accumulated respiratory secretions. 
N-acetylcysteine can be given by injection (125 mg), although 
oral administration (⅛ tsp sprinkled on food) might be help-
ful despite significant first-pass metabolism of the compound. 

KEY POINT 10-6 A consensus cannot yet be determined from 
clinical trials that address the efficacy of lysine for treat-
ment of upper respiratory infections in cats.
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Aerosolization or local installation of saline also may be help-
ful if lesions tend to predominate in upper airways.

The impact of glucocorticoids on viral-induced feline respi-
ratory infections is not well studied. In general, immune sup-
pression is discouraged because of the risk of recrudescence 
of latent infections. However, in one study, administration of 
methylprednisolone (5 mg/kg intramuscularly) did not statis-
tically increase shedding of FHV in experimentally infected 
cats compared with pretreatment shedding, although the 
power of the study to detect a significant difference was low.49

Feline Viral Neoplasia: Feline Leukemia Virus
FeLV is caused by an oncornavirus subfamily of retroviruses. 
Its pathophysiology has been well reviewed.5 Viral replica-
tion depends on the presence of reverse transcriptase (RNA-
dependent DNA polymerase). The enzyme makes a provirus 
(a copy of DNA) that is subsequently inserted into the host 
genome. The binding site of FeLV is the major envelope glyco-
protein (gp70); antibodies to this envelope provide protective 
immunity. Malignant cells also contain the feline oncornavi-
rus cell membrane antigen (FOCMA); high levels of FOCMA 
antibodies render the cat resistant to viral-induced leukemia 
or lymphoma. FeLV is contagious, with transmission occur-
ring by way of the saliva after close contact between cats. Iat-
rogenic transmission can occur through contaminated blood 
or instruments that penetrate (e.g., needles). Initial infection 
is characterized by malaise and lymphadenopathy. Cats that 
mount an adequate immune response recover. FeLV spreads 
hematogenously to the bone marrow in cats that do not mount 
an immune response. Cats can become latently infected, with 
the virus residing undetected (by ELISA, fluorescent antibody 
testing, or viral culture) in the bone marrow.

Cats infected with FeLV die as a result of viral-induced 
neoplasia (lymphoma or leukemia), suppression of the bone 
marrow (anemia), or infections caused by FeLV-induced 
immunosuppression. Bone marrow suppression occurs 
because FeLV can block differentiation of erythroid progeni-
tors. Other mechanisms may also be involved. Platelet and 
leukocyte abnormalities also may occur, and a panleukopenia-
like syndrome induced by FeLV has been described. Immuno-
suppression reflects disruption of T-cell function, ultimately 
affecting both cellular and humoral immunity. Immune com-
plex disease has been described and can be induced experi-
mentally with antibodies to gp70. Glomerulonephritis may be 
a sequela. Other disorders include those of the reproductive 
tract (infertility, abortions, endometritis), lymphadenopathy 
(most severe in submandibular lymph nodes), osteochon-
dromas, and olfactory neuroblastomas. Diagnosis of FeLV is 
based on fluorescent antibody testing and ELISA. The indica-
tions and advantages for each are described elsewhere.54

Treatment of FeLV-related diseases varies with the syn-
drome resulting from the infection and, for most syndromes, 
is discussed in other chapters. Lymphoma is generally fatal in 
1 to 2 months if not treated. Prognosis for complete remission 
is relatively good for the otherwise healthy cat.54 Treatment 
focuses on combinations of chemotherapeutic drugs and, for 
selected cancers (e.g., nasal lymphoma), radiation therapy. 

Single-agent glucocorticoids are relatively ineffective and are 
palliative only. The most commonly used combination of che-
motherapeutic agents is cyclophosphamide, vincristine, and 
prednisone. Other drugs that might be added to this regimen, 
depending on the cell type and response, include doxorubicin 
and, less commonly, L-asparaginase, cytosine arabinoside, and 
methotrexate. Antiemetics may be necessary, as might appe-
tite stimulants (cyproheptadine, diazepam, megestrol acetate).

Treatment of the cancer component of viral diseases is 
addressed in Chapter 33. Bone marrow suppressive disease has 
been treated with repetitive blood transfusions. Prednisolone 
may increase the life span of erythrocytes if immune-mediated 
destruction is contributing to anemia, but glucocorticoids also 
will contribute to immune suppression. Human recombinant 
(and, when available, canine recombinant) growth factors may 
be useful for increasing bone marrow production of precursor 
cells despite the fact that most animals with anemia have high 
endogenous concentrations. Response to human recombinant 
erythropoietin (100 U/kg, subcutaneously 3 times weekly) 
requires about 3 to 4 weeks. This product should be reviewed 
before its use. Likewise, recombinant granulocyte colony-
stimulating factor may be of benefit in the treatment of leuko-
penias. Development of antibodies to both of these products 
may limit their use beyond several weeks.

No antiviral drug has been shown to clear a FeLV viremic 
cat. Drugs that target reverse transcriptase, such as AZT, offer 
the most promise for effective therapy. Zidovudine suppresses 
viral replication but will not eliminate the virus. Experimentally, 
the drug can prevent viremia when administered (60 mg/kg  
per day divided every 8 hours) within 96 hours of  infection. 
Zidovudine (30 mg/kg per day) inhibited antigenemia in kit-
tens and prolonged survival time from 35 to 102 weeks. Myelo-
suppression, however, occurred in 33% of the treated cats.

In another study AZT (10 to 20 mg/kg twice daily for 42 
days) prevented retroviral infection in cats if administered 
immediately after virus exposure. Replication also may have 
been reduced when it was administered to previously infected 
animals.55 Serum-neutralizing antibodies developed in some 
of the infected cats, and the cats became resistant to subsequent 
viral challenge. However, progression of disease was not altered 
in cats if treatment was withheld until day 28 after infection, 
although the level of viremia was much lower than in untreated 
cats. Zidovudine appeared to be nontoxic in uninfected cats, 
although 3 of 12 infected kittens became anorectic and icteric 
and were vomiting after 40 days of treatment. Zidovudine may 
be beneficial in reducing FeLV-associated diseases; one study 
reported improved health status and a reduction of oral lesions 
in cats with FeLV-associated stomatitis.

In their review of antiviral therapy in cats, Caney and 
coworkers48 acknowledge the controversy regarding the effi-
cacy of AZT for treatment of FIV and FeLV but report that 
positive cats with gingivitis or neurologic disorders have 
responded clinically to either oral or subcutaneous admin-
istration, with reversible anemia being the major side effect. 
Kociba and coworkers56 studied the effect of leukocyte-
derived human IFN-α on FeLV-associated erythroid aplasia 
but found no beneficial effects. Other drugs have been studied 
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for potential efficacy against FeLV. Phosphomethoxyethyl ade-
nine (PMEA), another reverse transcriptase inhibitor, also has 
been studied in cats. Cats with stomatitis associated with FeLV 
responded better to PMEA (AZT was also given at 5 mg/kg 
every 12 hours), but adverse reactions to the drug are likely 
to limit its use. The combination of AZT with IFN (1.6 × 106 

U/kg, SC, sid) or IFN by itself may reduce antigenemia, but 
antibody development may reverse the effect. Cogan55 evalu-
ated the efficacy and safety of suramin (10 to 20 mg/kg) in 
two FeLV-infected cats. Although toxic signs were limited to 
vomiting and anorexia (both resolving between treatments), 
viremia in both peripheral blood cells and serum did not 
resolve. Serum viral infectivity transiently decreased during 
treatment but was significantly higher 14 days after treatment 
was discontinued. Previous in vitro studies by the same author 
revealed a 90% inhibition of infectivity at drug concentrations 
of 100 mg/mL. Immunomodulating therapies also have been 
studied or reported after empiric use in cats with FeLV-related 
diseases. Immunomodulators may provide the most effective 
means of treating or controlling FeLV-related diseases.

A clinical case of feline epitheliotrophic T-cell lymphoma with 
paraneoplastic eosinophilia that failed initial therapy responded 
when rhINFa2b was added. Response was based on clinical, 
hematogenous, and sonographic evaluation. Relapse coincided 
with detection of antibodies directed toward the IFN.58

Other immunomodulatory drugs have been studied for 
treatment of FeLV. Antibodies that target gp70 have proved 
useful experimentally only when given within 3 weeks of the 
initial infection. Immunostimulants including IFN-α, staphy-
lococcal protein A (10 μg/kg twice weekly for 10 weeks, then 
monthly), P. acnes (0.5 mL intravenously twice weekly for 2 
weeks, then weekly), acemannan (2 mg/kg twice weekly), and 
evening primrose (550 mg daily) have been used with vari-
able success, but no well-designed study has proved efficacy. 
Staphylococcal protein A has reversed viremia in a few cats, 
but only a small number of cats have been studied. Ultimately, 
combinations of therapies (e.g., antiviral drugs combined with 
immune modulators) may prove most beneficial. For example, 
response to Staphylococcals protein A (intraperitoneal) and 
IFN (oral) or the combination thereof was studied in a clini-
cal trial of 36 cats with spontaneous FeLV infection (animals 
with tumors were excluded). No differences were found in 
clinical scores, clinical pathology, or survival time, although 
the authors reported that owners reported improved health  
more often in those cats treated with Staphylococcals protein 
A, leading the authors to recommend this form of immuno-
modulation in conjunction with supportive care.59

Adoptive immunotherapy using autologous lymph node 
cells that have been activated and expanded ex vivo using 
interleukin-2 (IL-2) in short-term cultures resulted in clinical 
improvement within 2 to 4 weeks and lasting at least 13 months 
in 9 of 18 cats with FeLV; 4 of the 18 cats became antigen free.60

Feline Immunodeficiency Virus
Pathophysiology of infection. FIV, like HIV, is caused by a  

lentivirus.21 The pathophysiology of infection with FIV has 
been reviewed.1,6 FIV continues to serve as a model for the 
study of human lentiviruses, and information regarding trans-
mission, pathogenesis, host response, and immune dysfunction 
antiviral strategies is often shared among the two syndromes.61 
As with FeLV, transmission of FIV among cats occurs by way 
of saliva or blood, presumably through bite wounds. Trans-
mission also can occur in utero or through milk ingested by 
nursing infants. Whereas CD4 receptors on T-cells serve as 
receptors for HIV, CD4 is not the receptor for FIV. One group 
of investigators has identified CD134 (OX40) as a primary 
receptor.62 However, CD4 cells decrease early in infection, 
and therefore FIV causes progressive disruption of normal 
immune function. Viral replication begins in lymphoid tis-
sues and salivary glands and spreads to mononuclear cells and 
nonlymphoid organs. Clinical signs may occur during the ini-
tial phases of viremia. The cause of the decrease is not known, 
but the result is an inversion of the normal CD4/CD8 ratio 
in infected cats. CD8 cells may increase, contributing to the 
inversion. Formation of immunoglobulins (dysregulation may 
lead to hypergammaglobulinemia in some cases) and cyto-
kines also is disrupted. Several phases of infection have been 
described after infection with FIV: an acute phase, followed by 
a clinically asymptomatic phase that varies in duration, and 
a terminal phase. Other phases have been described by other 
investigators.

As with HIV, clinical signs of FIV are highly variable, reflect-
ing different tissues and the role of secondary pathogens. Sec-
ondary bacterial infections reflect opportunistic microflora. 
Infections by fungal (e.g., Cryptococcus) and protozoal (e.g., 
Toxoplasma) organisms also should be anticipated. Abnor-
mal neurologic signs are not uncommon and may reflect 
an inflammatory response to altered astrocyte metabolism. 
Changes in behavior are most commonly reported, followed 
by seizures, paresis, motor abnormalities, and disrupted sleep 
patterns. Direct damage is the most common cause of neu-
rologic signs, although secondary infection by Toxoplasma 
or Cryptococcus spp. should be considered. Abnormalities 
in renal function and wasting disease also may reflect either 
abnormal function or an inflammatory response in the respec-
tive organs. Ocular diseases include anterior uveitis (caused by 
either FIV or opportunistic secondary organisms), glaucoma, 
vitreal changes, retinal degeneration, and retinal hemorrhage. 
Respiratory disease generally reflects secondary infection. 
Neoplasia is a common reason for presentation. A number of 
tumor types have been reported in FIV-infected cats, includ-
ing lymphomas (usually B cell) and leukemias. Diagnosis is 
based on clinical signs and serologic testing.

Treatment. Therapy of FIV has largely focused on sup-
portive care. Antiviral therapy thus far has been unreward-
ing, but newer information may provide potentially effective 
choices. Both AZT and PMEA have been studied; although 
neither drug thus far has prevented infection, onset to detect-
able viremia and immunologic changes can be prolonged. A 
trend toward normalization of inverted CD4:CD8 ratios and 

KEY POINT 10-7 Although the efficacy of AZT for treatment of 
FIV and FeLV is controversial, gingivitis or neurologic disor-
ders associated with disease may respond clinically.
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clinical evidence of improvement in diseases such as stoma-
titis have occurred. Of the two drugs, AZT is most likely to 
improve the quality of life of a cat infected with FIV. In gen-
eral, improvements in the cat’s general condition, immune 
status, and quality of life can be expected, along with a longer 
life span. Benefits of immunomodulators in cats with FIV are 
not clear, and assessment of scientific studies is clouded by the 
additional use of antimicrobials and other drugs. Immunos-
timulation should be avoided, however, because of the associa-
tion of enhanced immune response with enhanced production 
of FIV experimentally.

In human patients with AIDs, highly active antiretroviral 
therapy has essentially revolutionized therapy, often render-
ing the lethal disease into a chronic but often manageable dis-
ease. The combination therapy is designed to suppress viral 
replication while preserving and potentially repairing the host 
immune response. Combination therapy generally includes 
two antiretroviral drugs such as AZT or lamivudine, which 
target early viral replication, with an HIV-1 protease inhibi-
tor that targets later stages of replication. Other antiretroviral 
drugs approved for use in humans include ddi (didanosine), 
ddc (zalcitabine), D4T (stavudine), 3TC (lamivudine), and 
most recently Ziagen (abacavir). The first protease inhibitor 
approved in the United States was saquinavir (late 1995); oth-
ers approved since then include ritonavir, indinavir, nelfina-
vir, and amprenavir. This approach has proved to be effective 
in decreasing viral loads and improving the CD4:CD8 ratio 
in human patients with AIDS; mortality and morbidity of 
HIV infection have subsequently been reduced. However, 
treatment paradigms have shifted from “hit hard and early” 
to delaying aggressive therapy until clinical signs have pro-
gressed. Whether a similar approach should be considered 
for treatment of FIV is not clear, although the indications and 
criteria for decision making have been reviewed.63 Unfortu-
nately, although FIV, like HIV, is susceptible to nucleoside ana-
logs, it may not be susceptible to currently prescribed HIV-1 
protease inhibitors, although this may change for newer pro-
tease inhibitors.20

FIV is susceptible in vitro to a number of nucleoside ana-
logs, including AZT, zalcitabine, didanosine, and lamivu-
dine in vitro at concentrations similar to those necessary to 
inhibit HIV-1. However, identifying the proper dose will be 
important; for example, subinhibitory concentrations of AZT 
increased the (in vitro) mutation frequency of FIV in a dose-
dependent manner.64

As with patients with HIV, feline patients infected with FIV 
and subsequently treated with AZT show delayed onset of vire-
mia, reduced plasma virus loads, and clinical improvement. 
Zivudine has been successfully used at 5 to 15 mg/kg orally 
every 12 hours to treat FIV-induced neurologic manifestations 
and 5 mg/kg subcutaneously every 12 hours to treat stomatitis, 
conjunctivitis, and alopecia; it improved the CD4:CD8 ratio. 
Quality and quantity of life also improved.18 However, Hayes 
and coworkers65 studied the effect of AZT in kittens, focusing 
on pathophysiology of the disease at the thymus. The loss of 
thymic function in kittens infected with FIV appears to reflect 
an inflammatory process that continues even if viral burden 

is significantly reduced. In 8-week-old kittens experimentally 
infected with FIV, zidovudine monotherapy reduced viral load 
in peripheral blood lymphocytes, plasma, and thymus, com-
pared with saline-controlled kittens. However, an impact on 
neither thymus lesions nor CD4 could be detected, and nei-
ther thymic involution nor CD4 cell decline were prevented.65

According to Jordan and coworkers,20 combination therapy 
with AZT and lamivudine demonstrated some clinical benefit 
in infected cats receiving experimental bone marrow trans-
plants, although specifics were not provided. Using in vitro 
methods, AZT or lamivudine alone or in combination were 
somewhat effective in FIV-infected peripheral blood mono-
nuclear cells, with the combination resulting in an additive or 
synergistic effect.66 Follow-up in vivo studies were performed 
in specific pathogen-free cats receiving the combination before 
infection, at the same time as infection, or 2 weeks after infec-
tions. Doses were high (50 to 75 mg/kg every 12 hours). The 
authors found that the combination was helpful in preventing 
(five of six cats) but not treating infection. Both infection and 
antibody seroconversion were delayed in all treatment groups. 
However, adverse drug reactions (anemia and neutropenia) 
occurred at either treatment dose, although these resolved 
when the dose was dropped to 10 mg/kg twice daily.

Interferon. Using in vitro techniques, viral replication 
was decreased in feline cell lines infected with FIV and 
subsequently treated rFeINF-ω, but not rFeIFN-γ. A simi-
lar effect was found with simultaneous infection and treat-
ment of peripheral mononuclear blood cells: replication 
was decreased with both rhIFN-α2 and rFeINF–ω, but not 
rFeIFN-γ. Pretreating 3 days before infection did not improve 
efficacy of rFeIFN-γ.67 The effect of subcutaneous administra-
tion of rFeIFN-v (1 million U/kg per day) for 5 consecutive 
days on day 0, 14, 60 was studied in 81 cats experimentally 
infected with FeLV or FeLV/FIV (based on ELISA) using a 
multicentric double-blinded placebo controlled design.68 
All cats were exhibiting clinical signs associated with infec-
tion, but the study did not include cats with malignancy. 
The treatment group receiving IFN therapy was associated 
with less mortality, improvement in hematologic indicators, 
and improved clinical scores compared with placebo-treated 
cats.68 However, in another study, although well tolerated, rf-
IFN α did not significantly alter CD4:CD8 ratios or proviral 
load in cats with experimentally induced chronic FIV infec-
tion after treatment at either a high dose at 106 U/kg per day 
subcutaneously for 5 days or a lower dose of 104 U/cat orally 
per day for 6 weeks.48

Pedretti and coworkers57 reported on the administration of 
a low dose (10 IU/kg) of natural human IFN-α (a combination 
of at least 9 different α subtypes) in naturally infected cats (n = 
24; six placebo-treated cats). The product was diluted in phos-
phate-buffered saline, fortified with bovine albumin, filtered, 
and administered over the gums. The product was adminis-
tered using a 7-days-on, 7-days-off cycle for 6 months; after 
2 months of no therapy, another round was instituted. Treat-
ment was considered easy by practitioners and was well toler-
ated with no overt side effects in cats. All treated cats survived 
the treatment period except for one cat that was seriously ill at 
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study start; in contrast, only one placebo-treated cat survived 
the initial 6-month treatment period. Fever and lymphadenop-
athy resolved in the treatment group by day 10 of therapy but 
persisted throughout the study in the placebo group. However, 
viremic counts (excluding two cats with outlying high counts) 
did not change among groups. Survivability of CD4 cells was 
better in treated cats, although CD8 counts slowly increased 
such that the balance between CD4 and CD8 cats was not 
maintained. White cell counts declined in placebo cats. The 
placebo group, but not the treatment group, was characterized 
by progressive liver disease and failure. The authors indicated 
that the favorable response probably reflected the downregula-
tion of inflammatory cytokines realized only with low (1 to 10 
IU/kg) doses and the loss of this control such that proinflam-
matory responses occur with higher doses.

In a study of 40 naturally infected FIV cats treated with 
AMD3100 (a bicyclam chemokine receptor inhibitor; 0.5 mg/kg  
every 12 hours, administered subcutaneously), PMEA 
(10 mg/kg twice a week), or a combination of the two drugs 
for 6 weeks, stomatitis improved with either PMEA or the 
combination therapy. Further, the provirus load decreased in 
the AMD3100group compared with other groups.69, 69a How-
ever, treatment in either PMEA group was accompanied by 
decreased red blood cell, hemoglobin, and hematocrit counts; 
serum magnesium was decreased in the AMD3100 group. 
The authors concluded that the combination therapy was less 
effective than the use of the bicyclam alone. Guidelines of the 
ABCD recommend its use for treatment of FIV.

Bleomycin inhibits HIV viral replication apparent through 
oxygen-radical generation that also characterizes its antican-
cer effects. The use of bleomycin in combination with highly 
active antiretroviral therapy, particularly in those situations 
in which resistance has developed, has been recommended;70 
efficacy in cats infected with FIV has not yet been reported.

The efficacy of two acyclic phosphonyl adenine nucleosides, 
(fluoro, or FPMPA and methoxyethyl; PMEA) ameliorated 
clinical symptoms of FIV. Response included the incidence 
and severity of stomatitis, immunologic parameters such as 
relative and absolute CD4+ lymphocyte counts, and virologic 
parameters, including proviral DNA levels in peripheral blood 
mononuclear cells. However, of the two FPMPA was not asso-
ciated with hematologic side effects, even at 2.5-fold higher 
dose, compared with PMEA.71

Because of its efficacy in mice, 16alpha-bromo- 
epiandrosterone (epiBr), a synthetic derivative of the natural 
hormone dehydroepiandrosterone (DHEA), also has been 
evaluated for efficacy against experimentally induced FIV 
infection in cats.72 Two treatment regimens were studied: 5 
consecutive days for weeks 0, 4, 8, and 16, or treatment 1 week 
before infection and continuing for 4 weeks after infection. 
All animals were studied for 20 weeks. For both groups, com-
pared with control animals, CD4: CD8 T-cell ratio and total 
CD4 cell counts were less and CD8 cells higher from weeks 2 
through 20 after infection. Although virus load was initially 
higher in treated cats, viremia subsequently declined to less 
than that of controls, and treated cats had higher FIV–p24 
antibody responses.72
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Disinfectants, antiseptics, and biocides are expected to play an 
even more important role in the future in controlling microbes 
in both the veterinary patient and hospital.1 When used prop-
erly, disinfectants, antiseptics, and biocides contribute to both 
the prevention and the treatment of disease. Despite the fact 
that there are as many as 300 biocidal products available, about 
14 of these are in more than 90% of the registered products in 
the United States.2 The veterinary clinician need be familiar 
with relatively few biocidal products to make an informed 
decision regarding their selection and use.

DEFINITIONS

Definitions of appropriate terms, characteristics of disin-
fectants and antiseptics by chemical type, factors affecting 
disinfection and antisepsis, and disinfection and antiseptic 
practices germane to veterinary practice are reviewed in this 
chapter (Box 11-1). It is hoped that through greater under-
standing of the properties of disinfectants and antiseptics, vet-
erinary clinicians will use them appropriately.

The distinction between disinfectants and antiseptics is not 
always clear (Table 11-1). Antiseptics are usually the weakest 
and least toxic of the surface antimicrobials.3 Antiseptics may 
be used on intact skin or mucous membranes before a surgi-
cal procedure or in the treatment of open wounds. Regardless 
of their use, antiseptics should exert a sustained effect against 
microorganisms without causing tissue damage.4 Although 
some specific biocides may be used as both disinfectants and 
antiseptics (e.g., alcohols and iodines), it is not generally rec-
ommended that an antiseptic be used for the purpose of disin-
fection, and vice versa.

CHARACTERISTICS OF DISINFECTANTS 
AND ANTISEPTICS BY CHEMICAL TYPE

The characteristics of the following 10 types of disinfectants, 
antiseptics, and biocides are presented: alcohols, aldehyde 
compounds (formaldehyde and glutaraldehyde), chlorhexi-
dine, chlorine and chlorine compounds, ethylenediami-
netetraacetate (EDTA), ethylene oxide, iodine and iodine 
compounds, peroxygen compounds (including hydrogen per-
oxide), phenols (including bisphenols and halophenols), and 
quaternary ammonium compounds. Mechanism of action 
(presumed or established), classification as to level of biocidal 
activity, commonly available preparations, efficacy, and uses 
are presented for each chemical type (Figure 11-1).

Alcohols
Alcohols possess the following features desirable for a disin-
fectant: bactericidal action against vegetative forms, relative 
inexpensivness, ease of availability, and relative nontoxicity 
when used topically.5 Alcohols are used alone or in combi-
nation with phenols, chlorhexidine, iodines, and quaternary 
ammonium compounds.6 Alcohols appear to exhibit their 
antimicrobial effect by denaturing proteins. Lysis of some 
microorganisms may occur, although the bacteriostatic action 
of alcohols is due to the inhibition of cell metabolites. Some 
water is required for alcohols to be most effective. Alcohols are 
considered to have intermediate-level biocidal activity. Two 
forms of alcohol are used most commonly: ethyl alcohol and 
isopropyl alcohol. Ethyl alcohol has enhanced virucidal prop-
erties and reduced toxicity compared with isopropyl alcohol, 
which has slightly greater bactericidal action.

When used alone, alcohols are more effective antiseptics 
than disinfectants. Alcohols are not good cleaning agents 
and are not recommended in the presence of physical dirt.7 

KEY POINT 11-1 Use of an antiseptic for the purpose of 
 disinfection, and vice versa, is generally not recommended.
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Table 11-1  Categorization of Biocides: Disinfectants, Antiseptics, or Both
Biocides Most Appropriately  
Used as Disinfectants

Biocides Most Appropriately  
Used as Antiseptics

Biocides Effective as Both  
Disinfectants and Antiseptics

Aldehyde compounds (formaldehyde  
and glutaraldehyde)

Chlorhexidine Alcohols

Chlorine and chlorine compounds Dilute sodium hypochlorite solution 
(Dakin’s solution)

Chloroxylenols

Ethylene oxide EDTA Iodines
Hydrogen peroxide Iodophors
Phenols
Quaternary ammonium compounds

Sterilization: The act or process, physical or chemical, that destroys 
or eliminates all forms of life, especially microorganisms.

Disinfection: The killing of pathogenic agents by chemical or physi-
cal means directly applied. Disinfection processes differ from 
sterilization procedures, primarily in their lack of sporicidal 
activity.

Disinfectant: An agent, usually chemical, that frees from infection 
by destroying disease-producing or other harmful microorgan-
isms. This term generally refers to substances applied to inani-
mate objects.

High-level disinfectant: An agent that has effectiveness against 
bacterial endospores under the proper conditions. High-
level disinfectants are to be used on critical items (items that, 
if  contaminated, impart a substantial risk of infection to the 
patient).

Intermediate-level disinfectant: An agent that inactivates the tuber-
cle bacillus but does not necessarily kill bacterial spores. These 
disinfectants may be used on semicritical items, which carry an 
intermediate risk of inducing infection in the patient.

Low-level disinfectant: An agent that rapidly kills vegetative forms 
of bacteria and fungi but cannot be relied on within a practical 
period of time to destroy bacterial endospores, tubercle bacil-
lus, or small nonlipid viruses. These disinfectants are indicated 
only for use on noncritical items that carry relatively little risk of 
inducing infection in the patient.

Antiseptic: A substance that prevents or arrests the growth or action 
of microorganisms on living tissue either by inhibiting their 
activity or by destroying them.

Biocide: A chemical or physical agent, usually broad spectrum, that 
inactivates microorganisms. 

Disinfection and Antisepsis Definitions

Box 11-1

(From Block SS: Disinfection, sterilization, and preservation, ed 5, Philadelphia, 2001, Lippincott Williams & Wilkins; and Greene CE: Infectious diseases of the dog and cat, ed 3, 
St Louis, 2006, Saunders)
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Ethylene oxide

H2O2

DNA alkylation

Chlorhexidine
Iodine

Phenols
Quaternary ammonium compounds

Hexachlorophene

Electron transport
system

EDTA
Glutaraldehyde
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Cytoplasm

Transport
processes

Alcohols
Chlorine

H2O2
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Protein denaturation
(NH2,SH)

e-
e-

e-

Phenols
Chlorhexidine

Figure 11-1 Diagram showing targets within the microbe for selected disinfectants, antiseptics, and biocides.
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Alcohols are widely used for both hard-surface disinfections 
and skin antisepsis.8 In appropriate concentrations, alcohols 
provide the most rapid and greatest reduction in microbial 
counts on intact skin. Alcohols should not be used in open 
wounds. Alcohols should be allowed to evaporate thoroughly 
from the skin to be fully effective and to decrease irritation.7 
Because of their inability to destroy bacterial spores, alcohols 
are not recommended for disinfection of surgical instruments.

Aldehyde Compounds 
(Formaldehyde and Glutaraldehyde)
Formaldehyde (3% to 8% solutions) exhibits intermediate-
level to high-level disinfection. It is sporicidal, with its mecha-
nism of action being the ability to combine with protein, RNA, 
and DNA in the spore.9 Formaldehyde does not penetrate 
well, and its fumes are irritating.6 It is used infrequently as a 
disinfectant in veterinary hospitals.

Glutaraldehyde (1,5-pentanedial) has been used as a che-
mosterilizing agent for approximately 40 years.10,11 It displays 
potent bactericidal, fungicidal, virucidal, mycobactericidal, 
and sporicidal activity.11-13 Glutaraldehyde acts on proteins by 
denaturation and on nucleic acids by alkylation.14 It is classi-
fied as an intermediate-level to high-level biocide.

Factors that influence the activity of glutaraldehyde include 
time of contact, temperature, concentration, pH, and the 
presence of soiling material.12 Glutaraldehyde shows a very 
marked, temperature-dependent activity.12 The pH affects the 
stability and biocidal activity of glutaraldehyde. Glutaralde-
hyde is more stable at acid pH, but it is more active at alkaline 
pH (around 8 to 8.5). As pH increases, the number of reactive 
sites to which glutaraldehyde binds is increased, thus enhanc-
ing its lethal effect.12 At alkaline pH, glutaraldehyde penetrates 
more extensively into the spore, where it fixes the cortex.11 The 
negative effect of organic matter is more apparent when lower 
concentrations of glutaraldehyde are used. Alkaline glutar-
aldehyde (2%) takes longer to be effective in the presence of 
organic matter.6 Glutaraldehyde has a dual role against bac-
terial biofilms (a characteristic of some bacteria that makes 
them more resistant to disinfection): an ability to penetrate 
the biofilm and inhibit microbial cells protected by the film 
and an acceleration of the detachment rate of bacteria from 
the biofilm.12

Disinfectants containing 2% glutaraldehyde are consid-
ered high-level disinfectants, with recommended contact 
times of 10 to 30 minutes. Exposure times of 6 to 10 hours fre-
quently result in sterilization. Glutaraldehyde is used widely 
as a disinfectant for heat-labile equipment (e.g., endoscopes). 
Glutaraldehyde disinfectants are not as noxious, irritating 
to the skin, or corrosive as formaldehyde; however, precau-
tions should be taken with their use. Gloves, safety goggles, 
and proper ventilation are recommended to minimize risks 
to those disinfecting the equipment, and glutaraldehyde- 
disinfected equipment should be thoroughly rinsed with 
sterile water before use to reduce risk to the patient.11 Stabi-
lized glutaraldehyde solutions are safe and effective preopera-
tive skin antiseptics for elective clean-contaminated surgical 
 procedures in dogs.15

Chlorhexidine
Chlorhexidine is a cationic bisbiguanide, not related to hexa-
chlorophene, that was first synthesized in 1950.16 It is available 
as a solution and as a scrubbing agent. Chlorhexidine solution 
is used principally as a topical antiseptic on skin wounds and 
mucous membranes, but it is also used as a pharmaceutical 
preservative. Chlorhexidine scrub is used to preoperatively 
prepare the surgeon and patient. Chlorhexidine exhibits a 
broad spectrum of antibacterial activity, strong binding to the 
skin, ability to adsorb to negatively charged surfaces in the 
mouth (e.g., tooth and oral mucosa), persistence, low toxicity, 
and a minimal negative effect on activity by blood or other 
organic material.7 Chlorhexidine has its major antibacterial 
action by interference with the function of cellular mem-
branes, with the primary site of action being the cytoplasmic 
membrane.8,13,14,16,17 Rupture of the cytoplasmic membrane of 
the microbe occurs without lysis of the cell wall. Chlorhexi-
dine has low-level to intermediate-level biocidal activity.

Chlorhexidine has a very rapid bactericidal effect as well as 
persistence of action.14 It has limited fungicidal and virucidal 
properties.6 Chlorhexidine is more effective against gram-
positive than gram-negative bacteria and exhibits a bacterio-
static effect against some bacteria.6,7 Acquired resistance to 
chlorhexidine has been observed, notably in staphylococci.8,18 
The optimum range of pH for activity of chlorhexidine is 
5.5 to 7. Chlorhexidine is incompatible with anionic detergents 
and inorganic anionic compounds; 6 thus standing soap lather 
should be removed by rinsing before chlorhexidine solution 
is applied to the skin. Chlorhexidine forms a precipitate when 
diluted with electrolyte solutions, but this precipitate does not 
affect antimicrobial activity.19

Chlorhexidine is available as an alcoholic solution (scrub) 
that is used in the preoperative skin preparation of the surgeon 
and patient and as an aqueous solution. Two preparations that 
are used commonly in veterinary hospitals are chlorhexidine 
gluconate (scrub) and chlorhexidine diacetate or gluconate 
(solution). There are few reports of adverse reactions with 
chlorhexidine. Chlorhexidine scrub should be used only on 
intact skin, never in wounds. Negligible absorption from the 
alimentary tract occurs, and the incidences of skin irritation 
and hypersensitivity are low. Chlorhexidine is ototoxic when 
placed in the middle ear cavity, and its use on the brain or 
meninges is contraindicated. In general, chlorhexidine solu-
tion (0.05%) is an effective and well-tolerated wound antisep-
tic in veterinary patients.19,20

Chlorine and Chlorine Compounds
Chlorine disinfectants are readily available, inexpensive, have 
a broad antimicrobial spectrum, and present minimal environ-
mental hazards.3 Mechanism of action appears to be through 

KEY POINT 11-2 Under proper conditions, 2% glutaraldehyde 
is considered a high-level disinfectant.

KEY POINT 11-3 Chlorhexidine solution (0.05%) is generally 
an effective and well-tolerated wound antiseptic.
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oxidation of peptide links and denaturation of proteins.14 
Intracellular accumulation results in inhibition of essential 
enzyme systems.13 Chlorine compounds are classified as inter-
mediate-level disinfectants. Two factors that affect the bio-
cidal activity of chlorine are pH and the presence of organic 
material. The greatest influence on the antimicrobial activity 
of chlorine in solution appears to be pH. With decreasing pH 
there is increasing biocidal activity. This increased activity at 
lower pH is due to a higher concentration of undissociated 
hypochlorous acid, which has a greater bactericidal action 
than the dissociated form. Organic matter consumes available 
chlorine and reduces its antibacterial efficacy.21 This nega-
tive effect is particularly evident in solutions with low levels 
of chlorine. Small additions of iodine or bromine to chlorine 
solutions greatly enhance their bactericidal activity. 21

Sodium hypochlorite appears to be the chlorine compound 
most frequently used as a disinfectant in veterinary hospitals. 
It is an effective virucidal agent.22 Sodium hypochlorite was 
first introduced as an antiseptic in 1915 as Dakin’s solution 
(0.4% available chlorine).23 Although still used as a wound 
antiseptic, sodium hypochlorite is used more frequently as a 
disinfectant in veterinary hospitals as a 0.16% solution (1:32 
dilution of 5.25% stock solution) of liquid bleach.

EDTA
EDTA, especially in combination with Tris buffer ([hydroxy-
methyl]aminomethane), has been shown to have antibacterial 
properties, particularly against certain gram-negative bacte-
ria. Tris-EDTA acts by increasing cell wall and membrane per-
meability through chelation of divalent cations and by slowing 
degradation of ribosomes.13,24,25 The clinical use of Tris-EDTA 
has been limited largely to four major pathogens: Pseudomo-
nas aeruginosa, Proteus vulgaris, Escherichia coli, and Staphylo-
coccus aureus.24 Tris-EDTA decreases the minimal inhibitory 
concentration for these bacteria when selected antimicrobi-
als are added in vitro.26 It also potentiates the antimicrobials 
effects of chlorhexidine diacetate in lavage solutions.27

Tris-EDTA solution is inexpensive and readily available. It 
has been used as an irrigant in combination with antimicrobi-
als in the treatment of otitis externa, bacterial rhinitis, and mul-
tiple fistulae in dogs.24 Formulations of other biocidal agents 
(e.g., chloroxylenol) may contain EDTA. Such preparations 
have enhanced efficacy against P. aeruginosa organisms. 28

Ethylene Oxide
Recognition of the biocidal activity of ethylene oxide did not take 
place until more than 60 years after its discovery in the 1850s. 
Ethylene oxide was patented in the United States in 1936 for use 
as a gas-phase biocide.10 It is a high-level disinfectant when used 
under proper conditions. Variables that are critical to the action 
of ethylene oxide include prehumidification, temperature, and 
concentration. Ethylene oxide sterilization is used for heat-labile 
equipment. Ethylene oxide is an alkylating agent that exhibits its 
bactericidal and sporicidal activities because of its reaction with 
nucleic acids.8,29 It may be combined with either carbon dioxide 
or fluorocarbons. Because of its toxicity, mutagenicity, carcino-
genicity, and capacity to irritate eyes and mucous membranes, 

ethylene oxide sterilization for heat-labile equipment is being 
challenged by other, safer techniques, such as plasma steriliza-
tion (see later discussion of peroxygen compounds).

Iodine and Iodine Compounds
The first reference to the use of iodine for wounds was made 
in 1839.10,30 Iodine is an excellent, prompt, effective biocide 
with a broad range of action. Of the seven different forms 
of iodine that are present in pure aqueous iodine solutions, 
only two play a role in the disinfection processes: molecular 
iodine (I2) and hypoiodic acid (HOI). Molecular iodine has 
superior sporicidal and cysticidal properties compared with 
HOI. Iodine acts by decreasing the oxygen requirements of 
aerobic microorganisms.14 Iodine also interacts preferen-
tially with thiol groups in proteins of the cytoplasmic mem-
brane.14,30,31 Although bacterial resistance to iodine seems to 
be uncommon, bacterial resistance to povidone–iodine has 
been reported.18 Iodine has comparatively low reactivity with 
proteins, except blood, and pH has little effect on antimicro-
bial efficacy. Blood reduces the efficacy of iodine by converting 
it into nonbactericidal iodide.

Two main groups of iodine preparations are used clinically: 
preparations releasing free iodine and those containing com-
plex-bound iodine. Preparations that release free iodine have 
intermediate-level biocidal activity. Preparations that release 
free iodine include iodine topical solution, an aqueous solution 
containing 2% iodine and 2.4% sodium iodide; strong iodine 
solution (Lugol’s solution), an aqueous solution containing 5% 
iodine and 10% potassium iodide; iodine tincture, containing 
2% iodine and 2.4% sodium iodide in aqueous ethanol (1:1); 
and strong iodine tincture, containing 7% iodine and 5% potas-
sium iodide in 95% ethanol. Iodine tincture preparations are 
both more efficacious and more toxic than aqueous solutions, 
including iodophors.

Preparations containing complex-bound iodine have low-
level to intermediate-level activity. Iodophors are the most 
commonly used preparations that contain complex-bound 
iodine. The iodine in iodophors is bound to a carrier of high 
molecular weight (e.g., polyvinylpyrrolidone). Such carriers 
tend to increase the solubility of iodine; provide a sustained-
release reservoir; reduce the equilibrium concentration of free 
molecular iodine; improve the wetting properties of the iodine; 
and aid in penetration of iodine in organic soil, including fat.30

The best known iodophor is povidone–iodine. Povidone–
iodine compounds have a pH of about 5. The bactericidal prop-
erties of iodophors depend on the liberation of free iodine.32 
The amount of free iodine in iodophor preparations depends 
on concentration, being greatest in a 0.07% solution of povi-
done–iodine.33 Dilutions of iodophors demonstrate more 
rapid bactericidal action than a full-strength povidone–iodine 
solution.34 Although in vitro studies have shown povidone–
iodine to be highly effective against selective bacteria, includ-
ing methicillin-resistant S. aureus,35 in vivo studies provide 

KEY POINT 11-4 Use of iodophor in body cavities is not 
recommended.
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conflicting data regarding efficacy.23 LeVeen et al.32 conclude 
that on the basis of clinical and experimental evidence, free 
iodine is not liberated from povidone–iodine in therapeutic 
concentrations. Clinical studies indicate that povidone–iodine 
is suitable as an antiseptic on intact skin.32

Iodine-containing preparations, particularly iodophors, 
are used frequently as antiseptics. Iodophors are available in a 
variety of forms, including 10% solution, 2% cleansing solution 
(scrub), and 2% aerosol spray. Presurgical skin disinfection of 
surgeon and patient, disinfection of mucous membranes, and 
wound disinfection are the most common uses of iodophors. 
Povidone–iodine also has been reviewed favorably as an oral 
antiseptic.36 Cutaneous absorption of iodine, particularly in 
traumatized skin, can lead to increased serum iodine levels. 
Systemic iodine toxicity is also possible when iodophors are 
used to treat large, open wounds.23 Also, iodophors produce 
adverse effects when placed in the peritoneal cavity; hence 
their use in the peritoneal cavity is not recommended.32

Peroxygen Compounds
Hydrogen peroxide has historical and current application 
as a disinfectant and antiseptic. As a 3% solution, hydrogen 
peroxide has limited bactericidal effectiveness and is usually 
classified as an intermediate-level biocide.23 It is an oxidizing 
agent and acts by denaturing proteins and lipids of microor-
ganisms.14,29 Hydrogen peroxide (3%) provides an efferves-
cent cleansing action; however, because of its cytotoxicity, 
hydrogen peroxide is inappropriate as an antiseptic.23,37 As 
a 58% solution, however, and in the presence of an electro-
magnetic field, hydrogen peroxide becomes a gas plasma. As a 
gas plasma, hydrogen peroxide destroys microorganisms and 
is classified as a high-level disinfectant. Hydrogen peroxide 
(58% solution) is sporicidal by virtue of its effect on the outer 
spore layers and the spore core.38 Because the process tem-
perature associated with plasma sterilization does not exceed 
50° C, plasma sterilization is particularly well suited to heat-
labile materials that cannot be steam sterilized.39 Because of 
its relative safety, plasma sterilization is emerging as an alter-
native to ethylene oxide gas in the sterilization of heat-labile 
articles. Other peroxygen compounds, such as peracetic acid 
and ozone, have limited use in veterinary medicine.

Phenols
Carbolic acid, a phenol, is the oldest example of an antiseptic 
compound.40 Phenols have a wide spectrum of activity against 
bacteria, viruses, and fungi, but they have minimal sporicidal 
activity.6 They act on the cytoplasmic membrane, producing 
leakage and disrupting membrane transport.13 Phenols are clas-
sified as low-level to intermediate-level biocides. While used 
sparingly in veterinary medicine, phenolic biocides are still 
widely used throughout the world.41 Two classes of phenol deriv-
atives that have potential interest are the bisphenols (e.g., triclo-
san and hexachlorophene) and halophenols (chloroxylenol).8

Triclosan, a broad-spectrum antimicrobial agent, is used as 
a topical antiseptic and is frequently formulated with EDTA.8,42 
Hexachlorophene, a chlorinated phenol derivative, was used as 
a presurgical antiseptic primarily by surgeons, but its toxicity 

has limited its use.43 Chloroxylenol has been used extensively 
as a preservative, disinfectant, and topical antiseptic.28

Quaternary Ammonium Compounds
Introduced in 1916, quaternary ammonium compounds are 
surface-active cations that exhibit low-level biocidal activity.10 
They bind irreversibly to the phospholipids and proteins of 
the cytoplasmic membrane of microbes, impairing permeabil-
ity.13,14 Quaternary ammonium compounds are much more 
effective in preventing the growth of bacteria than in killing 
them, and they are far more effective against gram-positive 
than gram-negative bacteria.6 Quaternary ammonium com-
pounds possess a narrow margin of safety and can fail when 
exposed to resistant microorganisms.43

Quaternary ammonium compounds with a carbon chain 
length of 14 demonstrate the highest level of bactericidal activ-
ity.44 They were used initially as an adjunct to surgery, such as 
in presurgical patient preparation, but this use has been cur-
tailed, in part because of the observation that skin bacteria 
survive beneath the layer of applied quaternary ammonium 
compound. Additionally, quaternary ammonium compounds 
tend to be inactivated by lipids in organic matter, and their 
activity is adversely affected by soap, hard water, and gauze.43 
Quaternary ammonium compounds are currently used pri-
marily for environmental disinfection of floors, walls, and 
equipment surfaces. Benzalkonium chloride is used as a topi-
cal antifungal agent for horses at a concentration of 0.15%.

FACTORS AFFECTING DISINFECTION 
AND ANTISEPSIS

A successful disinfection plan requires initial consideration of 
microbial susceptibility and environmental conditions.45 Fac-
tors of importance when selecting a chemical biocide include 
the degree of microbial killing required; the nature and com-
position of the surface item or device to be treated; amount of 
organic matter present; number and resistance of microorgan-
isms present; presence of microbial biofilms; and cost, safety, 
and ease of use of the available agents.2 Critical items, which, 
if contaminated, impart a substantial risk of infection, must 
be sterilized. Noncritical items, which touch only the intact 
skin of the patient during routine use, can be disinfected. The 
greater the risk of infection associated with the use of a device, 
the more complete must be the degree of microbial killing on 
that device. The nature and composition of the device or sur-
face to be treated affects the ease with which that device may 
be disinfected. Smooth, nonporous, and cleanable surfaces 
(e.g., table surfaces) are easiest to disinfect, whereas crevices, 
joints, and pores (e.g., surgical clamps) constitute barriers to 
the penetration of liquid biocides.2

The amount of organic material present has a major impact 
on the efficacy of most disinfectants. Physical cleaning before 
disinfection is often the most important step in the disinfec-
tion process.2 Endoscopes and accessories are particularly chal-
lenging to clean properly. Organic material has an especially 
profound effect on the biocidal efficacy of chlorine and iodine-
based disinfectants and quaternary ammonium compounds.2 
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Negative effects of organic material are particularly profound 
with weak concentrations and with low-level disinfectants.

The number and resistance of microorganisms present can 
influence biocidal efficacy. In general, the higher the level of 
microbial contamination, the longer must be the exposure to 
the chemical biocide before the entire microbial population 
is killed.2 Microorganisms vary widely in their resistance to 
chemical biocides, with bacterial spores being most resistant, 
then protozoal cysts, coccidial oocysts, tubercle bacilli, small 
nonlipid viruses, fungi, vegetative bacteria, and medium-size 
lipid viruses.37 Differences in resistance exhibited by various 
vegetative bacteria are relatively minor, with staphylococci and 
enterococci being the more resistant gram-positive bacteria 
and Pseudomonas, Proteus, Klebsiella, Enterobacter, and Ser-
ratia spp. showing greater resistance than other gram-negative 
bacteria.2,8 The resistance of some bacteria, such as Pseudomo-
nas and Serratia spp., may relate in part to the production of a 
glycocalyx-based biofilm.8,43,46

Some bacteria (e.g., Klebsiella pneumoniae, Serratia and 
Pseudomonas spp.) produce biofilms.43,47,48 Biofilms are collec-
tions of bacteria in a community that form in an exopolysaccha-
ride extracellular matrix.48 They surround bacteria and make 
them more resistant to disinfection. Biofilms may be encoun-
tered in medical implants, such as catheters, sutures, and ortho-
pedic prostheses, and seem to present a barrier to penetration 
by disinfectants and antiseptics.8,25,43,46,48 Biofilms serve as nidi 
of contamination as well as sources of bacterial products, such 
as toxins.48 The reduced accessibility of the bacteria included in 
the biofilm appears to be the major factor in resistance develop-
ment.47 Resistance depends on the nature of the disinfectant, with 
greater resistance reported with selected quaternary ammonium 
compounds (e.g., benzalkonium chloride) and less resistance 
with oxidizing agents (e.g., sodium hypochlorite and hydrogen 
peroxide) and phenolic derivatives.47 Intrinsic and acquired 
resistances to disinfectants have been observed, notably Staphy-
lococci, Pseudomonas, and Enterobacter spp.3,8,18,46 Potential for 
acquired bacterial resistance is rated very low, low, and mod-
erate for alcohols, triclosan, and chlorhexidine, respectively.42 
Although concerns about the use of chlorhexidine, triclosan (a 
bisphenol), and quaternary ammonium compounds and possi-
ble bacterial resistance to them and to antimicrobials have been 
raised,49 antimicrobial-resistant pathogens (e.g., methicillin-
resistant S. aureus) did not demonstrate resistance to biocides at 
the currently used contact times and concentrations.34

Cost may be a factor in selection of disinfectants and anti-
septics. One of the major impacts on cost of a disinfection 
procedure is the dilution of biocide used. Although overdilu-
tion of a biocide will reduce its net cost, overdilution may also 
significantly reduce its biocidal potency. The manufacturer’s 
recommendations should be followed when diluting a biocide. 
Selection of biocides should be based primarily on efficacy and 
safety, not cost. Ease of use of a biocide can affect disinfection 
practices. Those agents with wider safety margins are likely to 
be easier to use. Other causes of disinfection failure include 
poor disinfectant penetration or coverage, insufficient contact 
time, and inadequate temperature and humidity while the dis-
infectant is being applied.3,46

DISINFECTION AND ANTISEPTIC 
PRACTICES

Veterinary Hospital Disinfection
Types of disinfection practices in a veterinary hospital include 
immersion disinfection; disinfection of surfaces, including 
cabinets, tables (examination, treatment, and surgery), ken-
nels, lights, and chairs; and environmental disinfection.40 
Agents that have been used for immersion disinfection include 
2% alkaline glutaraldehyde, isopropyl alcohol (thermom-
eters), chlorhexidine diacetate, and quaternary ammonium 
compounds. Of these agents, only 2% alkaline glutaraldehyde 
is reliable. Because the disinfection of surgical instruments 
by immersion lacks the safety of heat-pressure sterilization, 
immersion disinfection is not recommended for instruments 
to be used during aseptic surgery.

Surface disinfection in a veterinary hospital can be partic-
ularly important in minimizing spread of disease. Thorough 
cleaning of the surface before disinfection is a critical step. 
Other factors that improve the efficacy of surface disinfection 
include adequately covering the surface with the disinfectant 
and maintaining contact for a sufficient time. Agents that are 
used as surface disinfectants include sodium hypochlorite and 
quaternary ammonium compounds. Sodium hypochlorite 
is used as a 0.16% solution (1:32 dilution of 5.25% solution) 
of liquid bleach to disinfect kennels and tables. Such a solu-
tion has been shown to be effective in neutralizing parvovi-
rus.50 Quaternary ammonium compounds are surfactants that 
have both cleansing and disinfecting properties. Despite their 
cleansing properties, quaternary ammonium compounds have 
reduced biocidal efficacy in the presence of organic material; 
hence cleaning of surfaces before their use is indicated. Qua-
ternary ammonium compounds have been recommended for 
the routine disinfection of environmental surfaces.43 Effective 
environmental disinfection of large-animal holding facilities 
using a peroxygen compound (4% peroxymonosulfate) has 
been described.51

Surgical Antisepsis
Surgical antisepsis is the application of antimicrobial chemi-
cals to skin, mucosa, and wounds to reduce the risk of infec-
tion.52 Surgical antisepsis most commonly involves the 
removal or reduction of normal flora by the topical application 
of antimicrobial substances to the intact skin before a surgi-
cal procedure. Distinguishing between antiseptic use on intact 
skin and that on mucous membranes or in wounds is impor-
tant. Different formulations and concentrations of antiseptics 
are indicated depending on their use. Preparations containing 
alcohol or detergents (scrubs) are to be used only on intact 
skin. The concentration of antiseptic used in wounds is less, in 
general, than that of preparations applied to intact skin.

Surgical Preparation of the Skin
The purpose of a surgical hand scrub or alcohol-based hand 
rub is to remove transient flora and reduce resident flora for 
the duration of surgery in case of glove tears.7,53 Regardless 
of the biocidal agent used, the technique of hand washing is 
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important. The primary problem with hand hygiene is not a 
paucity of good products but rather the laxity of practice.7 Nails 
should be short, and artificial nails and nail polish are discour-
aged.7 Debris should be removed from under the fingernails 
with a nail cleaner after the hands and forearms have been 
washed thoroughly. The subungual area has higher microbial 
counts, and contamination of the hands can increase when 
gloves create a warm, moist environment.7,40 Duration of 
washing is important both for mechanical action and to allow 
antimicrobial products sufficient contact time to achieve the 
desired effect.7 Although the American College of Surgeons 
suggests that a surgical scrub of 120 seconds, including brush-
ing of the nail and fingertip areas, is adequate,7 longer scrubs 
may be performed by veterinary surgeons.

Selection of an appropriate biocidal agent for surgical hand 
scrubbing should be made in three stages: One should deter-
mine what characteristics are desired, review and evaluate the 
evidence of safety and efficacy in reducing microbial counts, 
and consider the personnel acceptance of the product and the 
costs.7 Antiseptic treatment of the skin should not be toxic, 
should not cause skin reactions, and should not interfere with 
the normal protective function of the skin.52 Antiseptic agents 
used to prepare the skin of the surgeon or patient include alco-
hols, chlorhexidine, iodophors, and chloroxylenols.

Alcohols, in appropriate concentrations (60% to 90%), pro-
vide the most rapid and greatest reduction in microbial counts 
on skin.7,52 Alcohols are not good cleansing agents, and they 
are not recommended in the presence of physical dirt. They 
should be allowed to evaporate thoroughly from the skin to 
be fully effective and to decrease irritation.7 Immersion of the 
surgeon’s hands and arms in alcohol has been shown to be an 
effective technique.7 Waterless, alcohol-based hand rinse prod-
ucts (rubs) effectively reduce microbial counts on skin.54 Hand 
rubs have been shown to be effective within application times 
of 90 to 180 seconds.53 Alcohol is also used on the intact skin 
of the veterinary patient before surgery as a defatting agent.55

Chlorhexidine gluconate has both rapid and persistent 
antibacterial activity when used as a presurgical scrub. Its 
persistence is probably the best of any agent currently avail-
able for hand washing.7 The activity of chlorhexidine is not 
significantly affected by blood or other organic material.7 The 
incidence of skin irritation to chlorhexidine scrub seems low. 
Chlorhexidine scrub may be the ideal agent for surgical prepa-
ration of the skin.33 Both 2% and 4% formulations in a deter-
gent base are readily available.

Iodophors, particularly povidone–iodine, are used fre-
quently in the presurgical preparation of surgeons and vet-
erinary patients. The antimicrobial effects of iodophors are 
similar to those of iodine. Recommended levels of free iodine 
for antiseptics are 1 to 2 mg/L.7 Povidone–iodine scrub has 
been found to be equally effective as chlorhexidine gluconate 
scrub in reducing the number of bacteria on canine skin for up 
to 1 hour after application.56 Iodophors are rapidly neutralized 
in the presence of organic materials such as blood.7 They have 
a propensity toward skin irritation, and cutaneous absorption 
can cause thyroid dysfunction. Iodophors are available as a 
surgical scrub (2%) and as a solution (10% and 2%).

Chloroxylenols and bisphenols are synthetic phenol deriva-
tives that have been used sparingly as a presurgical scrub of 
surgeons and veterinary patients. They are less effective than 
either chlorhexidine or iodophors in reducing skin flora, but 
chloroxylenols may have a lower incidence of skin irritation 
than iodophors.7 Their activity is only minimally affected by 
organic matter.7 Formulations used as a presurgical scrub 
include 3% chloroxylenol, 1.5% parachlorometaxylenol, and 
1% to 2% triclosan.7,42

Surgical Preparation of Mucous Membranes
Antisepsis of mucous membranes, particularly the oral 
mucosa, presents particular problems. The bacterial coloni-
zation of the oral cavity is very high, and the efficacy of oral 
antiseptics is affected by dilution effects as well as inactiva-
tion due to salivary proteins.36 Also, an increase in antiseptic 
concentration is limited by local irritation and a high absorp-
tion rate with the risk of systemic intoxication.36 Only a few 
solutions are useful as oral antiseptics: povidone–iodine, 
chlorhexidine, and hexetidine.36 Povidone–iodine solution 
has been shown to reduce inflammation and the progres-
sion of periodontal disease as well as bacteremia after dental 
extractions.36

Chlorhexidine solution is an effective agent for the preven-
tion and treatment of oral disease.16 Its effectiveness stems 
from its ability to adsorb to negatively charged surfaces in the 
mouth, such as the tooth and mucosa. Hexetidine is used as a 
0.1% solution for local infections and oral hygiene. It has been 
shown to have similar antimicrobial efficacy against common 
buccal organisms as 0.2% chlorhexidine.57

Wound Antisepsis
When topically treating a contaminated wound with an anti-
septic solution, the clinician should choose an appropriate 
type and concentration of antiseptic that has both antibacte-
rial properties and minimal negative effects on wound heal-
ing. Antiseptics that appear to fulfill these criteria include 
chlorhexidine solution, povidone–iodine solution, and sodium 
hypochlorite solution (Dakin’s solution). Chlorhexidine diac-
etate solution (0.05%) has a wide spectrum of antimicrobial 
activity as well as minimal deleterious effects on wound heal-
ing.58 Its sustained residual activity seems to be an advantage 
in wound therapy. Dilution of the stock solution with sterile 
water, 0.9% sodium chloride, or lactated Ringer’s solution does 
not adversely affect its antibacterial activity.19

Povidone–iodine solution appears to be most effective and 
least tissue toxic in concentrations of 0.1% to 1%.33 Povidone–
iodine concentrations greater than 0.5% are cytotoxic to the 
canine fibroblast in vitro.33 Povidone–iodine should be used 
judiciously on large wounds because of the potential for sys-
temic absorption of iodine.

A dilute Dakin’s solution (0.005% sodium hypochlorite) has 
been shown to be both bactericidal and not damaging to fibro-
blasts.58 Dakin’s solution has been used as an effective irrigant 
for human wounds since World War I, and its use has persisted 
to the present. In vivo studies on the efficacy of Dakin’s solu-
tion in canine wounds are not available.33
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SUMMARY

Protozoal infections can provide diagnostic as well as thera-
peutic challenges for the small animal clinician. The situa-
tions can range from the simple treatment of a young kitten 
with coccidiosis to the more robust challenges of chronic 
giardiasis in a breeding kennel. Although several of the 
protozoa are well characterized and relatively easy to treat, 
others are poorly understood and have no specific agents 
available for therapy. Three types of infections caused by 
major pathogens are presented here: common enteric coc-
cidia, toxoplasmosis, and giardia. The pathogens are known 
to affect dogs and cats, and two are significant zoonotic 
agents.

This chapter does not include the protozoa that appear 
only sporadically in the veterinary literature (Balantidium, 
 Pentatrichomonas, Entamoeba, Hammondia, Besnoitia, 
and Sarcocystis spp.). These organisms are not adequately 
 documented as pathogens of dogs and cats and thus require 
no therapy. Also excluded are selected protozoal  pathogens 
that are partially characterized but have no  effective  treatment 
available. Textbooks of parasitology or infectious dis-
ease should be consulted for a complete  discussion of these 
 sporadic, spurious, or untreatable pathogens.1,2

Therapy of protozoal infections, which are often zoonotic, 
must include use of therapeutic agents along with supportive 
therapy and proper hygiene and husbandry to clean up the 
environment and prevent spread to other animals and people. 
No therapeutic agent, no matter how safe or effective, can be 
expected to treat these diseases without supportive therapy 
and hygiene. Table 12-1 lists the therapeutic agents discussed 
in the text. These drugs are discussed below as well as in 
 specific chapters.

COMMON ENTERIC COCCIDIOSIS

Biology
The most common protozoa in small animal veterinary medicine 
are the coccidians, which cause a condition termed  coccidiosis. 
Coccidia are very host specific. Dogs and cats are infected with 
several species in the genus Isospora. Diagnosis is readily made by 
conventional fecal floatation techniques using concentrated sugar 
or salt solutions. Careful identification of coccidia oocysts may 
reveal the presence of spurious coccidia from other genera, espe-
cially Eimeria spp., which commonly parasitize food animals, 
thus indicating coprophagy. Nevertheless, coccidia are ubiquitous 
in young dogs and cats and commonly cause disease, especially in 
those with suboptimal nutrition, immune status, or stress.

Coccidia are obligate intracellular parasites that depend on 
dispersion of fecal oocysts for transmission. This fact alone illus-
trates the importance of hygiene. There are four species that infect 
dogs (Isospora canis, Isospora ohioensis, Isospora burrowsi, and 
Isospora neorivolta) and two that infect cats (Isospora felis and 
Isospora rivolta). Although direct ingestion of the oocyst is the 
primary means of infection, rodents can serve as paratenic hosts 
if they ingest the oocyst and then are eaten by the definitive host.

Coccidia have life cycles that are more complex than other 
infectious agents (Figure 12-1). Each life cycle includes both 
sexual and asexual phases. This is important to remember 
because the therapeutic agents used to treat and control coccidia 
are primarily effective against the asexual stage of the life cycle.

KEY POINT 12-1 Hygiene must be addressed for effective 
resolution of coccidian infections.
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Table 12-1  Dosing Regimens for Selected Antiprotozoal Drugs
Drug Indication Species Dose (mg/kg) Interval (hr) Route Duration (days) Comments
Albendazole Giardiasis Dog 25 12 PO 2
Allopurinol Leishmaniasis Dog 20 24 PO

Dog 15 24 PO With meglumine 
antimoniate

Aminosidine Leishmaniasis Dog 5 12 IM 3-4 weeks
Amphotericin B Leishmaniasis Dog 0.8-2.5 24 IV
Amphotericin B, 

Liposomal
Leishmaniasis Dog 3

To total of 15
24 IV

Amprolium Coccidiosis Cat 60-100 24 PO 7
Dog 300-400 24 PO 5

1.5 tsp/gal
in water

PO 10

Atavaquone Babesiosis Dog 13 8 PO 10 With azithromycin
Azithromycin Cryptosporidiosis Cat 7-15 12 PO 5-7

Dog 5-10 12 PO 5-7
Clindamycin Hepatozoonosis Dog 10 8 PO 14 With sulfadiazine-

trimethoprim  
and clindamycin

Neosporosis Dog 7.5-15 8 PO 28-56
15-22 12 PO 28-56

Decoquinate Hepatozoonosis Dog 10-20 12 PO 2 years
Diminazene Babesiosis Dog 3.5 Once IM With imidocarb

Cytauzoonosis Cat 2 Once SC Repeat in  
2-4 weeks

Febendazole Giardiasis Dog 50 24 PO 3
Furazolidone Coccidiosis Cat 8-20 12-24 PO 5

Dog 8-20 12-24 PO 5
Giardiasis Cat 4 12 PO 7-10

Imidocarb proprionate Babesiosis Dog 5-6.6 IM Repeat in 2 weeks
Dog 7.5 Once IM With diminazene

Cytauzoonosis Cat 5 Once SC Repeat in  
2 weeks

Meglumine 
antimoniate

Leishmaniasis Dog 100 24 SC 3-4 weeks

Metronidazole Giardiasis Cat 10-25 12 PO 5-7
Dog 10-25 12 PO 5-7

50 24 PO 3
Paramycin Cryptosporidiosis Cat 125-165 12 PO 5

Dog 125-166 12 PO 5
Pentamidine Babesiosis Dog 16.5 24 IM 48

Leishmaniasis Dog 4 Twice weekly IM 3 to 4 weeks
Phenamidine Babesiosis Dog 15 24 IM 48
Ponazuril Toxoplasmosis, 

neosporosis
Dog 10-20 24 PO 10-14*

Coccidiosis Dog 20 Once weekly PO Repeat in 1 week*

Pyramethamine Hepatazoonosis Dog 0.25 12 PO 14 With sulfadiazine–
trimethoprim  
and clindamydin

Neosporosis Dog 1 24 PO With sulfonamide  
at 15-30 mg/kg

Continued
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The oocyst is passed in the feces, and, after suitable expo-
sure to air, heat, and moisture, the oocyst sporulates. This pro-
cess may take only a few hours or a few days, depending on 
the species of coccidia and on the environmental conditions. 
During sporulation each oocyst develops into two sporocysts 
that contain four sporozoites each; thus each oocyst contains a 
total of eight infective sporozoites.

After ingestion the sporozoites are liberated from the 
oocyst and invade the enterocytes that line the small intes-
tine. Once inside the enterocytes, the sporozoites turn into 
trophozoites, which undergo asexual fission (properly 
termed schizogony or merogony) to produce many daughter 
schizonts. After 4 days the enterocyte ruptures and releases 
the multiple schizonts (or meronts). This schizont stage is the 
place in the life cycle where therapeutic agents have a chance 
to break the life cycle. Because the schizonts are released from 
the cell only every 4 days, the therapeutic agent should be 
present in the gut for several multiples of this period, usually 
14 to 21 days. The daughter schizonts are capable of infect-
ing new enterocytes and repeating the cycle of fission into 
many daughters and rupture of the subsequent enterocytes. 
The number of asexual cycles has been determined for each 
species of coccidia; the small animal pathogens typically have 

two or three asexual cycles before entering the sexual stage of 
the life cycle.

The schizont, produced by the last cycle of asexual fission, 
enters another enterocyte and develops into either a male or 
a female gametocyte. The female gametocyte enlarges and 
forms a singular large cellular structure within the entero-
cyte. The male gametocyte undergoes fission to produce 
many small biflagellate male sex cells. The enterocytes rup-
ture, and the motile male sex cells fertilize the female game-
tocytes, which mature to a zygote and then pass out in the 
feces in the form of an oocyst. The fresh oocysts are exposed 
to the external environment, where they sporulate and infect 
new hosts.

The repeated intracellular invasion of enterocytes and sub-
sequent rupture can produce substantial pathology to the gut, 
especially if the infected host is young, weak, malnourished, 
or stressed. Normal animals, in otherwise good health, usu-
ally experience coccidial infection followed by an effective 
immune response that limits and eliminates the infection 
without therapeutic intervention. Most clinicians prefer to 
intervene when coccidia are identified in a fecal floatation. 
Therapy is usually successful in eliminating the coccidial 
oocysts, although it is not known how many of these animals 

Drug Indication Species Dose (mg/kg) Interval (hr) Route Duration (days) Comments
Quinacrine Coccidiosis Cat 10 24 PO 5

Giardiasis Cat 9 24 PO 6
Dog 6.6 24 PO 5

Rinidazole Trichomoniasis Cat 10-50 12-24‡ PO 14
Sulfadiazine–

trimethoprim
Hepatazoonosis Dog 15 12 PO 14 With pyrimeth-

amine and 
sulfadiazone–
trimethoprim

Neosporosis Dog 15-20 24 PO 28-56
10-15 8 PO 28-56

Sulfadimethoxine Coccidioisis Cat 50-60 24 PO 5-20
Dog 50-61 24 PO 5-21

Sulfadimethoxine–
amprolium

Coccidiosis Dog 25/150 24 PO 14

Sulfadimethoxine– 
trimethoprim

Coccidiosis Dog 55/11 24 PO 7-23

Sulfaguanidine Coccidioisis Cat 150-200 24 PO 6
100-200 8 PO 5

Dog 150-200 24 PO 6
100-200 8 PO 5

Tinidazole Trichomoniasis Cat 15 Not reported
Trypan blue Babesiosis Dog 10§ Once IV
Tylosin Cryptosporidiosis Dog 11 12 PO 28

(to reduce diarrhea)

*Based on experimental infection in mice.
†Anectdotal.
‡Clinical signs recur at lower dose; safety at higher dose not established.
§Use a 1% solution.

Table 12-1  Dosing Regimens for Selected Antiprotozoal Drugs—cont’d
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would have spontaneously cleared the infection without 
intervention.

Treatment
Sulfas and Potentiated Sulfas
Use of sulfonamides is the treatment of choice for small ani-
mal coccidia as well as a number of other protozoal organ-
isms. Unfortunately there is a paucity of research information 
to support their efficacy. Two pivotal studies on sulfamethox-
ine and sulfaguanidine against coccidia support their  utility; 
however, these two agents are no longer available in the 
United States.3,4 Clinicians have empirically substituted more 
readily available sulfonamides and enjoyed apparent clinical 
success.5 Currently there is one simple sulfa and three poten-
tiated sulfas that are commonly used in the United States: sul-
fadimethoxine (Albon), sulfadimethoxine with ormetoprim 
(Primor), sulfadiazine with trimethoprim (Di-Trim, Trib-
rissen), and sulfamethoxazole with trimethoprim  (Bactrim, 
Septra).

Sulfonamide Chemistry and Mechanism of Action
The sulfonamides are discussed in more depth in Chapter 7. 
Each is a structural analog of para-aminobenzoic acid that 
competitively inhibits the dihydropterate synthetase step in 
the synthesis of folic acid, which is required for synthesis of 
RNA and DNA. Inhibition by sulfas impairs protein synthesis, 
metabolism, and growth of the pathogen. A vast array of sulfa 
agents have been created and described; all but a few have been 
lost in the sands of time. The important differences among these 
agents involve their solubility, duration of action, and activity 
against key pathogens. Fortunately, the three sulfas included in 
this discussion demonstrate acceptable performance in all three 
categories; solubility is adequate, they are given once or twice 
daily, and they have a reasonably broad spectrum of action. The 
sulfa drugs are primarily effective against the schizont stages of 
coccidian; thus prolonged treatment may be required for the 
drug to effectively block the life cycle.

Potentiator Chemistry and Mechanism of Action
The diaminopyrimidine potentiators (trimethoprim and 
ormetoprim) act in concert with sulfonamides by block-
ing the next step (dihydrofolate reductase) in folic acid syn-
thesis. Chemically the diaminopyrimidines are related to 

Microgamont

Schizonts Sporogony
in fecesUnsporulated

oocyst

Unsporulated
oocyst

Intermediate hosts
mouse and

other mammals

Oocyst

Macrogamont

SporazoiteCyst

5-9
days

7-10
days

Definitive host cat

Figure 12-1 Life cycle of Isospora felis, which is typical of the Isospora spp. The mode of transmission may be direct, via ingestion 
of sporulated oocysts from the environment, or indirect, via ingestion of cysts in prey animals. Sexual and asexual reproduction 
of the parasite occurs in the intestines of the definitive host (in this case, a cat), and unsporulated oocysts are shed in the feces 
of definitive hosts. (From Dubey JP, Greene CE: Enteric coccidiosis. In Greene CE, editor: Infectious diseases of the dog and cat, 
ed 2, Philadelphia, 1998, Saunders, p. 511.)

KEY POINT 12-2 Use of sulfonamides is the treatment of 
choice for small animal coccidians.
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pyrimethamine, which has antimalarial properties. The agents 
are highly selective inhibitors of dihydrofolate reductase. 
This sequential blockade produces significant potentiation of 
 activity. It is a classic case of drug potentiation.

Drug Disposition
The sulfonamides are weak acids that are well absorbed 
from the gastrointestinal tract and are widely distributed in 
the body. Sulfadimethoxine and sulfamethoxazole have high 
serum protein binding, which provides decreased body clear-
ance and long half-lives. They undergo metabolic alteration 
in the liver and subsequent renal clearance. Trimethoprim 
and ormetoprim are also well absorbed from the gut, widely 
distributed, and then hydroxylated and excreted through the 
urinary tract.

Toxicity and Adverse Effects
The long history of sulfa use in veterinary medicine has 
resulted in a wide array of toxic and idiosyncratic reactions in 
animals. Historically, the most common and most avoidable 
reactions result from crystallization in the urinary tract with 
secondary crystalluria, hematuria, and urinary obstruction. 
Recent reviews in human medicine indicate that the improved 
solubility of the modern preparations has decreased the risk 
of crystalluria; nevertheless, it is still prudent to ensure ade-
quate water intake and proper hydration during sulfa therapy.6 
The human-medicine literature also suggests that the sulfon-
amides may be directly nephrotoxic.6 Hematopoietic  disorders 
(thrombocytopenia and leukopenia) have also been reported 
as a result of sulfa therapy. Sulfaquinoxaline especially has 
been associated with hypothrombinemia, hemorrhage, and 
death in puppies receiving therapy for coccidia.7

Idiosyncratic reactions in animals and people often include 
immune-mediated phenomena such as hypersensitivity reac-
tions, drug fever, urticaria, nonseptic polyarthritis, focal reti-
nitis, and hepatitis. Fortunately, these reactions occur at very 
low rates when the drugs are used at recommended dose rates 
and for less than 2 weeks.

Preparations
There are four sulfa products that are currently available for 
use in small animal medicine: sulfadimethoxine, sulfadi-
methoxine with ormetoprim, sulfadiazine with trimethoprim, 
and sulfamethoxazole with trimethoprim. Each is available in 
a variety of formulations.

Sulfadimethoxine
Sulfadimethoxine is a rapidly absorbed, long-acting sulfon-
amide. It is not acetylated in the dog and is excreted unchanged 
in the urine. It is approved for treatment of coccidiosis in dogs 
and cats. It has a wide margin of safety; dogs given multiple 
oral doses of 160 mg/kg by mouth daily for 13 weeks showed 
no signs of toxicity.8

It is important that all treated animals receive adequate 
water intake to prevent dehydration and crystalluria, as well 
as proper nutrition, during therapy for coccidiosis. Therapy 
is available as a 40% injection (Albon); in 125-, 250-, and 

500-mg tablets (Albon); as a pleasant-tasting 5% suspension 
(Albon); and as a 12.5% oral solution (Albon, Di-Methox). 
The approved therapy is an initial dose of 55 mg/kg, orally or 
by subcutaneous or intravenous injection, for the first day and 
subsequent doses of 27.5 mg/kg orally once daily for 12 to 21 
days. It seems reasonable that, because coccidia are enteric 
pathogens, the oral route would be most effective.

Sulfadimethoxine with Ormetoprim
Sulfadimethoxine with ormetoprim is the most recently 
approved potentiated sulfonamide. It constitutes a rational com-
bination that potentiates the action of both drugs by blocking 
two sequential steps in the synthesis of folic acid. Ormetoprim 
is a diaminopyrimidine potentiator with very low mammalian 
toxicity. The available tablets contain 100/20, 200/40, 500/100, 
or 1000/200 mg sulfadimethoxine/mg ormetoprim, respec-
tively (Primor). The tablets are designated by the total weight 
of active ingredient in each tablet; thus Primor 120 contains 
100 mg of sulfadimethoxine and 20 mg of ormetoprim. The 
approved starting dose is 55 mg/kg orally on the first day of 
treatment and then 27.5 mg/kg orally once per day for 14 to 
21 days. Treatment should not extend beyond 21 days.8

It is interesting to note that the only recent controlled study 
of coccidiosis therapy for dogs was conducted with this drug 
combination. In that study, 32.5 mg/kg or 66 mg/kg was given 
continuously in the food for 23 days, subsequent to experi-
mental oocyst infection. The higher dose of 66 mg/kg provided 
better results and did not produce any adverse reactions.9

Sulfadiazine or Sulfamethoxazole with 
Trimethoprim
Sulfadiazine with trimethoprim is the potentiated sulfa with 
the most years of actual use in veterinary medicine. For many 
years it was the only potentiated sulfa approved for use in ani-
mals. Trimethoprim is a diaminopyrimidine potentiator with 
very low mammalian toxicity. The available tablets contain 
25/5, 100/20, 400/80, or 800/160 mg sulfadiazine/mg trim-
ethoprim, respectively (Tribrissen, Di-Trim). The tablets are 
designated by the total weight of active ingredient in each 
tablet; thus Tribrissen 30 contains 25 mg sulfadiazine and 
5 mg trimethoprim. The approved dose is 30 mg/kg orally or  
26.4 mg/kg by subcutaneous injection daily for up to 14 days. 
The preferred dose for bacterial infections in dogs and cats is 
30 mg/kg once or twice daily and may be indicated for severe 
 coccidial infections. The manufacturer recommends that ani-
mals with marked hepatic parenchymal damage, blood dys-
crasias, or previous sulfonamide sensitivity should not be 
given this product.8,10

Sulfamethoxazole with trimethoprim is a readily available 
product approved for use in people (Bactrim, Septra); it is not 
currently approved for use in animals. Because of its similarity 
to veterinary potentiated sulfonamides and because low-cost 
generics are available, it is widely used in veterinary medicine. 
There is some controversy regarding the appropriate dosing 
regimen for this human-labeled product in animals, but many 
clinicians gain acceptable clinical results using the same dose 
as sulfadiazine.
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Sulfamethoxazole with trimethoprim is available in a fixed 
combination of 5:1 sulfamethoxazole to trimethoprim as tab-
lets and pediatric suspension. The available single-strength 
tablets contain 400/80 mg and double-strength tablets contain 
800/160 mg trimethoprim, respectively (Bactrim, Septra). The 
pediatric oral suspension contains 40 mg sulfamethoxazole 
and 8 mg trimethoprim per milliliter. The dose for bacterial 
infections and coccidiosis in dogs and cats is 30 mg/kg once 
daily for 10 days10 and may be indicated in severe coccidial 
infections.

Amprolium
Amprolium (Amprol, Corid) is an antiprotozoal drug that is 
a structural analog of thiamine. It is freely soluble in water, 
methanol, and ethanol. The close structural similarity between 
amprolium and thiamine allows amprolium to compete with 
thiamine for absorption into the parasite. It is most effective 
against the first-generation schizont stage and thus is more 
effective for prevention than treatment.

At very high doses, amprolium may produce thiamine 
deficiency in the host. Thiamine deficiency can be treated 
by adding thiamine to the diet, although excessive thiamine 
supplementation may decrease the efficacy against the patho-
gen. In dogs adverse reactions are apparently rare and may 
consist of neurologic abnormalities, depression, anorexia, and 
diarrhea.10

Amprolium is approved for use in the drinking water or 
feed of poultry and cattle for the prevention and treatment of 
coccidia. Treatment for dogs and cats requires adapting the 
approved formulations to small animal use. The target dose 
for treatment of dogs is 100 to 200 mg/kg by mouth daily in 
food or water.10 Dogs may be treated by mixing 30 mL (2 Tbs) 
of 9.6% amprolium solution to 1 U.S. gallon (3.8 L) of drink-
ing water and offering it as the sole source of drinking water.11 
Alternatively, 1.25 g of 20% amprolium powder can be mixed 
with daily ration sufficient for four puppies.12 Amprolium 
should be provided in either the food or the water but not in 
both for a period of 7 days. It may be given as a treatment for 
coccidia or as a preventive measure for 7 days before puppies 
are shipped or to bitches just before whelping.

Cats may be treated at a dose of 60 to 100 mg/kg by mouth 
once daily for 7 days, which may be accomplished by direct 
oral administration.13 Placement of medication in food or 
water may be more unreliable for cats than for dogs owing to 
the finicky eating habits of many cats.

Furazolidone
Although the nitrofurans (nitrofurazone and furazolidone) 
have been reported in the literature as being effective in the 
treatment of coccidiosis and were once widely available for 
oral treatment of food animals, they have been systematically 
eliminated from the veterinary marketplace in the United 
States because of concerns regarding carcinogenicity. Fura-
zolidone apparently inhibits numerous microbial enzyme sys-
tems, especially those related to carbohydrate metabolism, but 
the actual mechanism of action remains to be determined.14 
Furazolidone is still available in a dosage form that is approved 

for human use (Furoxone). Potential toxicity includes gastro-
intestinal disturbance, peripheral neuritis, decreased sper-
matogenesis, and weight gain.15 Dogs and cats can be treated 
with 8 to 20 mg/kg orally, 1 to 2 times daily, for 5 days.10,13 The 
product is available in 2 formulations approved for use in peo-
ple (Furoxone): 100-mg tablets and an oral liquid  containing 
3.34 mg/mL.

Quinacrine
Quinacrine has demonstrated useful activity in the treatment 
of coccidiosis. Efficacy is variable, as is the relationship between 
plasma and tissue concentrations. Commercial production in 
the United States. (Atabrine) was discontinued in 1993.

TOXOPLASMOSIS

Biology
Toxoplasmosis is caused by Toxoplasma gondii, an obligate 
intracellular coccidian parasite. The parasite and the dis-
ease occur worldwide and have serious zoonotic impact. The 
domestic cat and other cats serve as the definitive hosts of this 
parasite. All other warm-blooded animals serve as interme-
diate hosts. In the United States, infection rates range from 
0% to 100% in cats, 30% in dogs, and 30% to 60% in people. 
Although infection and seroconversion are common, clinical 
disease and diagnosis are rare.16

Enteroepithelial Life Cycle
The enteroepithelial life cycle of T. gondii in cats is similar to 
the life cycle of the common enteric coccidia (Figure 12-2). 
Toxoplasma oocysts are ingested from the environment; alter-
natively, tissue cysts may be ingested by carnivorism. Once 
ingested, bradyzooites are released that penetrate the epithelial 
cells and begin a cycle of asexual reproduction. The sexual stage 
of the cycle proceeds when the zooites differentiate into micro-
gametes and macrogametes. The macrogametes are fertilized by 
the microgamete, and the resulting union produces an oocyst 
that is shed in the feces to begin the cycle again. It is believed 
that the enteroepithelial life cycle and the resulting oocysts 
occur only in cats; therefore only cats shed infective oocysts.

Extraintestinal Life Cycle
The extraintestinal life cycle occurs in all warm-blooded ani-
mals, including cats. This cycle begins when oocysts or infected 
tissues are ingested. The bradyzoites or sporozoites penetrate 
intestinal cells and undergo asexual reproduction and then 
break out of the gastrointestinal tract to infect virtually all 
other tissues, including the brain, striated muscle, and liver. 
After entering these extraintestinal tissues, they penetrate the 
cell and multiply until the cell is destroyed. The tachyzoites are 
released to infect other cells, and the cycle repeats. Eventu-
ally, the tachyzoites form tissue cysts that remain viable and 
infective for the life of the animal. These tissue cysts are infec-
tive to all warm-blooded animals and infect all animals who 
ingest the infected tissues. It is the ubiquitous tissue migration 
and replication across innumerable species that makes the 
 pathogen so insidious and dangerous.
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Congenital Transmission
If the host is infected during pregnancy, then the tachyzoites 
move across the placenta to infect the developing fetus. Infec-
tion during the first half of the pregnancy leads to more severe 
disease in the fetus. Women infected during pregnancy risk 
congenital malformation, mental retardation, and death of the 
unborn fetus. Women should be cautioned to avoid exposure 
to cat feces and to refrain from consuming undercooked meat 
during pregnancy.

Clinical Signs
Clinical signs in cats are most severe in prenatally infected 
kittens. Such kittens may be stillborn or die before weaning. 
Clinical signs relate to pathology in the liver, lungs, and central 
nervous system. Adult cats typically demonstrate anorexia, 
lethargy, dyspnea, weight loss, icterus, vomiting, diarrhea, 
stiff gait, shifting leg lameness, or neurologic deficits. Ocular 
lesions may include uveitis in the anterior and posterior cham-
bers, iritis, iridocyclitis, and detached retina. In severe cases 
respiratory or central nervous system involvement may cause 
death.17

Infected dogs may show clinical signs related to respiratory, 
neuromuscular, or gastrointestinal pathology. Generalized 
toxoplasmosis is characterized by fever, tonsillitis, dyspnea, 
diarrhea, and vomiting.17 More devastating clinical signs may 
be seen in dogs with neurologic or muscular involvement. Sei-
zures, neurologic deficits, tremors, ataxia, paresis, or paraly-
sis may be seen in these animals. Ocular lesions in dogs are 
 infrequently reported.17

Diagnosis
Antemortem diagnosis of toxoplasmosis is a significant diag-
nostic challenge primarily because of the usual lack of clini-
cal signs in infected animals. Fecal floatation for infected cats 
may reveal small oocysts that are indistinguishable from other 
coccidia. It is also important to realize that infected cats shed 
oocysts for only 1 to 2 weeks after their first exposure, there-
after forming a protective immunity that prevents further 
shedding of oocysts. Many other tools have been applied to 
the diagnosis of toxoplasmosis, including clinical chemistry, 
which may reveal elevated liver enzymes; cytology, which may 
detect tachyzoites; radiology, which could suggest inflamma-
tion of target organs; serology, which would reveal a past infec-
tion; and parasite isolation. Unfortunately, no simple, specific, 
and timely diagnostic tool is available to detect an active case 
of toxoplasmosis.

Treatment
Treatment of toxoplasmosis may have several goals: to prevent 
shedding of oocysts from infected cats, to prevent transmis-
sion of toxoplasmosis by ingestion of infected tissues, to pre-
vent tachyzoite replication in nonfeline host tissues, and to 
prevent prenatal infections. In some cases the goal may be to 
alleviate clinical signs of an active infection.

Clindamycin
Clindamycin is currently considered the drug of choice 
for treating toxoplasmosis. Structurally, clindamycin is a 
 congener of lincomycin. Clindamycin is well absorbed (90%) 
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Figure 12-2 Life cycle of Toxoplasma gondii. (From Dubey JP, Lappin MR: Toxoplasmosis and neosporosis. In Greene CE, editor: 
Infectious diseases of the dog and cat, ed 2, Philadelphia, 1998, Saunders, p. 494.)
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after oral administration and is widely distributed in most 
tissues, except the central nervous system. It readily crosses 
the placenta and is extensively bound to plasma proteins. The 
drug is metabolized in the liver and excreted primarily in the 
urine and bile.18 Gastrointestinal upset is sometimes reported 
in animals receiving clindamycin. Severe, even fatal, pseudo-
membranous enterocolitis has been reported in people, caused 
by overgrowth of Clostridium difficile.

Treatment of systemic Toxoplasma infection in dogs can be 
accomplished with oral or intramuscular clindamycin at 10 to 
20 mg/kg twice daily for 2 weeks.17,19 Cats can be treated for 
systemic infections with oral or parenteral clindamycin at 10 
to 12.5 mg/kg twice daily for 2 to 4 weeks; this antimicrobial is 
also useful to control shedding of oocysts.20 The drug should 
be given with caution to cats with pulmonic toxoplasmosis; 
parenteral administration to experimentally infected cats 
resulted in several deaths.10

Clindamycin is available in two veterinary formulations 
(Antirobe): capsules containing 25, 75, or 150 mg and an oral 
solution containing 25 mg/mL. Similar clindamycin formula-
tions are available for use in humans (Cleocin): 75- and 150-mg  
oral capsules, an oral pediatric suspension (15 mg/mL), and an 
injectable solution containing 150 mg/mL.

Sulfa Plus Pyrimethamine
The more time-tested therapeutic regimen for toxoplasmo-
sis is a combination of sulfonamide and pyrimethamine. The 
sulfonamides were discussed previously. Pyrimethamine is 
structurally and pharmacologically similar to the folic acid 
antagonist trimethoprim. Pyrimethamine is primarily used 
in veterinary medicine to treat toxoplasmosis and equine 
protozoal myelitis, or “equine toxoplasmosis.” Little pharma-
cokinetic data are available for pyrimethamine use in dogs 
and cats, but in humans it is well absorbed after oral adminis-
tration. It is well distributed to the kidneys, liver, spleen, and 
lungs. The metabolic pathway is unclear, but pyrimethamine 
metabolites may be found in the urine.

Pyrimethamine can cause anorexia, malaise, vomiting, 
depression, and myelosuppression. Concomitant oral adminis-
tration of folinic acid or brewer’s yeast may help alleviate some 
of these clinical signs. Because toxicity may develop rapidly in 
cats, they should have frequent hematologic monitoring. It is a 
teratogen in rats but is sometimes used by pregnant women.10

Dogs and cats are treated for systemic Toxoplasma infec-
tions at a dose of 30 mg/kg sulfa and 0.25 to 0.5 mg/kg pyri-
methamine orally twice daily for 2 weeks. Cats may be treated 
to control shedding of oocysts at a dose of 100 mg/kg sulfa and 
2 mg/kg pyrimethamine orally once daily for 1 to 2 weeks.17

Pyrimethamine alone is available in 25-mg tablets 
(Daraprim) and in combination tablets containing 25 mg 
pyrimethamine and 500 mg sulfadoxine (Fansidar). These 
dosage forms are likely to be difficult for most cat owners to 
administer.

Monensin
Monensin is an ionophore coccidiostat that is fed to poultry 
and cattle to enhance feed efficiency. It forms ionic complexes 
that move across biological membranes. The net effect is dis-
turbance of mitochondrial function, which inhibits growth of 
the pathogen. It is not well absorbed from the gastrointesti-
nal tract, and thus oral administration provides effective con-
centrations only in the gastrointestinal tract. It can be toxic if 
high doses are given. Shedding of Toxoplasma oocysts may be 
controlled in cats by mixing monensin in the feed at 0.2% on 
a dry matter basis and feeding for 1 to 2 weeks.17 Monensin 
is available in several feed-additive formulations designed for 
incorporation into a finished feed. Formulating such feeds for 
cats is beyond the capabilities of most cat owners.

Toxoplasmosis is the most common infection of the central 
nervous system in human patients with acquired immune-
deficiency syndrome, resulting in a number of studies in 
human patients regarding efficacy. Standard regimens include 
combinations of pyrimethamine with either sulfadiazine or 
clindamycin, although side effects limit use. A potentially less 
toxic combination includes atovaquone suspension (approxi-
mately 20 mg/kg every 12 hours) and either pyrimethamine (1 
mg/kg once daily after a loading dose of approximately 3 mg/
kg) or sulfadiazine (20 mg/kg every 6 hours). In one study up 
to 82% of patients receiving atovaquone as part of combination 
therapy responded therapeutically, with 28% discontinuing 
therapy as a result of gastrointestinal adverse events (includ-
ing taste of atovaquone). The combination of atovaquone and 
pyrimethamine was recommended as the first-choice combi-
nation, with sulfadiazine substituting for pyrimethamine in 
patients unable to tolerate the former.21

GIARDIA

Biology
Giardia (Giardia duodenalis = Giardia lamblia) are protozoan 
parasites that are motile by means of flagella. They exist extra-
cellularly in the lumen of the gastrointestinal tract. They are 
ubiquitous pathogens that can inhabit and cause disease in 
most mammals and are well-known pathogens in dogs, cats, 
and people. Recent surveys show that 36% of puppies in the 
United States are infected with Giardia.22 Despite this preva-
lence, the condition in pet animals remains underdiagnosed 
on account of inappropriate fecal examination techniques. It 
is a pathogen with zoonotic potential, insofar as Giardia fre-
quently causes disease in people, but there is some uncertainty 
as to whether the same species and strains infect people and 
pets. More extensive information about this issue can be found 
elsewhere.1,23-26

The life cycle of Giardia is direct and simple (Figure 12-3). 
The cyst of the Giardia is passed in the feces. It is nonmotile 
and protected by a distinct wall. Although very susceptible 
to drying, the cysts can survive for weeks or months in cool 
water. Infections are often traced back to contaminated drink-
ing water. Once ingested, the cysts break open and trophozo-
ites are released into the small intestine. The trophozoites are 
flattened on one side with a ventral sucking disk that attaches 

KEY POINT 12-3 Clindamycin is currently considered the drug 
of choice for treating toxoplasmosis.
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to the brush border surface of the villous epithelium. The tro-
phozoites obtain their nutrients by way of the host cell mem-
brane. The flagella provide locomotion from one attachment 
site to another. The trophozoites reproduce by binary fission. 
After several divisions the trophozoites encyst and are shed in 
the feces; they are immediately infective.

Conventional fecal floatation techniques make identifica-
tion of the parasite difficult because concentrated salt floata-
tion media distort the trophozoites. Preferred methods of 
diagnosis include microscopic examination of saline smears, 
which readily show the motile trophozoites. Alternatively, a 
zinc sulfate centrifugal method may be used to concentrate the 
giardial cysts and improve sensitivity.1 Improved techniques 
for evaluation of duodenal aspirates and fecal enzyme-linked 
immunosorbent assay (ELISA) testing have recently become 
available.

Treatment
Albendazole
Albendazole is a broad-spectrum benzimidazole commonly 
used for treatment of nematode and trematode infections in 
large animals. Early evidence suggested that albendazole is 

100% effective in treating giardiasis in dogs.27 The dose given 
in that study was 25 mg/kg orally twice a day for four doses. 
Albendazole is available in an oral suspension (Valbazen) con-
taining 113.6 mg/mL.

Albendazole, like other benzimidazoles, is well absorbed 
(about 50% bioavailable) and converted in the liver to its active 
metabolites, albendazole sulfoxide and albendazole sulfone. 
These active metabolites are thought to bind to tubulin mol-
ecules, which prohibits the formation of microtubules and dis-
rupts cell division. There is also evidence that benzimidazoles 
can inhibit fumarate reductase, which blocks mitochondrial 
function, thus depriving the parasite of energy and resulting 
in death. The parent drug and its metabolites are excreted pri-
marily in the urine.

Albendazole has been shown to be teratogenic, thus limit-
ing its use in pregnant animals. Dogs treated with 50 mg/kg  
twice daily may develop anorexia, and cats treated with  
100 mg/kg per day for 14 to 21 days showed weight loss, neu-
tropenia, and mental dullness.10 More recently, the drug was 
shown to be toxic to dogs and cats in clinical use.28,29 Reported 
toxicities include myelosuppression (anemia, leukopenia, 
and thrombocytopenia), abortion, teratogenicity, anorexia, 
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Figure 12-3 Schematic representation of Giardia life cycle and structural features of Giardia cysts and trophozoites visible by light 
microscopy. Infection begins when a cyst (1) is ingested by the host. Excystation (2) in the upper small intestine results in the 
release of an incompletely divided pair of trophozoites. Trophozoites attach to villous epithelial surfaces (3) or swim freely (4) in 
the lumen of the small intestine, where asexual division of trophozoites (5) also takes place. Encystment (6) of trophozoites, prob-
ably in the lower ileum or in the colon, results in the passage of infective cysts in the feces. Trophozoites (7) may also be passed 
into the environment, but they die quickly. Key to organelles: a, cyst wall; b, nuclei; c, axonemes; d, adhesive-disk fragments; e, 
median bodies; and f, flagella. (From Kirkpatrick CE: Giardiasis. Vet Clin North Am Small Anim Pract 17: 1377, 1987.)
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depression, ataxia, vomiting, and diarrhea. Veterinarians are 
advised to use due caution with this product in dogs.

Fenbendazole
Fenbendazole is currently approved by the U.S. Food and 
Drug Administration (FDA) for removal of gastrointestinal 
helminthes in dogs. Recently, it has shown excellent activ-
ity against Giardia.28,30,31 The approved dose and the effec-
tive dose against Giardia is 50 mg/kg orally once daily for 
3 days. Treatment of giardiasis is not an approved use for this 
product.

The drug is well tolerated and has a good safety profile. The 
only reported adverse effects are vomiting and diarrhea. This 
time-tested anthelmintic should enjoy more widespread use 
in the treatment of Giardia in dogs. Fenbendazole (50 mg/kg 
orally once daily for 5 days) was variably effective in treating 
cats concurrently infected with Giardia and Cryptosporidium 
parvum.32 Although the number of oocysts decreased the first 
week after treatment (compared with controls), no difference 
was detected the second week (the power of the study was not 
addressed). Only 50% (4 of 8) of cats treated with fenbenda-
zole were negative 3 weeks after treatment.

Furazolidone
There is a report of successful treatment of giardiasis in cats 
with furazolidone.33 As noted previously, furazolidone was 
once widely available for oral treatment of food animals. Pres-
ently, the nitrofurans have been systematically eliminated 
from the veterinary marketplace in the United States because 
of concerns regarding carcinogenicity. Furazolidone is still 
available in a dosage form that is approved for human use 
(Furoxone). Toxicity includes gastrointestinal disturbance, 
peripheral neuritis, decreased spermatogenesis, and weight 
gain.15 Cats can be treated with a dose of 4 mg/kg twice daily 
for 7 to 10 days.26,34 The product is available in two formula-
tions approved for use by people (Furoxone): 100-mg tablets 
and an oral liquid containing 3.33 mg/mL.

Metronidazole
The nitroimidazoles represent a very useful class of drugs that 
have broad-spectrum activity against trichomonads, amebas, 
Giardia, as well as anaerobic cocci and Bacillus spp. The pro-
totypical nitroimidazole is metronidazole, which has become 
the drug of choice for treatment of Giardia. Other drugs in the 
class (ipronidazole, tinidazole, nimorazole, ornidazole, and 
benznidazole) have been used to control Giardia, although 
none of these is currently available in the United States. None 
of the nitroimidazole drugs is approved for use in animals. The 
FDA strongly warns against their use in food-producing ani-
mals because this class of drug has been shown to produce 
tumors in laboratory rodents.

Metronidazole (Flagyl) is well absorbed from the gastro-
intestinal tract. It has very low protein binding and is well 

distributed in the body. After entering the target cell, it interacts 
with the protozoal DNA, where it causes a loss of helical struc-
ture and strand breakage.12 The liver extensively metabolizes 
the drug, and in humans hepatic transformation is responsible 
for 50% of the elimination. Patients receiving cimetidine or 
phenobarbital may require adjustment in the dosage because 
of drug interaction. Metronidazole toxicity may be seen with 
high doses. Neurologic toxicity includes ataxia, nystagmus, 
seizures, tremors, and weakness.12,35 Numerous studies have 
demonstrated that metronidazole is an effective treatment 
for giardiasis,36-40 although efficacy is rarely 100%. Dogs may 
be treated orally with 12.5 to 32.5 mg/kg twice daily; therapy 
should be continued for 8 days. Cats may be treated orally with 
17.4 mg/kg once daily for 8 days.12 The commercially available 
product (Flagyl) is formulated in 250- and 500-mg tablets. 
Parenteral formulations are also available, but their usefulness 
is questionable insofar as the giardial trophozoites remain in 
the lumen of the gastrointestinal tract. Efficacy of metronida-
zole benzoate (25 mg/kg orally twice daily) for treatment of 
giardia was studied prospectively in experimentally infecting 
cats that had been vaccinated for giardiasis (n = 16) and cats 
that had not been vaccinated (n = 16). All cats had been shed-
ding giardia for 3 months and were confirmed positive 1 week 
before treatment. All cats were negative by the 15-day post-
treatment period.

Quinacrine
Quinacrine has also been shown to be useful in treating giar-
diasis in dogs and cats.40 Unfortunately, commercial produc-
tion of the product (Atabrine) was discontinued in 1993.

MISCELLANEOUS DRUGS AND 
PROTOZOAL INFECTIONS

Drugs
Folate Antagonists
Folate antagonists used to treat protozoal disease are catego-
rized as type 1 or type 2. Type 1 antagonists include the sul-
fonamides and sulfones, which mimic para-aminobenzoic 
acid, thus targeting dihydropteroate synthase. Type 2 antifo-
lates include the diaminopyrimidines, such as pyrimethamine, 
biguanidines, the triazine metabolites (discussed later), and 
quinazolines. These drugs target dihydrofolate reductase, pre-
venting the formation of tetrahydrofolate, a cofactor necessary 
for the biosynthesis of thymidylate, purine nucleotides, and 
selected amino acids.41 Type 1 folate antagonists are discussed 
in greater depth in Chapter 7. Pyrimethamine is characterized 
by an 80- to 90-hour half-life in humans. Although not a first-
line antimalarial drug, it, along with a sulfonamide (sulfadia-
zine), is the first choice for treatment of toxoplasmosis. Other 
drugs with which it is given include clindamycin and the mac-
rolides; the drug also has been administered with dapsone, but 
this may increase the risk of agranulocytosis. The drug is rela-
tively well tolerated in humans.

Dapsone also is a folate antagonist, (similar to para- 
aminobenzoic acid, it should be considered a type 1 folate 
antagonist) shown to be useful against Pneumocystis carinii.42 

KEY POINT 12-4 Metronidazole has become the drug of 
choice for treatment of Giardia.
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Synergy has been demonstrated toward some organisms when 
dapsone is combined with pyrimethamine and trimethoprim; 
efficacy was greater compared with sulfonamide combinations 
toward selected organisms.

Atovaquone
Atovaquone is a hydroxymapthoquinone used for the treat-
ment and prevention of selected protozoal disease in humans, 
including malaria. It is available as either the sole drug, or in 
combination with proguanil. Proguanil is a biguanide pro-
drug that must be converted to the triazine metabolite, cyc-
loguanil. The combined drug minimizes the risk of resistance. 
Synergy also has been demonstrated with the combination 
toward some organisms. The mechanism of action of atova-
quone includes, but probably is not limited to, impaired mito-
chondrial function in the protozoal organism, probably at the 
level of electron transport. Dihydroorotate dehydrogenase has 
been the suggested mitochondrial enzyme targeted by ato-
vaquone.41 Resistance to atovaquone, reflecting single point 
mutations, occurs rapidly when atovaqone is used alone.41 
The pharmacokinetics have been cited as a contributing fac-
tor to resistance: slow uptake and high lipophilicity may result 
in prolonged exposure of the protozoa to subtheraeputic 
concentrations.

Triazines
Toltrazuril is a triazine coccidiostat used in poultry; ponazuril 
is the major metabolite. Toltrazuril targets the mitochondrial 
respiratory chain of the susceptible protozoal organism; at 
higher concentrations, it also blocks pyrimidine formation.43 
Ponazuril has been shown to be active against Sarcocystis neu
rona both in vitro and in vivo and has been approved for use 
in horses to treat protozoal encephalitis caused by Sarocystis. 
Efficacy also has been demonstrated in vivo against Neo
spora caninum.44 In vitro studies with toxoplasmosis indicates 
that ponazuril interferes with tachyzoite division. Disease 
regressed in mice treated with 100 mg/kg of toltrazuril and 
ponazuril, but recrudescence occurred with the ponazuril-
treated mice but not those treated with toltrazuril.43 At 10 or 
20 mg/kg, ponazuril treatment 1 day before or 3 days after 
infection followed by 10 days of therapy completely protected 
mice against acute toxoplasmosis. Treatment with 20 mg/kg 
but not 10 mg/kg once before and daily for 6 days after infec-
tion, followed by 10 days of therapy, also protected against 
fatal toxoplasmosis.45

Using a murine model of neosporosis, either toltrazuril 
or ponazuril administered at 20 mg/kg in drinking water 
completely prevented the formation of cerebral lesions and 
decreased polymerase chain reaction (PCR) detection by 
90%.46 Ponazuril is being used at 20 mg/kg once weekly for 
2 weeks for coccidia in dogs (see other doses).

Other Nitroimidazoles
Tinidazole and ronidazole are newer nitromidazoles that 
have been used with variable success for treatment of proto-
zoal disease. Of the two, the kinetics have been described for 
tinadazole in dogs and cats after single intravenous (15 mg/kg)  

and oral doses (15 mg/kg or 30 mg/kg). Oral bioavailability 
was described as completed, with peak plasma concentrations 
after oral administration of 15 mg/kg being 17.8 and 22.5 μg/
mL in dogs and cats, respectively, and after 30 mg/kg, 37.9 
μg/mL in dogs, and 33.6 μg/mL in cats. The apparent vol-
ume of distribution in dogs and cats was 0.67 and 0.54 L/kg, 
respectively. The elimination half-life in dogs was 4.4 hours, 
compared with 8.4 hours in cats, suggesting 8- to 12-hour 
dosing intervals in both species. However, plasma drug con-
centrations were above the minimum inhibitory concentra-
tion of tinidazole-susceptible bacteria for 24 hours in cats 
and 12 hours in dogs after a single oral dose of 15 mg/kg. No 
adverse events were reported.

Other Nitrofurans
Numerous nitrofurans have been studied for efficacy against 
protozoal organisms. Among them, nifurtimox demonstrated 
significant efficacy against Chagas disease. Although nifur-
timox is available in the United States, access can be gained 
only through the Centers for Disease Control and Preven-
tion (CDC), presumably to allow tracking of human cases of 
Chagas infections. Trypanocidal effects reflect partial reduc-
tion and formation of reactive oxygen radicals; the organ-
isms have low concentrations of glutathione and thus have a 
limited capacity to scavenge the oxygen radicals. However, 
like the organisms, host toxicity also reflects oxygen radical 
formation. The ability of Nacetylcysteine to protect the host 
apparently has not been studied. Although absorbed well after 
oral administration, metabolism is sufficiently rapid that con-
centrations of the parent compound remain low; efficacy of 
the metabolites is not known. Side effects include gastric upset 
and weight loss.

Quinolones
The quinolone-containing drugs are classified as two types: 
Type 1 drugs include the 4-aminoquinolones such as chlorqui-
nolone, whereas the type 2 drugs include the aryl-amino 
alcohols such as quinine and quinidine. Their use has been 
principally for the treatment of malaria in humans, but they 
occasionally are used to treat other parasites. Quinine is the 
primary alkaloid of cinchona, the bark of a South American 
tree, and has been used medicinally since the early 1600s. The 
drug is still derived primarily from natural sources. Quini-
dine differs from quinine only by the orientation of an alcohol 
group, resulting in greater potency and toxicity. Chloroquine 
is characterized by less toxicity and greater efficacy compared 
with quinine.47 However, widespread resistance to chloroqui-
nine has markedly reduced its use. The mechanism of action of 
these drugs is not well known, with a number being proposed. 
These include inhibition of protein sythnthesis, inhibition of 
FV lipase or aspartic proteinases and inhibition of DNA or RNA 
synthesis.41 Quinine and similar drugs increase the refractory 
period of muscle, antagonizing the action of physostigmine on 
skeletal muscle.47 Respiratory distress and dysphagia occur in 
humans with myasthenia gravis. Quinine is well absorbed after 
oral administration. The drug is extensively metabolized and 
is characterized by an elimination half-life of about 11 hours, 
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but this can increase (owing to decreased clearance) to close 
to 20 hours with repetitive dosing.47 Side effects also include 
hypoglycelmia (which can be life-threatening), hypotension, 
and central nervous system side effects.

Diaminidines
The diaminidines include diminazene aceturate and pent-
amidine isethionate (approved in the United States to treat 
Pneumo cystis pneumonia), and a carbanilide member, imido-
carb diproprionate. The latter is approved for use in the United 
States to treat canine babesiosis. The mechanism of action of 
these drugs is not clear and may vary for the individual para-
site. Proposed mechanisms include cationic interactions with 
DNA or nucleotides or interference with polyamine uptake or 
function. Efficacy within a genus of protozoa may vary with 
the species. Efficacy of pentamide is particularly good against 
Pneumocystis, hence its importance in human medicine. As a 
class, the diamidines are fungicidal toward some organisms, 
although their usefulness was largely replaced by amphoteri-
cin B.47

In humans pentamidine has a half-life of about 6 hours but is 
very slowly eliminated in the urine. The drug is extensively accu-
mulated in tissues, which may explain its apparently prophylac-
tic efficacy against for some organisms. Side effects can be life 
threatening and may reflect anticholinergic- or histaminergic-
like responses (perhaps reflecting mast cell degranulation and 
histamine release). Clinical signs include tachycardia, dyspnea, 
vomiting, and (in humans) fainting or dizziness. Sterile abscesses 
have been reported in humans after intramuscular injection. 
Pancreatitis and either hyperglycemia or hypoglycemia (the 
 latter potentially life-threatening) also have been reported.47

Sodium Stibogluconate
Sodium stibolugonate (SSG) is a pentavalent antimonial com-
pound used for the treatment of leishmaniasis. As with several 
other antiprotoazoal drugs, SSG is available only through the 
CDC. Its mechanism of action is not known, but bioenergetics, 
including glycolysis and fatty acid metabolism and generation 
of ATP and GTP of amastigotes is impaired. The drugs may be 
prodrugs with generation of Sb3+ being the toxic compound. 
The preservative chlorocresol may contribute to the activity 
of the compound. The drug is eliminated in humans in two 
phases: a short 2-hour phase followed by a longer 30- to 75-hour 
phase. Accumulation of the drug in macrophages may facilitate 
efficacy. Resistance is limiting efficacy of the drugs for treat-
ment of leishmaniasis; increasingly higher doses are required. 
 Currently, when given (20 mg in humans) daily for 10 days, the 
drug yields an 85% to 90% cure rate.47 The drug is relatively well 
tolerated, with pain at the injection site, chemical pancreatitis 
(high incidence), hepatitis, bone marrow suppression, myalgia, 
and malaise being reported side effects in humans.47

Miscellaneous Protozoal Infections
Leishmaniasis
Leishmaniasis is caused by protozoa of the Trypanosomatidae 
family. In mammals the organisms reside in macrophages as 
amastigotes. Two major forms occur. The cutaneous form is 

caused by a number of species, including Leishmania major, 
Leishmania tropica, and Leishmania mexicana. The visceral 
form is caused by Leishmania of the donovani complex. The 
dog is the major reservoir for human visceral leishmaniasis in 
Mediterranean countries.48 Whereas the cutaneous form has 
been reported in the United States and other countries, the 
visceral form has largely been limited to Asia and the Middle 
East, with afflicted dogs generally having traveled to endemic 
countries.49 Recently, the visceral form has been described in 
a kennel of Foxhounds in Oklahoma; additional multiple dog 
outbreaks have since been reported.

Two reviews have addressed treatment of leishmani-
asis.50,51 The latter is a systemic review of the literature. The 
goal of treatment ranges from resolution of clinical signs to 
eradication of organisms. Because experimental infections 
are difficult to establish, clinical trials tend to focus on spon-
taneous disease. Therapeutic response is based on decreased 
Leishmania-specific antibody concentrations and return of 
parasite-specific cell mediated immunity.50 Improvement per-
sists unless organisms have not been cleared.

A number of studies have focused on the role of altered 
immune response in refractory infections caused by intra-
cellular protozoal infections.48 Resistance to leishmaniasis 
may reflect Th-1–mediated immunity. Among the cytokines 
important for an effective Th-1 response, IL-1 is among the 
most potent inducers. Depending on the immune response, 
infection in dogs can cause manifestations that range from 
asymptomatic subclinical disease to complete manifestation.52 
In one study dogs experimentally infected with Leishmania 
infantum failed to express IL-4 compared with control dogs. 
Further, in infected but asymptomatic dogs, although both 
Th-1 and Th-2 cytokines were produced, cell-mediated immu-
nity reflected preferential expression of Th-1 cytokines.52 
IL-12 augmented interferon-gamma production by peripheral 
blood mononuclear cells in dogs either experimentally or nat-
urally infected with canine visceral leishmaniasis, suggesting 
that IL-12 may be a feasible cytokine therapy in infected dogs 
refractory to therapy.48

Treatment with antiprotozoal drugs traditionally has 
included pentavalent antimony compounds, including SSG 
(obtainable through the CDC) and meglumine antimoniate. 
Baneth and Shaw50 reviewed the efficacy of antimony for treat-
ment and cure of leishmaniasis in dogs. Cure rate is consid-
ered low, although clinical signs often improve. Use has been 
limited more recently by the emergence of L. infantum, which 
is resistant to therapy.

The use of a liposomal antimony preparation for treat-
ment of leishmaniasis was studied in experimentally infected 
 Beagles (n = 6). Dogs first received an intravenous injection of 
a commercial product (Glucantime; Rhône–Mérieux, France; 
9.9 μg/kg antimony), and 1 week later the same dose of anti-
mony was given as a liposomal preparation intravenously for 
2 days, then subcutaneously for 8 days. The cycle was repeated 

KEY POINT 12-5 Successful therapy of leishmaniasis 
ultimately may require appropriate immunomodulation.
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10 days later. The disposition of antimony was characterized 
for both antimony preparations. Regarding the disposition, 
for the liposomal and nonliposomal preparations, the results 
were, respectively: Cmax at steady state (μg/mL) 51, 114; vol-
ume of distribution at steady state (L/kg), 0.4 ± 0.16 and  
0.2 ± 0.06; clearance (l * hr/kg) 0.009 ± 0.005 and 0.17 ± 0.05; 
area under the curve (μg/hr/mL) 1494 ± 1038 and 61.2 ± 14; 
and elimination half-life * hr) 33.1 ± 13.8 and 6.1 ± 0.7. 
Response to therapy was addressed only in terms of total pro-
tein and gamma globulin concentrations treatment and at 
long-term follow-up. These increased 3 months after treatment 
with the free form of antimony but not the liposomal form.53

Allopurinol is metabolized by Leishmania to an inactive 
analog of inosine, which is then incorporated into the RNA of 
the parasite, causing faulty protein translation. It can be used 
alone or in combination with other drugs. Although clinical 
signs are likely to improve, clinical cure is unlikely. Survival 
(78% for more than 4 years in one study) is more likely if 
renal insufficiency is not present when therapy is begun; the 
proportion of survivors is similar to that in dogs treated with 
antimony. Among the clinical sequelae of leishmaniasis is pro-
gressive renal disease. The efficacy of allopurinol (10 mg/kg 
twice daily for 6 months) in slowing the progression of renal 
disease associated with proteinuria was prospectively studied 
in dogs (n = 12; 5 no treatment controls) without proteinuria 
or renal insufficiency, asymptomatic dogs with proteinuria 
(n = 10; 5 no treatment controls), and symptomatic (azotemic) 
dogs (n = 8) with proteinuria and renal insufficiency.54 Com-
pared with untreated controls, proteinuria was decreased in 
dogs that already had proteinuria and the progression slowed 
of tubular but not glomerular disease in all asymptomatic 
dogs. Finally, azotemia resolved in the symptomatic dogs. 
Cure of visceral leishmaniasis with the combined use of fluco-
nazole and allopurinol for 4 months has also been reported.55

A number of other drugs have been studied for their poten-
tial efficacy. Among the drugs used to treat leishmaniasis is the 
antifungal agent, amphotericin B (see Chapter 9). Baneth and 
Shaw50 reviewed use of amphotericin B for treatment of leish-
maniasis. In general, efficacy is limited by emerging renal dis-
ease after total cumulative doses ranging from 8 to 26 mg/kg.  
This study reported that 27 of 28 naturally infected dogs that 
responded to amphotericin B (out of a total of 30 infected 
dogs) remained in clinical remission for 12 months after treat-
ment of 0.5 to 0.8 mg/kg intravenously 2 to 3 times a week for 
a total cumulative dose of 15 mg/kg (as reviewed by Baneth 
and Shaw50). In another study 100% of 16 dogs diagnosed 
with leishmaniaisis were clinically cured (no organisms in the 
bone marrow and 87% negative on PCR) at the end of 4 to  
5 weeks of amphotericin B prepared as the desoxycholate salt 
in soybean oil (0.8 to 2.5 mg/kg). However, 6 dogs (includ-
ing 2 dogs that never became negative) subsequently became 
PCR positive for infection at some point in the posttreatment 
follow-up. Of these 6 dogs, 3 became clinically ill again. The 
authors concluded that a single negative PCR result should 
not be interpreted as clinical cure.56 Oliva and cowork-
ers57 reported the failure of liposomal amphotericin B (3 to 
3.3 mg/kg for 3 to 5 treatments) to cure dogs (n = 13) with 

cutaneous leishmaniasis. Although animals responded clini-
cally very rapidly, recrudescence of clinical signs returned 4 
months later and lymph node aspirates remained positive. Of 
17 dogs treated with amphotericin B prepared in a lipid, 14 
were treated successfully, as indicated by negative bone mar-
row PCR results at 1 to 3 months after therapy; however, the 
timing of recheck may have been inappropriately short.

Pentamidine (4 mg/kg intramuscularly every 3 days for 
8 treatments) has also been used successfully in resolving 
clinical signs in a small number of dogs naturally (n = 3) or 
experimentally (n = 5) infected with L. infantum. Two of the 
experimental animals were cured. Other drugs that have been 
used with variable efficacy include metronidazole, itracon-
azole, ketoconazole, and terbinafine.

Noli and Auxilia51 systematically reviewed the literature 
for evidence of effective therapy for treatment of L. infantum. 
Clinical trials that addressed prevention or treatment (n = 47) 
were reviewed from 1980 to 2004. Good evidence was found 
to support the use of meglumine antimony (at least 100 mg/kg 
for 3 to 4 weeks). Fair evidence existed for pentamidine (4 mg/
kg twice weekly) and aminosidine (5 mg/kg twice daily) for 3 
to 4 weeks. Aminosidine is an aminoglycoside antimicrobial 
whose efficacy is similar to that of antimony, but its use is lim-
ited by emergent nephrotoxicity. Insufficient evidence existed 
for allopurinol alone, amphotericin B, ketoconazole, enroflox-
axcin, metronidazole, or combinations thereof.

Trypanosomosis
Trypanosomiasis is caused by protozoa of the genus Trypano
soma spp. Two major diseases occur: that associated with 
T. brucei in subsahara Africa and that associated with T. cruzi, 
occurring largely in Latin America. Infection with T. bruceia 
is transmitted by the tsetse fly and occurs either in small ves-
sels or connective tissue. The disease is of major regional eco-
nomic importance, impacting food producing and companion 
animals as well as humans. Resistance has emerged toward 
the three primary chemotherapeutic agents, with underdos-
ing and delay in treatment being major mitigating factors.51a 
Treatment of experimentally induced T. brucei brucei in dogs 
has been studied. The use of diaminazene aceturate (7 mg/kg)  
as a single dose, or pentamidine esethionate (4 mg/kg, IM, at 
either every other day for 6 treatments [Group 2] or at 3, 2, 14, 
16 days [Group 3]), was studied in dogs (n = 4 per group and 3 
untreated controls) 14 days after experimental infection with T. 
brucei brucei. All dogs were parasitemic by day 7 of infection. 
By day 7 posttreatment, parasitemia had cleared in all dogs but 
not the control animals (these died by day 28 postinfection). 
However, one dog in the diaminazene group relapsed at day 
42 (dog died at day 70); the remaining dogs remained free of 
parasites through the 77 day study period. Two dogs treated 
with pentamidine (group 3) also died, without evidence of par-
asitemia. Serum liver enzymes increased more significantly in 
the diaminazine group. The authors concluded that pentami-
dine at 4 mg/kg every other day for 2 weeks was a reasonable 
choice for treatment of trypanosomosis in dogs. Chagas disease 
is caused by T. cruzi which is transmitted by the kissing (redu-
viid) bug. Infection occurs after rubbing feces from the bug into 
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the bitewound made by the bug; infection also can be acquired 
by eating the bug. The acute stage occurs within weeks after 
initial infection and is followed by a latent and then chronic 
stage. The chronic stage in humans impacts the nervous (neu-
ritis and other neuropathies), digestive (e.g., megaesophagus or 
megacolon; reflecting in part neurologic damage) and cardio-
vascular systems (cardiomyopathy). Cardiovascular disease in 
dogs is generally associated with right-sided cardiac dysfunc-
tion, and its sequelae, including arrhythmias, pleural effusion, 
ascites, and hepatomegaly. Treatment focuses on parasiticides 
and supportive care. Intracellular amastigotes destroy intra-
mural neurons; inflammation, fibrosis, and cell death result 
in organ damage and clinical signs. Antiparasiticides include 
azoles (benznidazole) or nitros (nifurtimox). The latter may be 
associated with gastrointestinal signs, peripheral neuropathy, 
and hemolytica anemia.

Cryptosporidiosis
Cryptosporidiosis is a ubiquitous protozoal disease spread by 
the fecal–oral route and associated with immunosuppressive 
diseases in dogs or cats. C. parvum is the strain that most com-
monly infects mammals. Clinical manifestations reflect malab-
sorption or secretory diarrhea through unknown mechanisms. 
Signs are similar to those associated with giardiasis, although 
mucus is more common with infections by the latter. The syn-
drome may be self-limiting. Like giardia, cryptosporidiosis is a 
zoonotic concern. In humans nutritional approaches (includ-
ing probiotics, low-fat diets, high-fiber diets, simple carbohy-
drates) to treatment are generally effective, with antimicrobial 
therapy reserved for nonresponders. Antiprotozoal therapy 
has largely been ineffective. Tylosin (11 mg/kg by mouth twice 
daily for 28 days) may help reduce diarrhea. Clindamycin was 
ineffective in single cases for treatment of cryptosporidiosis in 
cats. The aminoglycoside paramycin may be effective following 
oral (not parenteral) administration. When paramycin is used 
in cats (150 mg/kg every 12 to 24 hours orally for 5 days), fecal 
oocysts were cleared from infected cats,58 but when it was used 
to treat feline trichomoniasis, 25% of the cats developed acute 
renal failure. Azithromycin has been used with some success in 
the treatment of cattle and might be considered as an alterna-
tive therapy in dogs or cats. Nitazoxanide, approved for use in 
humans to treat Giardia, is a derivative of nitrothiazole found 
to be effective against a wide range of parasites and bacteria. 
The use of this drug in dogs and cats has not yet been reported.

Fenbendazole (50 mg/kg orally once daily for 5 days) was 
variably effective in treating cats concurrently infected with 
Giardia and C. parvum.32 Although the number of oocysts 
decreased the first week after treatment compared with con-
trols, no difference was detected the second week (the power 
of the study was not addressed). Only 50% (four of eight) of 
cats treated with fenbendazole were negative 3 weeks after 
treatment.

Trichomoniasis
Tritrichomonas foetus, the cause of trichomoniasis in cattle, 
is an emerging protozoal enteric pathogen of domestic cats. 
Infection occurs in the lumen of the colon, where inflammatory 

colitis and explosive, chronic, foul-smelling diarrhea result.59 
The disease may be prevalent in high-density cat populations 
such as catteries or show environments and therefore may be 
more prevalent in purebred cats. A number of treatments have 
been tried without consistent therapeutic success, including 
metronidazole, fenbendazole, albendazole, pyrantel pamoate, 
sulfadimethoxine, trimethoprim–sulfadiazine, furazolidone, 
tylosin, enrofloxacin, amoxicillin, clindamycin, paromomy-
cin, and erythromycin.59

Trichomonads generate pyruvate through glycolysis and 
reductive fermentation. The latter pathway is targeted by 
5-nitroimidazole antibiotics such as metronidazole. Reduc-
tion of the nitroimidazoles in hydrogenosomes generates 
anion radicals, which accumulate to toxic concentrations in 
the protozoal cell. Metronidazole as sole therapy generally 
has been ineffective against T. foetus infection in cats: Tran-
sient improvement is generally followed by recrudescence of 
clinical signs.60 Gookin and coworkers60 found that, based on 
in vitro comparison of metronidazole, ronidazole, and tini-
dazole, ronidazole was the most potent toward T. foetus iso-
lated from a cat with spontaneous disease. Ronidazole was 
then prospectively studied for its efficacy in a cat naturally 
infected, and 10 specific pathogen-free (SPF) kittens experi-
mentally infected with T. foetus. Ronidazole at 30 to 50 mg/kg 
every 12 hours for 14 days resolved clinical signs and cured 
(based on PCR results) all 11 cats. Relapses occurred at 10 mg/kg.  
Kather and coworkers61 reported in vitro susceptibility for T. 
foetus collected from four Bengal cats with spontaneous dis-
ease. Omeprazole and paromomycin were ineffective, and 
metronidazole, ronidazole, and furazolidone were equally 
effective at 0.625 to 2.5 μg/mL. However, ronidazole was char-
acterized by greater lethality.

In SPF kittens experimentally infected with T. foetus, roni-
dazole (10 mg/kg every 12 hours for 2 weeks) initially was 
effective but relapse occurred in 5 of 5 cats 2 to 20 weeks after 
treatment. However, at 30 to 50 mg/kg, 10 of 10 cats remained 
negative for 21 to 30 weeks after treatment. Likewise, treat-
ment with 10 mg/kg ronidazole for 2 weeks resolved clinical 
signs of infection in a spontaneously diseased cat, with clinical 
signs returning at 85 days.60

Cytauxzoonosis
Cytauxzoonosis is a generally fatal tick-borne protozoal dis-
ease that afflicts cats. The bobcat appears to be the reservoir 
host. Cytauxzoon has an erythrocytic phase, which morpho-
logically cannot be distinguished from babesiosis, as well as 
a tissue phase. Schizonts develop in monocytes, which then 
marginate into the vascular endothelium, often occluding 
the vessel. Schizonts then develop into merozoites, which, on 
release into the blood and tissue, invade other cells, including 
erythrocytes. Clinical signs rapidly progress, with the course 
of the disease generally being less than 1 week. Clinical signs 
generally include pale mucous membranes, dehydration, 
dyspnea, icterus, anorexia, and severe lethargy. Treatment 
with either diminazene aceturate (2 mg/kg subcutaneously, 
repeated in 2 to 4 weeks) or imidocarb dipropionate (5 mg/kg, 
subcutaneously, repeated in 2 weeks) should be considered.62 



448 Drugs Targeting Infections or Infestations SECTION 2

In one report, 6 of 7 cats diagnosed with cytauxzoonosis 
responded to 2 intramuscular injections (2 to 4 weeks apart) 
of either diminazene aceturate or imidocarb dipropionate  
(2 mg/kg). However, the seventh cat died after the first injec-
tion of diminazine.63 Drugs generally shown to be ineffective 
include paravaquone (20 or 30 mg/kg intramuscularly daily), 
buparaquone (5 or 10 mg/kg intramuscularly daily), sodium 
thiacetarsamide, and tetracyclines.62,64

Babesiosis
Babesiosis is a tick-borne hematozoan disease afflicting dogs 
and cats. Dogs are known to host Babesia canis (large and 
more important form) and Babesia gibsoni (small form), both 
of which cause hemolytic anemia, whereas cats are infected 
with Babesia felis, among others. However, other body systems 
may also be involved. In dogs the disease can present as hyper-
acute, acute, chronic, and subclinical. Greyhounds appear to 
have a higher prevalence compared with other breeds of dogs. 
Treatment with imidocarb dipropionate (approved by the FDA 
for this use) is generally successful. A number of protocols for 
treatment have been described. Imidocarb at 7.5 mg/kg can be 
followed with diminazene (3.5 mg/kg) or given in two doses 
(5 to 6.6 mg/kg 14 days apart). Imidocarb is the preferred drug 
with concurrent infection with Erhlichia. A single dose of imi-
docarb should be protective. Phenamidine (15 mg/kg once 
a day, for two doses), pentamidine (16.5 mg/kg, two doses  
24 hours apart), or trypan blue (10 mg/kg of a 1% solution intra-
venously, once) also have been suggested for severe infections 
when the anticholinergic properties of the diamidine deriva-
tives are a concern. Clindamycin at 25 to 50 mg/kg daily for 7 
to 10 days also may be useful. For cats the antimalarial drug 
primaquine, (0.5 mg/kg orally or intramuscularly) has been 
recommended. However, because the lethal dose is 1 mg/kg,  
extreme caution should accompany use of this drug in cats. 
Another drug that may be useful is atovaquone.

The mechanism of action of atovaquone against other pro-
tozoa is believed to involve the inhibition of cytochrome b and 
electron transport. The antiprotozoal drug atovaquone has 
proved effective for treatment of at least two Babesia species, 
Babesia microti and Babesia divergens, when combined with 
azithromycin.65 The combined use of atovaquone (13 mg/kg 
orally every 8 hours) and azithromycin (10 mg/kg orally once 
daily) was successful in the treatment of babesiosis in dogs.65 
Of 11 dogs remaining infected with B. gibsoni (Asian genotype) 
despite therapy with either imidocarb. diproprionate alone 
(dose: 6 to 6.6 mg/kg intramuscularly) for two doses 1 to 2 weeks 
apart, diminazene aceturate (3.5 mg/kg intramuscularly) for two 
doses 2 weeks apart, or a combination of the two, 8 became PCR 
negative compared to 11 of 11 controls that remained positive. 65

Evidence (PCR) of infection was absent in 80% of treated 
dogs, whereas it was present in all dogs in a placebo group of 
similar size. No adverse events were reported in treated ani-
mals. Treatment was limited to animals that did not require 
hospitalization, indicating a need to study acutely ill ani-
mals. However, the lack of any other known effective therapy 
warrants consideration of this combination for treatment in 
acutely ill animals as well. Of the two preparations (atovaquone 

or atovaquone combined with proguanil) currently available 
in the United States, the single product is probably less likely 
to cause gastrointesintal side effects.65

Hepatozoonosis
Hepatozoonosis is a tick-transmitted hemosporazoon dis-
ease infecting dogs. The organism is similar to Babesia. The 
clinical syndrome is characterized by a stiff gait and myalgia, 
inactivity, and weight loss and profound leukocytosis (mature 
neutrophilia: 70,000 to 200,000 cells/μL). Periosteal prolif-
eration and increased alkaline phosphatase may be present. 
Severe hyperesthesia may be manifested as stiffness. Analgesic 
therapy, probably with nonsteroidal antiinflammatory drugs, 
is indicated. Tepoxalin (Zubrin) might be considered for its 
ability to target leukotrienes (prevalent in white blood cells) 
as well as prostaglandins. Definitive diagnosis appears to have 
been facilitated using an ELISA-based test. Treatment with 
triple combination therapy (TCP) may resolve clinical signs 
and has dramatically improved the prognosis in dogs. Therapy 
includes trimethoprime sulfadiazine (15 mg/kg orally, twice 
daily), clindamycin (10 mg/kg orally, three times daily), and 
pyrimethamine (0.25 mg/kg orally, once daily), each admin-
istered for at least 14 days. Efficacy with imidocarb dipropio-
nate (5 mg/kg subcutaneously, given once) alone or combined 
(at 6 mg/kg subcutaneously, every 14 days) with tetracycline  
(22 mg/kg orally, thrice daily) for 14 days) is less effective. Treat-
ment with the coccidiostat toltrazuril (5 to 10 mg/kg subcutane-
ously or orally, once daily for 3 to 5 days, or 5 mg/kg orally, twice 
daily for 4 days) may resolve clinical signs, but the risk of relapse 
may be great. Decoquinate (10 to 20 mg/kg orally, twice daily; con-
tinuous therapy) may be indicated to prevent relapses after TCP.

Neospora Caninum
N. caninum is a Toxoplasma gondii-like protozoan for which 
canids are the only known definitive host. The life cycle 
involves cysts containing bradyzoites in the intermediate host 
and rapidly dividing tachyzoites in multiple tissues of the 
definitive host. The intestinal phase in the definitive host is 
similar to that of coccidiosis and leads to passage of nonsporu-
lated oocysts in feces. Clinical disease, which is most severe in 
puppies, presents as hind limb paresis that rapidly progresses 
to rear limb paralysis and occasionally rigid hyperextension 
of limbs. Other signs include dysphagia, jaw muscle paralysis, 
muscle atrophy, and heart failure. Neosporosis in adult dogs 
generally includes neurologic disease but also may manifest 
as encephalomyelitis, polymyositis, myocarditis, or dermatitis. 
Puppies can be infected transplacentally. A canine kidney cell 
model, recombinant canine interferon alpha (IFN-alpha), beta 
(IFN-beta), and gamma (IFN-gamma) inhibited the growth 
of N. caninum tachyzoites. However, the effect was associated 
with the suppression of the host cell viability.66 Treatment is 
similar to that for toxoplasmosis.

Protothecosis
Prototheca are achlorophyllous algae, related to green algae 
and ubiquitous in the environment. Their importance as 
a cause of infection in immunocompromised infections is 
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increasing in human medicine.67 Infections are either subcu-
taneous to cutaneous, synovial or systemic. Infection is gen-
erally preceded by skin or wound infections. Therapy with 
amphotericin B requires high concentrations, which may 
include local as well as systemic therapy. Duration of treat-
ment in humans ranges from several days to months. Tetra-
cyclines (doxycycline) may act synergistically. Imidazoles and 
flucytosine have been used systemically successfully, and a 
number of local therapies have been successful (gentian vio-
let, polymyxin B, clotrimazole, neomycin, hydrogen peroxide, 
and potassium iodide). Protothecosis in cats usually is cuta-
neous, whereas dogs may present with a variety of clinical 
manifestations. The most common presenting sign in dogs 
is protracted hemorrhagic diarrhea, with the colon the most 
common site.68 Treatment in dogs has included amphotericin 
B rectally in an enema form (3% cream), itraconazole, and 
ketoconazole.

SUMMARY

Therapy of protozoal infections in small animals may range 
from simple to complex therapeutic dilemmas. The best treat-
ment of each case must be determined by considering the life 
cycle of the pathogen, the general physical condition of each 
animal, and the animal’s environment. Therapy must include 
adequate attention to supportive therapy to control clinical 
signs and support normal body function. Therapy also should 
include adequate hygiene to limit reinfection and disease 
transmission. The selection and administration of the specific 
antiprotozoal agent are only parts of the overall therapeutic 
picture.
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Chapter Outline

ANTHELMINTICS
Macrolides
Benzimidazoles
Tetrahydropyrimidines
Cyclic Depsipeptides
Piperazines
Isoquinolones
Arsenicals
Miscellaneous

BROAD-SPECTRUM COMBINATIONS
Emodepside Plus Praziquantel
Pyrantel Plus Praziquantel
Pyrantel Plus Praziquantel Plus Febantel
Ivermectin Plus Pyrantel
Ivermectin Plus Pyrantel Plus Praziquantel
Milbemycin Oxime Plus Lufenuron
Imidacloprid Plus Moxidectin

Practicing veterinarians commonly use drugs to treat and 
prevent helminth infections in small animals. The life cycle 
and biology of the most important parasites are well under-
stood by graduate veterinarians and are not discussed here; 
however, current textbooks of parasitology may be consulted 
for review.1-4 Gastrointestinal parasites are among the most 
common infectious agents that veterinarians in small animal 
practice face. A landmark parasite prevalence study evalu-
ated more than 6000 canine fecal specimens from all 50 states 
and the District of Columbia.5 The results indicate that para-
sites are common in American dogs. Nationwide, 36% of the 
samples tested were positive for roundworm (Toxocara canis), 
hookworm (Ancylostoma caninum), or whipworm (Trichuris 
vulpis). Even more surprising, 52% of the samples from the 
southeastern United States were positive for at least one nema-
tode. In a recent study of the results of heartworm and fecal 
testing in the western United States, the importance of annual 
testing and routine use of preventives was highlighted.6 Clin-
ics in 11 states were surveyed, and local dogs with no history 
of travel were diagnosed with heartworms in every state but 
Idaho and Wyoming. The prevalence of intestinal parasites 
in companion animals in Ontario and Quebec, Canada, dur-
ing the winter was recently evaluated.7 The fact that 30% of 
feline and 39% of canine fecal samples were positive for gas-
trointestinal parasites prompted the authors to recommend 
that all veterinarians follow the Companion Animal Parasite 
Council (CAPC) guidelines8 regarding use of year-round 
broad-spectrum deworming protocols. Another reason for 
following CAPC guidelines, in this instance regarding routine 
heartworm testing and prophylaxis, is concern about animals 
moving from heartworm-endemic areas to those with limited 
heartworm exposure. These concerns were realized when Hur-
ricane Katrina resulted in thousands of dogs and cats being 
shipped from Louisiana, where heartworm prevalence is quite 
high, to shelters across the United States.9

Although these parasites are important to the health of 
dogs, several are also important zoonotic pathogens. Asca-
rid larvae migrate through human tissues, causing a variety 
of signs correlated to the location of the migration. These are 
primarily Toxocara species ascarids, but the raccoon ascarid, 
Baylisascaris procyonis, is being increasingly implicated as a 
cause of human disease in the United States.10 The Centers for 
Disease Control and Prevention (CDC) have published Guide-
lines for Veterinarians: Prevention of Zoonotic Transmission of 
Ascarids and Hookworms of Dogs and Cats, which is an excel-
lent resource and is available online as a PDF download.11

Worldwide, helminth infections are a major animal and 
human health concern,12 with hookworms infecting large 
numbers of people worldwide, especially those of low eco-
nomic status.13 More than 30% of the human population, in 
vast areas of South America and Asia, is infected with hook-
worms. More than half of the population is infected with 
hookworms in many southern areas of the African continent. 
Experts estimate that a billion people, more than a fifth of the 
planet’s human inhabitants, harbor hookworms.14 One study 
showed that nearly all dogs in a remote community of north-
eastern India were infested with one or more zoonotic gas-
trointestinal parasites.15 This study demonstrated that dogs 

KEY POINT 13-2 Testing, treatment, and prevention of 
helminth infections in pets have profound zoonotic 
 implications.

KEY POINT 13-1 Helminth infections are common in pets.

KEY POINT 13-3 The raccoon ascarid is an emerging 
 zoonotic threat.
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played a major zoonotic role both in transmitting parasites 
that use dogs as their definitive and paratenic host and in 
mechanically transmitting and spreading the dissemination 
range of an array of human-specific parasites. A recent feline 
study in metropolitan Rio de Janeiro revealed an 89.6% preva-
lence of overall gastrointestinal helminth parasites in cats.16

Through the prudent use of anthelmintics in companion ani-
mals, the practicing veterinarian is in a unique position to posi-
tively affect not only the patient’s health but also public health.

ANTHELMINTICS

In this chapter anthelmintics that are approved by the U.S. 
Food and Drug Administration (FDA) and commercially 
available in the United States are grouped together by class 
according to their generic names. The literature on antipara-
sitic drugs is enormous. In the interest of both economy and 
readability, only a few references are listed for each drug. These 
will guide the veterinarian who needs more specific informa-
tion about the subject. Table 13-1 provides a general overview 
of anthelmintic drug spectrum against the common canine 
and feline helminths.

Since the last edition of this text was published, there have 
been considerable changes, most notably the more widespread 
use of ivermectin and the emergence of other macrocyclic 
lactones. New information on avermectin toxicity is covered 
in the ivermectin section. Drug manufacturers have discon-
tinued production of many tried-and-true anthelmintics such 
as dichlorvos (Task Capsules) and diethylcarbamazine citrate 
(Filaribits). In addition, some drugs, such as N-butyl chloride, 
have simply been superseded. For simplicity’s sake, discon-
tinued products and drugs that are not widely available do 
not appear in the current edition; however, an earlier edition 
of this text can certainly be consulted for information about 
them. The latest information about diethylcarbamazine citrate 
can be obtained from the American Heartworm Society 2005 
guidelines for the diagnosis, prevention, and management of 
heartworm infection in dogs.17 This organization produced 
similar guidelines for cats in 200718 and updated the guide-
lines for dogs in 2010.18a

New anthelmintic products are continuously researched and 
frequently launched. The Compendium of Veterinary Prod-
ucts provides a comprehensive list of commercially available 
products approved by the FDA.19 An exhaustive review of the 
pharmacology, mechanism of action, pharmacokinetics, and 
efficacy of anthelmintics is beyond the scope of this chapter. 
There are excellent texts available for those interested in more 
exhaustive information on anthelmintics.20-22 Pharmacologic 
activity against nonhelminths, such as flukes, fleas, and ticks, by 
some anthelmintics and anthelmintic drug combinations may 
be mentioned, but such activity is not the focus of this chapter.

Macrolides
Macrolides, which include both avermectins and milbemycins, 
have revolutionized the control of parasites in both humans 
and animals. Ivermectin is the best known agent in this class. 
The dual activity of some macrolides, such as ivermectin and 
selamectin, against endoparasites, such as helminths, and ecto-
parasites, such as fleas, gave rise to the term endectocide. These 
products are similar in that they are large complex macrocyclic 
structures produced by soil microorganisms in the Streptomy-
ces genus. They are generally regarded as the most effective 
and least toxic parasiticides yet developed. Commercially, they 
have crushed the competition. Many conventional drugs that 
were direct competitors of this class were retired from com-
mon use and eventually discontinued by the manufacturer.

Macrolides are excreted in the feces as active drug. Drugs in 
this class, especially the avermectins, are toxic to dung-feeding 
insects, but not birds, plants, and earthworms. Elimination of 
coprophagous insects appears to delay processing of nutrients, 
but the overall environmental impact of this finding is unclear.23

Although originally believed to act by disturbing gamma-
aminobutyric acid (GABA)–mediated neurotransmission, it 
now appears that they act with high affinity to a nematode- 
specific glutamate-gated chloride channel.24,25 Macrolides 
trigger chloride ion influx, which hyperpolarizes the para-
site neuron and prevents initiation or propagation of normal 
action potentials. The selectivity of macrolides is due to differ-
ent glutamate function in invertebrates compared with that of 
vertebrates. Glutamate acts as an inhibitory neurotransmitter 
in invertebrates and an excitatory neurotransmitter in mam-
mals.2 The net effect is paralysis and death of the target parasite.

Despite their beneficial activities, macrocyclic lactones 
have several flaws. They are ineffective against cestodes and 
trematodes, and they are sometimes expensive. That said, the 
U.S. patent on ivermectin has now expired, allowing generic 
competitors to enter the market and reduce the cost of iver-
mectin treatment, but to date the cost savings have not been 
realized on products for dogs and cats to the same degree as 
those for horses and food animals. Although macrolides are 
generally regarded as the most effective and least toxic para-
siticides yet developed, toxicity may occur with overdosage, 
especially in Collies, many of which are unusually sensitive to 
macrolide endectocides. An excellent summarized overview 
of the pharmacology, indications, dosing, precautions, and 
side effects of commercially available macrocyclic lactones is 
available online as a PDF download from the United States 
Pharmacopeial Convention, Inc.23

KEY POINT 13-4 The practicing veterinarian who judiciously 
uses anthelmintics is in a unique position to have a 
 dramatic impact on the health of pets and people.

KEY POINT 13-5 Macrolides are large complex macrocyclic 
products of soil microorganisms. This class includes the 
most effective, least toxic parasiticides.

KEY POINT 13-6 Macrolides are ineffective against 
 trematodes and cestodes.
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Table 13-1  Anthelmintic Medications

Drug

DRUG ACTIVITY AGAINST COMMON CANINE & FELINE HELMINTHS

TAPEWORMS HEARTWORM

Dipylildium Taenia Echinococcus Roundworm Hookworm Whipworm Preventative Microfilaricide Adulticide
Macrolidex
Ivermectin(Iver) CF CF CF C C*F*

Milbemycin(Milb) CF CF C CF C
Moxidectin(Mox) C C C
Selamectin CF F CF
Benzimidazoles
Albendazole
Febantel(Feb) CF CF C
Fenbendazole C CF CF C
Tetrahydropyrimidines
Pyrantel(Pyr) CF CF
Piperazines
Piperazine CF
Isoquinolones
Praziquantel(Praz) CF CF C
Epsiprantel CF CF
Arsenicals
Melarsomine C
Miscellaneous
Dichlorophen CF CF
Combinations
Emodepside+Praz F F F F
Pyr+Praz CF CF CF CF
Pyr+Praz+Feb C C C C C C
Iver+Pyr C C C
Iver+Pyr+Praz C C C C C
Milb+Lufenuron C C C C C
Imidicloprid+Mox CF CF C CF

C = Canine, F = Feline. Some activities listed are not approved and may require higher than approved doses.
*when used in combination with doxycycline - use with caution and only in special circumstances after consulting references.
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Ivermectin
Ivermectin was the first commercially available macrolide, 
released for use in animals in 1981.24 The avermectins were 
isolated from the fermentation broth of Streptomyces avermiti-
lis. The discovery of its anthelmintic activity was made after 
administration of the actinomycetic broth to mice infected 
with the nematode Nematospiroides dubius. Ivermectin is 
effective against many nematodes and arthropods. In particu-
lar, ivermectin is very effective against immature Dirofilaria 
immitis.

Administration of ivermectin to pregnant rats, mice, and 
rabbits produced teratism only at or near doses that were 
maternally toxic. There was no teratogenesis in cattle, sheep, 
and dogs when ivermectin was administered to pregnant ani-
mals at four times the recommended dose. Although toxicity 
for aquatic animals is high, the binding of ivermectin in soil 
reduces its concentration to levels that have minimal effect on 
the environment, as previously discussed. The acute oral LD50 
in mice varied from 11.6 to 87.2 mg/kg; and the LD50 for rats 
was 42.8 to 52.8 mg/kg. In a 14-week study with rats, the “no-
effect” level was 0.4 mg/kg.

Ivermectin is well absorbed (95%) after oral administration 
and well distributed to most tissues except the central nervous 
system. It is largely eliminated unchanged in the feces and 
is metabolized to a small degree in the liver by oxidation. In 
dogs the terminal half-life is approximately 48 hours. No tera-
tism was observed in fetuses when pregnant bitches received 
repeated oral doses of ivermectin of 0.5 mg/kg. A single oral 
dose of 2 mg/kg and repeated oral doses of 0.5 mg/kg per day 
for 14 weeks were well tolerated by dogs.26

Avermectin Toxicity. It is important not to administer aver-
mectins concurrently with drugs that could increase avermec-
tin blood–brain barrier penetration, such as ketoconazole, 
itraconazole, cyclosporine, and calcium-channel blockers.27 
Selamectin toxicity information is addressed in detail later, 
in the selamectin section. According to a popular veterinary 
pharmaceutical clinical text, signs of ivermectin toxicity in 
dogs, in order of frequency, are ataxia, blindness, mydria-
sis, tremors, and vomiting.28 Other signs include dehydra-
tion, depression, diarrhea, hyperthermia, bradycardia, sinus 
arrhythmia, coma, seizures, and death.26,29,30 A recent ret-
rospective study of ivermectin toxicosis cases evaluated at a 
poison control center revealed clinical signs in the following 
order of frequency: ataxia, lethargy, tremors, mydriasis, and 
blindness.30a

The apparent LD50 for Beagles is 80 mg/kg.26 The pri-
mary clinicopathologic sign in dogs is decreased serum iron 
values.22 A common reference used by clinical veterinarians 
states that death could occur with doses above 40 mg/kg, 
tremors at 5 mg/kg, and mydriasis at 2.5 mg/kg and that signs 
of toxicity rarely occur at doses below 1 mg/kg.28 But a recent 

retrospective poison control center study revealed that clinical 
signs may develop between 0.2 to 2.5 mg/kg.30a A wide variety 
of signs were noted, including more severe signs like coma and 
seizure, at doses below 1 mg/kg. In fact, death was noted in 
dogs that received 1 to 2.5 mg/kg doses of ivermectin.

A common presenting history is that of a dog that was in 
close proximity to horses during deworming and later started 
showing signs of disease. Dogs that develop clinical signs 
within 4 to 6 hours of ivermectin ingestion typically develop 
severe clinical signs, whereas dogs with signs developing 10 
to 12 hours after exposure tend to have much milder clinical 
signs.29 It is not uncommon for dogs with ivermectin toxicity 
to have seizures. When seizures are severe and uncontrolled 
for a considerable period of time, hemolytic anemia and mus-
cle damage may occur. Some severe cases present with seizures 
and miosis, which warrants a poor prognosis. It is possible that 
severe seizures and miosis on presentation may be associated 
with severe brain damage.31

Clinical signs of ivermectin toxicity in cats, in order of 
frequency, are ataxia, mydriasis, tremors, hyperesthesia, and 
hypothermia.28 Dogs are about 10 times as likely as cats to 
have ivermectin toxicity.28

Some Collies are unusually sensitive to the toxic effects of 
ivermectin, although it is safe for all breeds at the approved 
dose of 0.006 mg/kg (6 mcg/kg). Early studies indicated that 
some genetic lines of Collies developed severe adverse reac-
tions when ivermectin was given at a dose of 100 to 200 mcg/
kg (16 to 32 times the label dose), producing mydriasis, ataxia, 
tremors, drooling, paresis, recumbency, excitability, stupor, 
and coma. At that time Australian Shepherds, Border Col-
lies, Shetland Sheepdogs, and Old English Sheepdogs were 
also reported to be sensitive to ivermectin. The lethal dose for 
some Collies was reported to be 1/200th that of Beagles.32

After Collies were also found to be more sensitive to lop-
eramide,33 the canine multidrug resistance (MDR1) gene was 
identified and found to be mutated in ivermectin-sensitive 
Collies.34 MDR1 codes for a glycoprotein that is an integral 
part of the blood–brain barrier. There are many excellent 
sources of information about the MDR1 gene mutation and 
mechanisms of ivermectin toxicity associated with increased 
GABA activity.29,30,35 The mutant MDR1 allele was found in 
35% of the 40 Collies that were tested in one study, about the 
same percentage of Collies that are sensitive to ivermectin.36 
A survey of DNA from 4000 purebred dogs revealed that the 
MDR1 mutation was present in seven breeds of Collie lineage 
and two sighthound breeds, although the mutation was not 
identified in all breeds known to have ivermectin sensitivity.37

It was found that the potential for ivermectin sensitivity 
could be estimated by genotypic or polymerase chain reaction 
(PCR)–based testing for the MDR1 mutation.38 In this study 
the mutant MDR1 allele was found in Australian Shepherds, 
Miniature Australian Shepherds, English Shepherds, German 
Shepherd Dogs (white), Longhaired Whippets, McNab Shep-
herds, Old English Sheepdogs, Shetland Sheepdogs, Silken 
Windhounds, and Longhaired Whippet.23,37 Sensitivity to 
ivermectin was also noted in Australian Cattle Dogs, Bearded 
Collies, and Border Collies, but the mutant MDR1 allele was 

KEY POINT 13-7 Ivermectin, the first macrolide used 
 commercially, revolutionized the control of parasites in 
humans and other animals.
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not found in these breeds.37 More recently, the relationship 
with P-glycoprotein, the product of the ABCB1 (formerly 
MDR1) gene, was studied in depth by looking for the ABCB1-
1Δ allele in a DNA study of 5368 dogs.39 The ABCB1-1Δ allele 
was found in Collies, Longhaired Whippets, Standard and 
Miniature Australian Shepherds, Shetland Sheepdogs, Old 
English Sheepdogs, Border Collies, Silken Windhounds, and 
German Shepherd Dogs.

The fact is, until a particular dog is tested, its susceptibil-
ity to ivermectin toxicity is unknown. Washington State Uni-
versity, College of Veterinary Medicine, Veterinary Clinical 
Pharmacology Lab, provides genetic testing to determine the 
presence of the MDR1 mutant gene. Table 13-2 was adapted 
from information available at the aforementioned institution’s 
website.40 The general practitioner can also use this table when 
presented with a dog that has had a known exposure to iver-
mectin to determine prognosis and the appropriate level of 
treatment. As noted previously, a common finding when tak-
ing history on ivermectin and moxidectin exposure cases is 
that the dog was present while the owner was deworming a 
horse. It is not unusual for horses to spit out a small amount 
of dewormer, which is ingested by the dog. If the amount 
ingested can be quantified, then this table can help the vet-
erinarian estimate prognosis and determine how aggressive to 
get with treatment. Obviously, the risk of a severe toxicity is 
much greater with a Collie than with another breed.

Another presentation to consider is dogs with the habit 
of eating horse feces. Dogs that are not ivermectin sensitive 
are probably not at risk, but an ivermectin-sensitive dog that 
eats the feces of a horse that has been treated with ivermectin 
within the last few days may have a severe, even fatal reac-
tion. Ivermectin reaches maximum fecal concentration 2 to 3 
days after the horse is treated.41 By 4 days posttreatment, 90% 
of the drug has been excreted in the feces. Owners of iver-
mectin-sensitive coprophagic dogs should treat feces from 

ivermectin-treated horses as toxic waste and dispose of it in a 
manner that will prevent the dog from eating it.

Regarding treatment of ivermectin toxicity, although there 
is some evidence that intravenous administration of physostig-
mine may be of some benefit for dogs42 and neostigmine may 
help treat cats43 suffering from severe ivermectin intoxication, 
adverse events associated with these treatments typically out-
weigh benefit, thus the mainstay of care given by most veterinar-
ians is supportive and symptomatic.26 Inducing emesis, giving 
activated charcoal, providing fluid therapy, supplying parenteral 
alimentation, and maintaining respiratory support and normal 
body temperature are essential. This supportive care may be 
needed for an extended period of time because the half-life of 
ivermectin is 2 days and the half-life of moxidectin is 19 days.30

There is no antidote for ivermectin and moxidectin toxic-
ity, but veterinarians should consider lipid rescue, a promis-
ing therapy adapted from human medicine. Dr. Guy Weinberg 
initially described the use of an intravenous lipid emulsion 
(Intralipid) to treat local anesthetic toxicity (bupivacaine) in 
humans. He coined the term “lipid rescue.” One of the studies to 
support human use of lipid rescue was an experiment on dogs 
that were overdosed with bupivacaine and rescued from cer-
tain toxicity with intravenous lipid emulsion.44 Dr. Weinberg 
established a noncommercial website (www.lipidrescue.com) 
to disseminate information and foster discussion of cases. 
Since then, lipid rescue has been used to treat nonbupivacaine 
toxicities in other species. Although support is certainly anec-
dotal, in 2008 a veterinary online contributor to the lipid res-
cue website described an ivermectin-overdosed dog that had 
clinical signs of toxicity and recovered nicely after activated 
charcoal, supportive care, and an intravenous lipid emulsion 
were administered. More recently, a case report of a puppy 
with moxidectin toxicosis was published describing the use  
of an intravenous lipid emulsion given as a bolus of 2 mL/kg,  
followed by 4 mL/kg/hr for 4 hours beginning 10 hours after 
exposure and repeated at 0.5 mL/kg/min for 30 minutes 
beginning 25.5 hours after exposure.45 The 16-week-old dog 
presented with acute onset seizures, paralysis, and coma soon 
after exposure to moxidectin. Diazepam, glycopyrrolate, and 
intravenous fluids were given along with respiratory ventila-
tion and other supportive care. The puppy improved dra-
matically within 30 minutes of the second dose of Intralipid. 
Although ideal dosages have not been established, the typical 
recommendation is for bolus administration of 1.5 mL/kg of 
intravenous lipid emulsion, followed by 0.25 mL/kg/min for 
30 to 60 minutes.46 Other brands of intravenous lipid emul-
sion, such as Liposyn, can also be considered. It is best to have 
the product available ahead of time rather than try to acquire 
it in the midst of an emergency. Dr. Weinberg’s lipid rescue 
website (mentioned previously) describes preparation of a kit 
to have on hand.

Dogs. Ivermectin (Heartgard) tablets are administered 
orally at a dose level of 0.006 mg/kg (6 mcg/kg) at monthly 
intervals to prevent the establishment of the D. immitis. The 
initial dose should be given within 1 month of the first expo-
sure to mosquitoes and throughout the period of the year 
when mosquitoes are active. The last treatment must be given 

Table 13-2  Breeds Affected by MDR-1 
Mutation

Breed Approximate Frequency
Collie 70%
Longhaired Whippet 65%
Australian Shepherd 50%
Australian Shepherd, Mini 50%
Silken Windhound 30%
McNab Shepherd 30%
Shetland Sheepdog 15%
English Shepherd 15%
German Shepherd Dog 10%
Herding Breed Cross 10%
Mixed Breed 5%
Old English Sheepdog 5%
Border Collie < 5%

(Data from Washington State University, College of Veterinary Medicine, Veterinary 
Clinical Pharmacology Lab. (2010). Affected breeds Retrieved Jan 26, 2010, from 
http://www.vetmed.wsu.edu/depts-VCPL/breeds.aspx.)
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to dogs within 1 month after the last exposure to mosquitoes. 
Ivermectin alone has minimal activity against the adult heart-
worm in the short term. It is active on the third- and fourth-
stage larvae and the circulating microfilariae. A single oral 
dose of ivermectin administered within 2 months of infection 
prevents the establishment of adult worms in the heart. A sin-
gle oral dose of 0.05 mg/kg is adequate to clear the circulating 
microfilariae when given to dogs 4 weeks after the administra-
tion of an adulticide, although ivermectin is not approved as a 
microfilaricide.47 Review of the original reference is suggested 
for more complete information. When ivermectin (0.006 mg/
kg) is given to heartworm-positive dogs over several months, 
the circulating microfilariae are eliminated, resulting in an 
occult infection. Thus dogs receiving monthly ivermectin 
should be tested annually with an occult heartworm test.17,48,49

Knight provides an excellent review of heartworm testing 
and suggested chemoprophylaxis timing for various regions in 
the United States.50 The American Heartworm Society guide-
lines for diagnosis, prevention, and management of heart-
worm infection in dogs should also be consulted.17 Although 
there is no FDA-approved microfilaricide, macrocyclic lac-
tones are the safest and most effective microfilaricidal drugs 
available for use in heartworm-positive dogs.17 Compared 
with ivermectin, milbemycin is a more potent microfilaricide 
and causes quicker clearance of microfilariae.17

Short-term use of ivermectin alone has minimal effect on 
adult heartworms, but when given continuously over a pro-
longed period, for 1 to 2 years, or when combined with doxy-
cycline, it may have some utility for treating dogs with adult 
heartworm infection. The older the adult heartworms are 
when first exposed to ivermectin, the longer it takes them to 
die; because they continue to cause damage during this time, 
long-term ivermectin therapy generally is not a substitute 
for melarsomine (Immiticide) therapy.17 In addition, a mild 
hypersensitivity reaction has been observed in dogs with cir-
culating microfilariae that are treated with ivermectin. Many 
products that contain ivermectin have precautions suggesting 
removal of adult heartworms and microfilariae before initiat-
ing ivermectin heartworm prophylaxis.

Regarding the combination of ivermectin and doxycycline 
as a heartworm adulticide; it has been found that Wolbachia 
spp. bacteria are filarial species endosymbionts—that is, their 
presence is necessary for filial worm survival—and that elimi-
nating this bacteria from heartworm-positive dogs and cats 
will decrease host antigenic response.51,52 In fact, one study of 
heartworm-positive dogs comparing groups that were treated 
with three drugs (i.e., melarsomine, doxycycline, and iver-
mectin), two drugs (i.e., doxycycline and ivermectin), doxycy-
cline alone, ivermectin alone, and melarsomine alone, led the 
authors to conclude that the combination of doxycycline and 
ivermectin was synergistic and could eliminate adult heart-
worms with less potential for severe thromboembolism than 
melarsomine alone.52 This is discussed in greater depth in the 
melarsomine section.

Ivermectin given as a single subcutaneous injection or 
orally administered at 0.2 mg/kg demonstrated high effi-
cacy against the immature and adult T. canis, A. caninum, 

Ancylostoma braziliense, Uncinaria stenocephala, Strongyloides 
stercoralis, Capillaria spp., and Filaroides hirthi.53 At that dose 
its activity against Toxascaris leonina and T. vulpis is erratic.23 
When treating respiratory nematode parasites a higher dose, 
0.4 mg/kg by subcutaneous injection or orally every 2 weeks 
for 2 to 3 doses has been recommended recently for Oslerus 
(Filaroides) osleri, F. hirthi, Aelurostrongylus abstrusus, and 
Capillaria aerophila infections.54

Several combination products containing ivermectin are 
available. A combination product (Heartgard Plus) containing 
ivermectin and pyrantel pamoate is available. See the discus-
sion of combination products for more information.

Cats. Ivermectin is FDA approved as a monthly heart-
worm preventive in cats (Heartgard Chewable for Cats). The 
approved monthly oral dose of 0.024 mg/kg is effective in 
preventing the development of D. immitis and hookworms 
(A. braziliense and Ancylostoma tubaeforme).55-57 Feline round-
worm (Toxocara cati) infections have been controlled with 0.2 
to 0.3 mg/kg of ivermectin and lungworm (A.  abstrusus) infec-
tions with 0.4 mg/kg of ivermectin.58-60 Capillaria species are 
rarely implicated in feline cystitis, and infestations are thought 
to be self-limiting usually, but in one case a single dose of iver-
mectin 0.2 mg/kg, administered subcutaneously, was success-
fully used to treat the condition in a cat.61

Milbemycin Oxime
Milbemycin oxime was the second macrocyclic lactone 
approved by the FDA. It is a fermentation product of Strep-
tomyces hygroscopicus aureolacrimosis. It has structural simi-
larities to ivermectin and is believed to work by a similar 
mechanism of action and have similar pharmacokinetic prop-
erties with regard to absorption, metabolism, and excretion. 
Although an LD50 was never determined for dogs, single oral 
doses of 200 mg/kg were tolerated in laboratory Beagles. Collie 
dogs tolerated single oral doses of 10 mg/kg without toxicity.

Dogs. Milbemycin oxime tablets (Interceptor) are formu-
lated to deliver a minimum dose of 0.5 mg/kg of body weight. 
When given every 30 days it is effective in preventing heart-
worms (D. immitis).62-64 It also kills A. caninum, T. canis, and 
T. vulpis.65-68,23 One study indicates that milbemycin may help 
control raccoon roundworm (B. procyonis) infections in dogs 
and thus decrease the zoonotic potential of a parasite that can 
have devastating effects in humans, including death.69

Milbemycin oxime has been extensively tested with regard 
to safety. It is nontoxic to Collies at up to 20 times the recom-
mended dose and is safe when given to pregnant and nurs-
ing animals.70,71 Milbemycin oxime, like ivermectin, is known 

KEY POINT 13-8 Milbemycin, the second macrolide used 
commercially, is similar to ivermectin.

KEY POINT 13-9 Milbemycin is safe for nursing and pregnant 
animals.
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to kill heartworm microfilariae and inhibit the release of new 
microfilariae. Thus all dogs receiving routine monthly heart-
worm prophylaxis with milbemycin should be tested with 
adult antigen tests.72-74,49,17

Cats. Milbemycin oxime (Interceptor) is approved for use 
in cats. The product is effective in preventing in heartworm 
(D. immitis) at a monthly dose of 0.5 mg/kg75 and removing 
roundworms (T. cati) and hookworms (A. tubaeforme) at a 
monthly dose of 1.5 mg/kg.76,23

Moxidectin
Moxidectin was the third macrolide to enter the parasite mar-
ket. It is a chemically altered product of Streptomyces aureo-
lacrimosus noncyanogenus and has a similar range of activity 
and safety margin as ivermectin and milbemycin oxime. Mox-
idectin is currently approved in the United States for injectable 
use as a heartworm (D. immitis) preventive and hookworm (A. 
caninum and U. stenocephala) treatment in dogs (ProHeart 6) 
and for topical use in combination with imidacloprid to pre-
vent heartworms, treat fleas, and control and treat ear mites 
and intestinal parasites in dogs and cats (Advantage Multi). 
The combination product is reviewed later in this chapter. The 
oral use of moxidectin in dogs is covered in the previous edi-
tion of this text. Moxidectin toxicity was discussed previously 
in the Avermectin Toxicity section.

Dog. Moxidectin injection (ProHeart 6) was launched in 
the United States in 2001 with an indication to prevent heart-
worms and treat hookworms in dogs. The label for the sus-
tained-release injectable product instructed that it was to be 
given no more often than once every 6 months. The FDA had 
concerns about safety as a result of adverse event reports that it 
received, and the manufacturer voluntarily recalled the prod-
uct from the U.S market in 2004 to address those safety con-
cerns.77 During that time the product remained on the market 
in Australia, Japan, and parts of Europe. In 2008 the product 
was reintroduced to the U.S. market with a new label under 
a postmarketing surveillance initiative based on human drug 
programs and known as a Risk Minimization Action Plan 
(RiskMAP), which includes veterinarian training and use of a 

pet-owner consent form. This is the first veterinary drug to be 
marketed under RiskMAP, a strengthened risk minimization 
and restricted distribution program.78 The new label advises 
not to administer the drug to sick, debilitated, or underweight 
dogs or those with a history of weight loss and states that the 
product should be used with caution in dogs with preexisting 
allergic disease, including food allergy, atopy, and flea allergy 
dermatitis. The label also warns not to administer moxidectin 
injection within 1 month of vaccinations.79

Injectable moxidectin is indicated for use in dogs 6 months 
of age and older for the prevention of heartworm disease. 
It should be given at 0.17 mg/kg by subcutaneous injection 
within 1 month of the dog’s first exposure to mosquitoes or 
within 1 month of the dog’s last dose of monthly heartworm 
preventive. The sustained-release injection provides a 6-month 
window of protection from heartworms.79 However, it does 
not clear microfilariae or remove adult heartworms.23 A chal-
lenge study comparing efficacy and adverse reactions among 
four groups of dogs given placebo or moxidectin at 0.06, 0.17, 
or 0.5mg/kg and inoculated with 50 D. immitis third-stage 
larvae 180 days later revealed 100% efficacy at the label dose 
(0.17 mg/kg).80 However, one of eight dogs given the lower 
dose (0.06 mg/kg) was infected. The authors speculated that 
the failure of protection was a result of individual pharmaco-
kinetic variation because the moxidectin serum concentration 
in the unprotected dog was at the limit of quantitation (low-
est detectable quantity) 8 days after treatment and undetect-
able thereafter compared with others in that group that had 
detectable concentrations until at least day 14 and for as long 
as 55 days for most of the other dogs.80 Both the frequency and 
size of injection-site granulomas correlated positively with the 
moxidectin dose.80

Moxidectin sustained-release injection is also indicated for 
the treatment of hookworms A. caninum and U. stenocephala; 
although it will eliminate larval and adult stages of those para-
sites, reinfection may occur in less than 6 months, making its 
use less than ideal when attempting to control recurrent hook-
worm disease.

Selamectin
Prepared by semisynthetic modification of doramectin,81 sela-
mectin (Revolution) is the latest macrolide to enter the U.S. 
marketplace. This product is unique among other macrolides 
used in small animals in that it is formulated for convenient 
topical administration. It is simply “spotted” onto the skin of 
the pet. It was the first macrocyclic lactone approved for use 
in dogs and cats to provide activity against both internal and 
external parasites. However, the discussion here focuses on the 
activity of selamectin against internal parasites.

KEY POINT 13-10 Use of milbemycin may help control the 
raccoon roundworm, which has human health implications.

KEY POINT 13-11 Moxidectin, the third macrolide used com-
mercially, is also similar to ivermectin and milbemycin.

KEY POINT 13-12 Moxidectin is available as a sustained-
release injectable heartworm preventive and hookworm 
treatment.

KEY POINT 13-13 Moxidectin combined with imidacloprid is 
available as a topical heartworm preventive and flea treat-
ment that controls ear mites and internal parasites.

KEY POINT 13-14 Selamectin is the latest macrolide to be 
used commercially in the United States.

KEY POINT 13-15 Selamectin is unique among macrolides in 
its topical formulation and extreme broad spectrum against 
internal and external parasites.
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It is produced as a fermentation product of S. avermitilis, 
which is then chemically modified.82 The pharmacokinetics 
after topical administration has been studied extensively. The 
topical bioavailability varies greatly among species. In dogs the 
bioavailability is only 4%, but it is much greater in cats (74%). 
The terminal half-life was much longer in both species after 
topical administration than after intravenous administration, 
suggesting sustained release from an extravascular depot. The 
half-life after topical administration was 11 days for dogs and 
8 days for cats.23 The product is absorbed in sufficient quanti-
ties and persists for sufficient time to control the target para-
sites. The approved topical dose is a minimum of 6 mg/kg for 
dogs and cats.

Selamectin is approved for the prevention of heartworm 
(D. immitis) in both dogs and cats when applied topically 
every month.8 Extensive studies proved that the drug’s efficacy 
against heartworms remained84,85 even when bathing followed 
application. The bathing study demonstrated that after topi-
cal application efficacy is not likely to be decreased by inad-
vertent swimming or exposure to rainstorms. The drug is not 
effective in clearing microfilariae. In cats selamectin is also 
effective in removing hookworm (A. tubaeforme) and round-
worm (T. cati). This effect is undoubtedly due to the greater 
topical bioavailability observed in cats.82 Selamectin is effec-
tive against roundworms in dogs23 and lungworms (A. abstru-
sus) in cats,86 but these are not label-approved indications. The 
drug has labeled indications in dogs for activity against ear 
mites, sarcoptic mange mites, and ticks and in cats for activ-
ity against ear mites, but these indications are not the focus of 
this chapter.

The safety of selamectin has been established in both dogs 
and cats and even for use in puppies and kittens over 6 weeks 
of age. It is also safe to use in ivermectin-sensitive Collies and 
in breeding dogs and cats.84 Selamectin did not cause any 
abnormalities when applied topically to ivermectin-sensitive 
Collies at 40 mg/kg.22 However, avermectin-sensitive Collies 
given a topical overdose of 10 times the label dose had hyper-
salivation.28 Clinical signs of dogs reported to the ASPCA 
Animal Poison Control Center are, in order of frequency, 
hypersalivation, agitation, diarrhea, facial edema, and hyper-
activity.28 In cats the signs in decreasing frequency are vomit-
ing, anorexia, hyperesthesia, hyperthermia, and mydriasis.28 
If cats are exposed orally to selamectin they invariably have 
hypersalivation and sometimes vomit, but topical overdoses at 
10 times the label dose in cats did not cause any abnormality.28 
Although the insert recommends that dogs should be tested 
for existing heartworm infections before selamectin adminis-
tration, it also notes that hypersensitivity reactions were not 
observed when heartworm-infected dogs were treated with 
selamectin at 3 times the label dose.87 Clinical studies have 
confirmed the wide safety margin demonstrated in the labora-
tory studies.

Benzimidazoles
The benzimidazoles represent a large family of broad- 
spectrum agents that have been in widespread use for many 
years in a vast array of animal species. Several excellent review 
articles88-90 discuss the history, mode of action, and spectrum 
of activity of this useful class of anthelmintics.

Thiabendazole, the first benzimidazole discovered, repre-
sented a major step forward when it became available in the 
early 1960s.91 At the time of its introduction, thiabendazole 
was a true broad-spectrum product that was very safe to the 
host animal. Since that time, parasite resistance to the benz-
imidazoles has been discovered in several species.

Considerable effort has been devoted to determining benz-
imidazole mechanism of action. Conventional wisdom holds 
that benzimidazoles bind to tubulin molecules, which inhibit 
the formation of microtubules and disrupt cell division.92,93 
It has a much higher affinity for nematode tubulin versus 
mammalian tubulin, thus providing selective activity against 
parasites. Evidence also indicates that the benzimidazoles can 
inhibit fumarate reductase, which blocks mitochondrial func-
tion and kills the parasite by depriving it of energy.

The benzimidazoles are poorly soluble and thus are gen-
erally given by mouth. They are more effective in horses and 
ruminants because of their slow transit through the cecum 
and rumen. Proper use in small animals requires that the 
benzimidazoles be given for a minimum of 3 days in a row. 
The dose is usually more effective when divided into two doses 
per day, thus prolonging the contact time with the parasite.

Because both albendazole and oxfendazole were found 
to be teratogenic, their use is limited to nonpregnant ani-
mals. For simplicity, febantel, a nonbenzimidazole drug that 
is metabolized to a benzimidazole, thus sharing efficacy and 
mechanism of action, is included in this section with the other 
benzimidazoles.

Albendazole
Albendazole is the newest benzimidazole. It has potent broad-
spectrum anthelmintic activity, but is not approved for use in 
dogs and cats. Albendazole has demonstrated a broad spec-
trum of anthelmintic activity against gastrointestinal nema-
todes; lung nematodes, including inhibited larval forms; 
cestodes; and lung and liver trematodes in farm animals, com-
panion animals, and humans. Albendazole (Albenza or Zentel) 
is used overseas to treat humans with intestinal helminth 

KEY POINT 13-16 Selamectin has much greater bioavailability 
after topical administration on cats compared with dogs.

KEY POINT 13-17 Introduced to the market in the early 
1960s, thiabendazole was the first benzimidazole 
used  commercially and was a major advancement in 
 anthelmintics. It is not commercially available as an 
 anthelmintic for small animals.

KEY POINT 13-18 Benzimidazoles are not very soluble.
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infections, hydatid disease, or cysticercosis. It is commonly 
used for treatment of nematode and trematode infections in 
large animals (Valbazen).

Albendazole, like other benzimidazoles, is well absorbed 
(about 50% bioavailable) and converted in the liver to the 
active metabolites albendazole sulfoxide and albendazole 
sulfone. These active metabolites are thought to bind to tubu-
lin and inhibit fumarate reductase. The parent drug and its 
metabolites are excreted primarily in the urine.

Because albendazole was shown to be teratogenic, its use 
is limited to nonpregnant animals. Dogs treated with 50 mg/
kg twice daily may develop anorexia. Cats may exhibit leth-
argy, depression, and anorexia when treated.28 When cats were 
given 100 mg/kg/day for 14 to 21 days, they displayed weight 
loss, neutropenia, and mental dullness.28 When used clini-
cally, albendazole may be associated with significant toxicity, 
including myelosuppression (leukopenia, anemia, and throm-
bocytopenia), abortion, teratism, anorexia, depression, ataxia, 
vomiting, and diarrhea.94,95 Recent evidence suggests that it 
may cause aplastic anemia in dogs and cats.28 Veterinarians 
are advised to use due caution with this product.

Albendazole is available as an oral suspension (Valbazen) 
containing 113.6 mg/mL. Dogs can be treated for lungworms 
(F. hirthi) at a dose of 25 to 50 mg/kg twice daily for 5 days, 
with the treatment repeated in 2 to 3 weeks, and for bladder 
worms (Capillaria plica) at a dose of 50 mg/kg twice daily 
for 10 to 14 days.28 Both dogs and cats can be treated for the 
lung fluke (Paragonimus kellicotti) at a dose of 25 mg/kg twice 
daily for 14 days or 50 mg/kg orally once daily for 21 days.28 
Although albendazole is effective against these uncommon 
parasites, ivermectin and praziquantel are more convenient 
therapies and likely to be just as effective.

Febantel
Febantel is a prodrug that is metabolized to fenbendazole and 
oxfendazole, which are undoubtedly the active parasiticides.90 
The oral acute toxic dose in mice, rats, and dogs is more than 
10 g/kg (10,000 mg/kg). At oral doses above 150 mg/kg per 
day for 6 days, transient salivation, diarrhea, vomiting, and 
anorexia may be seen in dogs and cats. Febantel is not available 
in a single-entity formulation but only in combination with 
praziquantel and pyrantel, which are discussed in the section 
on combination products.

Fenbendazole
Fenbendazole (Panacur) is a commercially successful benz-
imidazole that is widely used in dogs. The oral LD50 for rats 
and mice is more than 10 g/kg (10,000 mg/kg).28 Fenben-
dazole does not have embryotoxic or teratogenic effects in 
rats, sheep, or cattle. In the rabbit fenbendazole was fetotoxic 
but not teratogenic, and no carcinogenesis was observed in 

lifetime studies of rats and mice. In a 6-month toxicity study 
in dogs, no effect was observed at 4 mg/kg or less.

Fenbendazole is a broad-spectrum anthelmintic with activity 
against a wide variety of nematodes and cestodes in dogs, cats, 
cattle, sheep, goats, horses, and many zoo animals. Absorbed 
fenbendazole is metabolized to at least two active metabolites, 
oxfendazole sulfoxide and oxfendazole sulfone. It undergoes 
enterohepatic cycling in ruminants, which prolongs effective 
blood levels.96 In the United States fenbendazole is approved 
for control of helminth parasites of horses, cattle, and dogs.

Dogs. Fenbendazole is approved only for use in dogs 6 weeks 
of age and older. Fenbendazole granules (Panacur) are mixed in 
the feed at a dose level of 50 mg/kg and given to dogs for 3 con-
secutive days for the removal of T. canis, T. leonina, A. caninum, 
U. stenocephala, T. vulpis, and Taenia pisiformis.97 It has shown 
excellent activity against Giardia spp. in dogs at the approved 
dose.95,98 At longer-than-approved duration of therapy (i.e., 50 
mg/kg daily for 10 to 14 days), it has been used to treat the lung 
fluke, P. kellicotti, in dogs.28 Fenbendazole is relatively safe, and 
there are no known contraindications to its use in dogs.

Cats. Fenbendazole is not currently approved for use in 
cats. When given at a dose of 50 mg/kg for 5 days, it is effec-
tive against ascarids, hookworms, Strongyloides, and Taenia 
spp. tapeworms.28 Treatment of A. abstrusus, P. kellicotti, and 
C. aerophila may require 14 days of therapy.28

Tetrahydropyrimidines
The tetrahydropyrimidines include the numerous salts of pyr-
antel, morantel, and the investigational compound oxantel, 
which is available outside the United States. They all act as nic-
otinic agonists, which disturb the neuromuscular system, caus-
ing contraction and subsequent tonic paralysis.99-102 In vitro 
experiments indicate that pyrantel is 100 times more powerful 
than acetylcholine. It seems that the nicotinic acetylcholine 
receptors of invertebrate parasites are essential for neurologic 
function but differ in physiology and distribution in mam-
mals.103 In ruminants these products are rapidly metabolized 
to inactive metabolites; therefore higher doses are required to 
treat ruminants compared with monogastric animals.20

KEY POINT 13-19 Albendazole is the latest benzimidazole 
to be used commercially, but it is not approved for use 
in dogs or cats.

KEY POINT 13-20 Febantel is metabolized to fenbendazole 
and oxfendazole, which are probably the active molecules.

KEY POINT 13-21 Fenbendazole is used in a wide variety of 
species, including dogs, cats, livestock, horses, and zoo 
animals.

KEY POINT 13-22 Fenbendazole has a broad spectrum of 
activity against many nematodes and cestodes.

KEY POINT 13-23 Tetrahydropyrimidines are nicotinic 
agonists. They cause contraction and subsequent tonic 
paralysis of parasites.
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Pyrantel
Pyrantel was introduced in the United States as a broad-
spectrum anthelmintic for sheep in 196622 and is now avail-
able under a wide variety of trade names in the form of tablet, 
paste, oral suspension, and medicated feed.104 The tartrate salt 
of pyrantel is a white powder, soluble in water, that is used in 
horses and swine. Pyrantel tartrate is well absorbed after oral 
administration in the rat, dog, and pig. Plasma levels peak 
within 3 to 6 hours.22 Pyrantel tartrate is rapidly metabolized 
and in dogs is primarily eliminated by way of the urinary tract, 
but pyrantel pamoate is poorly absorbed from the gastrointes-
tinal tract and is primarily eliminated through the feces with 
less than 15% excretion through the urinary tract.104

The pamoate salt of pyrantel is a yellow powder, insoluble in 
water. It is available as a ready-to-use suspension and as tablets 
for dogs and horses. The fact that pyrantel pamoate is poorly 
absorbed from the intestine adds to its safety in very young or 
weak animals. Pyrantel salts are stable in solid form but pho-
todegrade when dissolved or suspended in water, resulting in 
reduction of potency.

Dogs. Pyrantel pamoate is available as a tablet, chewable 
tablet, and palatable suspension (Nemex and many other trade 
names) and is indicated for the removal of T. canis, T. leonina, 
A. caninum, and U. stenocephala from dogs and puppies.105-108 
The drug has also been used to treat Physaloptera stomach 
worms in dogs, although such use is not approved.104,109 Pyr-
antel may have some effect on tapeworms as well, but other 
drugs are commonly used to treat tapeworm infections in 
small animals. The recommended dose of 5 mg/kg of pyran-
tel pamoate suspension is administered orally or mixed with 
a small amount of feed.104 For animals weighing 2.25 kg or 
less, the dose is increased to 10 mg/kg. Tablets may be admin-
istered directly or placed in a small portion of food. Pyran-
tel pamoate is safe for nursing and weanling pups, pregnant 
bitches, males used for breeding, and dogs infected with D. 
immitis. The oral LD50 is greater than 690 mg/kg in dogs.22 
In chronic toxicity studies dogs had no adverse effects when 
given 20 mg/kg daily for 3 months but did have ill effects at 50 
mg/kg or above daily.22 Pyrantel pamoate is compatible with 
organophosphates and other antiparasitic and antimicrobial 
agents.

Cats. Pyrantel pamoate products used in dogs are not labeled 
for cats but are considered very safe and effective against some 
common feline parasites, the ones that are similar to those 
afflicting dogs and are listed as indications on the canine label. 
The oral dose range of 5 to 20 mg/kg is reportedly efficacious 
against ascarids, hookworms, and Physaloptera spp., with the 
dose repeated in 2 to 3 weeks in some cases.22,27,28,104 Pyrantel 

pamoate is labeled for cats as a combination product with pra-
ziquantel (Drontal), which is described later, in the combina-
tion product section.

Cyclic Depsipeptides
The cyclodepsipeptide PF1022A, isolated from Mycelia ster-
ilia, was found to have low toxicity and strong anthelmintic 
properties when tested against Ascaridia galli in chickens, 
making it one of the most promising deworming prospects to 
emerge since the discovery of avermectins and milbemycin.

Emodepside
Emodepside is the first cyclic depsipeptide to be approved for 
use against animal parasites in the United States. It is a semi-
synthetic derivative of PF1022A, mentioned previously. The 
product binds to a presynaptic latrophilin receptor in parasitic 
nematodes, which results in flaccid paralysis and death.110 It 
has low to moderate acute toxicity in mammalian species. The 
oral LD50 in rats is greater than 500 mg/kg and is more than 
2000 mg/kg when applied to the skin. Studies in rats and rab-
bits suggest that emodepside may interfere with fetal develop-
ment.111 Women who are pregnant or may become pregnant 
should avoid direct contact with emodepside and wear dis-
posable gloves if product handling is necessary. Emodepside 
is only available commercially as a combination product, 
combined with praziquantel, and as such is discussed in detail 
later, in the section on broad-spectrum combinations.

Piperazines
Piperazine was used to treat human gout in the early 1900s 
because it acts as an excellent uric acid solvent. Its anthelmin-
tic activity was discovered in the 1950s.22 Since then, a wide 
variety of piperazine salts have been derived. The various salts 
of piperazine (adipate, hydrochloride, sulfate, monohydrate, 
citrate, and dihydrochloride) are used as anthelmintics in 
swine, poultry, horses, dogs, and cats. Piperazine is quite safe 
to use in these species but has a narrow spectrum of action, 
limited primarily to roundworms.93,27 Anthelmintic activity 
depends on the salt freeing its piperazine base in the gastro-
intestinal tract. The amount of piperazine (base) in each salt 
varies widely. The citrate salt contains 35% piperazine; adipate 
salts, 37%; phosphate salts, 42%; and dihydrochloride salts, 
50% piperazine base.96

Piperazine paralyzes worms by blocking the action of ace-
tylcholine and GABA at the neuromuscular junctions, and the 
worms are eliminated by intestinal peristalsis.20,112 It acts by 
hyperpolarizing nerve membranes at the neuromuscular junc-
tion, leading to flaccid paralysis of the parasite.22 Piperazine 
is also one of the active ingredients in a number of combi-
nation anthelmintic products. Piperazine should not be used 

KEY POINT 13-24 Pyrantel is 100 times more powerful than 
acetylcholine.

KEY POINT 13-25 Pyrantel pamoate is poorly absorbed, 
which contributes to its safety in young animals.

KEY POINT 13-26 Emodepside is the first cyclic depsipeptide 
approved in the United States.

KEY POINT 13-27 Pregnant women should use care if they 
must handle this drug.



461CHAPTER 13 Drugs for the Treatment of Helminth Infections: Anthelmintics

in combination with pyrantel pamoate because the modes of 
action are antagonistic.

Piperazine is rapidly absorbed from the gastrointestinal 
tract and rapidly cleared by urinary excretion. Elimination is 
virtually complete within 24 hours.96 It may not be effective 
in animals with intestinal hypomotility because the paralyzed 
worms may recover from the drug effect before they are passed 
in the stool. Piperazine should be used with caution in animals 
with hepatic or renal dysfunction. Occasional adverse reac-
tions observed in dogs include ataxia, diarrhea, and vomiting.

Piperazine is available as tablets, solution, and soluble pow-
der under many proprietary names (Pipatabs, Puppy Paste, 
Happy Jack KittyKat Paste, Tasty Paste). It is practically non-
toxic. The oral LD50 for rats is 4.9 g/kg and for mice is 11.4 g/
kg. Treatment for intoxication is symptomatic and supportive. 
Piperazine can be administered to animals of all ages.

Dogs and Cats
Piperazine is usually administered orally at 45 to 65 mg of base 
per kilogram,96 although higher doses (100 to 250 mg/kg) have 
been reported in the literature.107,113-115 Piperazine is effective 
against adult roundworms T. canis, T. cati, and T. leonina.

Isoquinolones
The cesticidal isoquinolones are represented by two closely 
related drugs: praziquantel and epsiprantel. This cesticidal 
class is the safest and most effective yet approved in the United 
States. They attack the parasite neuromuscular junction and 
the tegument. These drugs cause increased cell membrane 
permeability to calcium and resulting loss of intracellular cal-
cium. This effect produces an instantaneous contraction and 
paralysis of the parasite.116 The second effect is a devastating 
vacuolization and destruction of the protective tegument.92, 117 
The combined effects of paralysis and tegmental destruction 
provide excellent activity against cestodes.

Praziquantel
Praziquantel was the first cesticidal isoquinolone approved in 
the United States. It has marked anthelmintic activity against a 
wide range of adult and larval cestodes and trematodes of the 
genus Schistosoma. Oral administration results in nearly com-
plete absorption and rapid distribution throughout the body 
and across the blood–brain barrier. Although 80% of the drug 
is eliminated in the urine, the main site of inactivation is the 
liver, with only trace amounts of the unchanged drug excreted 
primarily in the urine.22,91 Praziquantel has high oral bioavail-
ability, high protein binding, and a marked first-pass effect. 

The oral half-life in dogs is reported to be 30 to 90 minutes22 
to 3 hours.28

Praziquantel is a very safe anthelmintic. Rats tolerated daily 
administration of up to 1000 mg/kg for 4 weeks, and dogs tol-
erated up to 180 mg/kg per day for 13 weeks. Vomiting is typi-
cally observed at high dosage rates. Injected doses of 200 mg/kg 
were lethal in cats.28 Praziquantel did not induce embryotox-
icity, teratogenesis, mutagenesis, or carcinogenesis, nor did it 
affect the reproductive performance of test animals. Occasional 
adverse experiences in clinical use include pain on injection, 
anorexia, diarrhea, salivation, vomiting, sleepiness, staggering, 
and weakness. Overdoses have been reported to cause diarrhea, 
depression, incoordination, tremors, salivation, and vomiting.

Dogs and cats. Praziquantel (AmTech, Droncit) is adminis-
tered orally or injected subcutaneously at 2.5 to 7.5 mg/kg for 
the removal of Dipylidium caninum, Taenia taeniaeformis, T. pisi-
formis, T. hydatigena, T. ovis, Mesocestoides corti, Echinococcus 
granulosus, Echinococcus multilocularis, Spirometra spp., Diphyl-
lobothrium latum, D. erinacei, and Joyeuxiella pasquali.118-124,96 
The product insert has extensive information about using this 
drug to help control E. multilocularis, including the life cycle of 
the parasite, difficulty of diagnosis, and other public health con-
siderations.125 Praziquantel injection is not intended for use in 
puppies or kittens younger than 4 weeks of age. Several combina-
tion products contain praziquantel; see the section on combina-
tion products for more information.

Epsiprantel
Epsiprantel (Cestex) was the second cesticidal isoquinolone 
to be approved in the United States. Unlike its cousin praziqu-
antel, epsiprantel is poorly absorbed after oral administra-
tion. Less than 0.1% is recovered from the urine; there are no 
known metabolites.28 It is eliminated in the feces unchanged.22 
Because of the low bioavailability, systemic toxicity and terato-
genic effects are very unlikely, but the safety of epsiprantel in 
pregnant dogs and cats has not been proved. In acute toxicity 
studies in mice and rats, the oral minimum lethal dose of epsip-
rantel was shown to be more than 5000 mg/kg. Doses as high as 
36 times the label dose were well tolerated in dogs and caused 
vomiting in some kittens.28 Cats given the drug at 40 times the 
label dose for 4 days had minimal signs. Dogs given 90 times 
the label dose for 14 days had no significant adverse events.126

KEY POINT 13-28 Piperazine paralyzes worms by blocking 
acetylcholine and GABA, and the worms are eliminated by 
intestinal peristalsis; thus it may not work well in the face of 
gastrointestinal hypomotility.

KEY POINT 13-29 Isoquinolones are the safest and most 
effective cesticidal drugs approved in the United States.

KEY POINT 13-30 Praziquantel, the first approved cesticidal 
isoquinolone in the United States, has marked anthelmintic 
activity against cestodes and trematodes.

KEY POINT 13-31 Praziquantel has a wide margin of safety.

KEY POINT 13-32 Like praziquantel, epsiprantel, the second 
cesticidal isoquinolone approved in the United States, has 
a wide margin of safety, but unlike praziquantel, it is poorly 
absorbed orally.
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Epsiprantel treatment as an oral film-coated tablet, at 2.75 
mg/kg for cats or 5.5 mg/kg for dogs, effectively removes  
D. caninum, T. taeniaeformis, T. pisiformis, and T. hydatigena 
after a single dose.127,128 Evidence suggests that the drug is 
effective against E. granulosa and E.multilocularis, but the data 
are insufficient to recommend a dosage that will completely 
clear the infection from those treated.129 Epsiprantel was given 
concurrently with diethylcarbamazine (in dogs), antiinflam-
matory drugs, insecticides, and nematocides with no incom-
patibilities observed.126 It should not be used in puppies and 
kittens younger than 7 weeks of age.

Arsenicals
Heavy metals like arsenic and antimony are well represented 
in the history of anthelmintics. To date, safer and more 
effective drugs for the most common parasites have largely 
replaced arsenicals. Their use is now limited to removal of 
adult D. immitis. Thiacetarsemide (Caparsolate) is no longer 
available commercially in the United States130 and thus will 
not be covered in this chapter. The therapeutic effect of arseni-
cals depends on a reaction between the arsenic salt and sulf-
hydryl-containing enzymes.131 Inactivation of parasite enzyme 
systems causes death. Because arsenic is widely known as a 
toxin in man and animal, caution is required when using these 
products.

Melarsomine
Although contraindicated in cats, melarsomine dihydrochlo-
ride (Immiticide), the only arsenical anthelmintic commer-
cially available in the U.S. veterinary market, has 92% to 98% 
efficacy against adult D. immitis in dogs.132-136 The arsenic 
content of the product is less than that of thiacetarsemide, 
making melarsomine less toxic to the patient. Melarsomine is 
labeled to be administered intramuscularly at a dose of 2.5 mg/
kg for two injections given 24 hours apart to dogs at low risk 
of thromboembolic complications.17 Dogs that have moderate 
risk of thromboembolism may be treated with an alternative 
three-injection regimen of a single injection followed by a rest 
period of 1 to 2 months, after which two standard injections 
are given.17 This later three-injection regimen is reportedly 
less hazardous for the patient and more efficacious and there-
fore is the preferred regimen recommended by the American 
Heartworm Society, regardless of the stage of disease (unless 
melarsomine is otherwise contraindicated).17, 18a Melarsomine 
is contraindicated in dogs with severe heartworm disease 
associated with caval syndrome.28 Injections should only be 
made deep into the lumbar epaxial muscles along L3 to L5. 
Peak blood level is achieved in about 11 minutes after injec-
tion, and the half-life is 3 hours.28

About one third of dogs treated will have injection site 
reactions, most of which resolve within a week, but firm nod-
ules at the injection site can persist indefinitely.28 Additional 
adverse reactions include elevated hepatic enzymes, cough-
ing, gagging, depression, lethargy, anorexia, fever, pulmonary 
congestion, and vomiting.27 This drug exemplifies the problem 
of parasite removal by poisoning the patient just enough to 
kill the parasite, hopefully without damaging the patient too 
much. It has a narrow therapeutic range. The toxic dose is only 
2.5 to 3 times the recommended dose and can result in pant-
ing, pulmonary inflammation, salivation, vomiting, edema, 
and death. Safety has not been determined in breeding, preg-
nant, or lactating dogs. That said, clinical studies indicate that 
the treatment is well tolerated even in dogs that have clinical 
signs of heartworm disease.135,137,138

As previously mentioned in the ivermectin section of 
this chapter, the American Heartworm Society guidelines 
for diagnosis, prevention, and management of heartworm 
infection in dogs should be consulted before treating a heart-
worm-infected dog with melarsomine.18a Treatment with a 
macrocytic lactone before administration of melarsomine 
should be considered along with other methods to reduce the 
potential for melarsomine adverse reactions. For example, as 
previously mentioned in the ivermectin section, one study 
of heartworm-positive dogs comparing groups that were 
treated with three drugs (i.e., melarsomine, doxycycline and 
ivermectin), two drugs (i.e., doxycycline and ivermectin), 
doxycycline alone, ivermectin alone, or melarsomine alone 
led the authors to conclude that the combination of doxycy-
cline and ivermectin was synergistic.52 All dogs treated with 
ivermectin plus doxycycline (with or without melarsomine) 
were free of microfilariae in 9 weeks. This may be related to 
the elimination of Wolbachia sp. bacteria, which are filarial 
endosymbionts. The authors found that the administration 
of doxycycline plus ivermectin for several months before (or 
without) melarsomine resulted in elimination of adult heart-
worms with less severe thromboembolism than did treatment 
with melarsomine alone.52

Miscellaneous
Dichlorophen
Dichlorophen (Happy Jack Tapeworm Tablets) is a chlo-
rinated analog of diphenylmethane. It has low toxicity for 
mammals. The oral LD50 is 2690 mg/kg for rats, and the acute 
oral LD50 in dogs is 1000 mg/kg. Dichlorophen has bacterio-
static, fungicidal, and cesticidal properties. It causes electron 
transport–linked phosphorylation to uncouple in the para-
site mitochondria and is relatively safe in the host because 
of low gastrointestinal absorption.91 Dichlorophen may be 
given orally as an “aid in the removal” of D. caninum and 
T. pisiformis tapeworms from dogs.139 The drug may be admin-
istered orally in tablet or capsule form at 220 mg/kg after an 

KEY POINT 13-33 Arsenicals typically have a narrow margin 
of safety.

KEY POINT 13-34 Melarsomine is the only commercially 
 available arsenical anthelmintic.

KEY POINT 13-35 The prudent practitioner will consult 
American Heartworm Society guidelines before using 
 melarsomine.
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overnight fast. The tapeworms are killed, digested, and elimi-
nated in an unrecognizable form. Animals occasionally vomit 
or develop diarrhea after treatment with dichlorophen.

BROAD-SPECTRUM COMBINATIONS

The veterinary practitioner is always looking for anthelmintic 
products that cover an ever-increasing spectrum of parasites. 
Broad-spectrum products provide two important advantages. 
First, they obviate dosing with several different products at 
once when a patient has a mixed parasite infection, making 
administration easier. Second, they provide peace of mind 
that a treated animal will be cleared of possibly undiagnosed 
parasites. For instance, a puppy from the animal shelter will 
be better served by use of a product that is effective in remov-
ing both roundworms and hookworms than a product that 
is effective against only roundworms. There are two ways to 
increase the spectrum of anthelmintics: either by tackling the 
arduous task of discovering a single broad-spectrum chemical 
or by combining several compatible active ingredients to build 
the desired spectrum of activity.

Combination anthelmintic products are briefly reviewed in 
this section, but not combinations that are formulated to treat 
or prevent fleas or other nonhelminth parasites. In many cases 
combination-product formulation and dosing regimens are 
different from those of the single-entity drug ingredients. The 
toxicity and mechanism of action of the individual ingredients 
are covered earlier in this chapter.

Emodepside Plus Praziquantel
This product is formulated for use in cats (Profender) as a 
topical spot-on that contains 1.98% emodepside and 7.94% 
praziquantel. The prefilled applicators deliver a minimum 
dose of 3 mg/kg emodepside and 12 mg/kg praziquantel when 
applied to the skin. The active ingredients are readily absorbed 
through the skin, enter systemic circulation, and act on target 
parasites in the gastrointestinal tract. It is labeled for use in 
cats and kittens that are at least 8 weeks of age and is con-
sidered safe to use in heartworm-positive cats.111 The product 
is safe and effective in removing roundworms, T. cati (adults 
and fourth-stage larvae); hookworms, A. tubaeforme (adults, 
immature adults, and fourth-stage larvae); and tapeworms, 

D. caninum and T. taeniaeformis.140-142 The topical emodepside–
praziquantel product was very effective and safe when used in 
a large-scale clinical study comparing it with topical selamectin–
oral epsiprantel.143

Pyrantel Plus Praziquantel
Two-way combination products containing pyrantel and pra-
ziquantel are approved for use in the United States in both 
dogs (Virbantel) and in cats (Drontal).

Dogs
The canine product is formulated to deliver 5 mg of praziqu-
antel and 5 mg of pyrantel pamoate per kilogram. A single 
dose is given to dogs to remove tapeworms (D. caninum and 
T. pisiformis), hookworms (A. caninum, A. braziliense, and 
U. stenocephala), and roundworms (T. canis and T. leonina).

Cats
The feline product is formulated to deliver at least 5 mg of 
praziquantel and 20 mg of pyrantel pamoate per kilogram. A 
single dose is given to cats and kittens to remove tapeworms 
(D. caninum and T. taeniaeformis), hookworms (A. tubae-
forme), and roundworms (T. cati). The product is 98% effec-
tive and well tolerated. Cats maintained in conditions of heavy 
or constant parasite exposure should be reevaluated in 2 to 4 
weeks. This combination product should not be used in kittens 
weighing less than 1.5 pounds or those younger than 4 weeks 
of age.

Pyrantel Plus Praziquantel Plus Febantel
A three-way combination of pyrantel, praziquantel, and feb-
antel (Drontal Plus) is available in the United States and many 
other parts of the world. This product is formulated to deliver 
at least 25 mg febantel, 5 mg praziquantel, and 5 mg pyran-
tel pamoate per kilogram. A single dose is given to dogs to 
remove tapeworms (D. caninum, T. pisiformis, E. granulosus, 
E. multilocularis), hookworms (A. caninum, U. stenocephala), 
roundworms (T. canis, T. leonina), and whipworms (Trichuris 
vulpis).144,145 It is interesting to note that a single dose of this 
combination is effective against nematodes, especially whip-
worms, but that febantel alone requires three daily doses to 
effectively remove nematodes. This combination of ingredi-
ents may be synergistic. This product should not be used in 
pregnant dogs, dogs weighing less than 2 pounds, or puppies 
younger than 3 weeks of age.

Ivermectin Plus Pyrantel
Ivermectin combined with pyrantel pamoate is available in 
flavored chunks or tablets (Heartgard-30 Plus, Iverhart Plus, 
Tri-Heart Plus) for dogs. Pyrantel pamoate is added to provide 
action against gastrointestinal parasites because the heart-
worm-preventive dose of ivermectin, which is safe for Collies, 
is not effective against these important parasites. The prod-
uct is formulated to deliver a target dose of 0.006 mg (6 mcg) 
of ivermectin and 5 mg of pyrantel pamoate per kilogram of 
body weight. Given orally to dogs every 30 days, it treats and 
controls roundworms (T. canis, T. leonina) and hookworms 

KEY POINT 13-36 Dichlorophen is not absorbed well from the 
gastrointestinal tract, which improves its safety profile.

KEY POINT 13-37 Dichlorophen aids in the removal of tape-
worms from dogs.

KEY POINT 13-38 Broad-spectrum anthelmintic combinations 
make treating mixed parasitic infections easier and may 
treat common undiagnosed parasites; therefore they are 
associated with increased veterinary and owner confi-
dence.



464 Drugs Targeting Infections or Infestations SECTION 2

(A. caninum, A. braziliense, and U. stenocephala) and pre-
vents heartworms (D. immitis).146 At a minimum, the product 
should be given at monthly intervals during the heartworm 
season. Adult heartworms do not produce detectable levels of 
microfilariae when exposed to ivermectin, so an antigen test 
should be used to reveal the presence of adult heartworms.17 
Safety tests have revealed that the ivermectin–pyrantel com-
bination is well tolerated.147 This medication should not be 
given to dogs younger than 6 weeks of age. (See the ivermectin 
section of this chapter for a discussion of administration of 
ivermectin to dogs harboring adult heartworms, a procedure 
that carries some risk and is not a labeled indication for use.)

Ivermectin Plus Pyrantel Plus Praziquantel
Ivermectin combined with pyrantel pamoate and praziquantel 
is available in flavored tablets (Iverhart Max) for dogs. Adding 
praziquantel to the two-way combination product previously 
mentioned extends the parasite spectrum to include tape-
worms. This product is formulated to deliver a target dose of 
0.006 mg (6 mcg) of ivermectin, 5 mg of pyrantel pamoate, and 
5 mg of praziquantel per kilogram. Given orally to dogs every 
30 days, it treats and controls roundworms (T. canis, T. leonina), 
hookworms (A. caninum, A. braziliense, and U. stenocephala), 
and tapeworms (D. caninum, T. pisiformis) and prevents heart-
worms (D. immitis). At a minimum, the product should be 
given at monthly intervals during the heartworm season. Adult 
heartworms do not produce detectable levels of microfilariae 
when exposed to ivermectin, so an antigen test should be used 
to reveal the presence of adult heartworms.17 This medication 
should not be given to dogs younger than 8 weeks of age or 
those with existing heartworm infections. (See the ivermectin 
section of this chapter for a discussion of administration of 
ivermectin to dogs harboring adult heartworms, a procedure 
that carries some risk and is not a labeled indication for use.)

Milbemycin Oxime Plus Lufenuron
A two-way combination of milbemycin oxime and lufenu-
ron (Sentinel) is approved for use in dogs. It is formulated 
to deliver a minimum dose of 0.5 mg of milbemycin oxime 
and 10 mg of lufenuron per kilogram of body weight. When 
given every 30 days, it is effective in preventing heartworms 
(D. immitis). The product also kills hookworms (A. caninum), 
removes and controls roundworms (T. canis and T. leonina) 
and whipworms (T. vulpis), and controls fleas. This medication 
should not be used in puppies younger than 4 weeks of age or 
those that weigh less than 2 pounds. This product is approved 
for concurrent administration with nitenpyram (Capstar) for 
quick knockdown of existing flea populations.

Imidacloprid Plus Moxidectin
A new combination product (Advantage Multi) contains imi-
dacloprid for external parasites and moxidectin for internal 
parasites. The canine product provides a minimum of 10 mg/kg 
of imidacloprid and 2.5 mg/kg moxidectin, whereas the feline 
product provides the same dose of imidacloprid and 1 mg/kg 
moxidectin. It is important not to use the canine product on 
cats because cats are more sensitive to moxidectin than dogs.

Dogs
The canine product is approved for the prevention of heart-
worms (D. immitis), for the treatment and control of adult 
and larval hookworms (A. caninum, U. stenocephala), adult 
and larval roundworms (T. canis, T. leonina), and whipworms 
(T. vulpis).148 The canine product has not been tested in 
dogs that weigh less than 1.36 kg (3 lb) or are younger than 
7 weeks of age. Nor has it been tested in breeding, pregnant, 
or lactating dogs. Dogs should be tested for the presence of 
heartworm before administration. The canine product is not 
effective against adult heartworm or for clearing microfilariae. 
It was well tolerated at 5 times the label dose. Oral ingestion 
of the product by dogs may cause serious reactions, including 
depression, salivation, dilated pupils, incoordination, panting, 
and generalized tremors. Thus it is important to prevent dogs 
from licking the product from the application site.

Cats
The feline product is approved for the prevention of heart-
worm, D. immitis; for the treatment and control of adult and 
larval hookworm, A. tubaeforme; and adult and larval round-
worm, T. cati. It should not be used on cats that weigh less than 
0.9 kg (2 lb) or on cats younger than 9 weeks of age. This prod-
uct was well tolerated when given at 5 times the label dose in 
9-week-old kittens. Cats dosed with a single dose at 10 times 
the label dose exhibited mild transient hypersalivation. Oral 
ingestion of the product may cause hypersalivation, tremors, 
vomiting, and decreased appetite.

This combination is also effective in treating fleas in dogs 
and cats and ear mites in cats.
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CARDIOVASCULAR PHYSIOLOGY AS IT 
PERTAINS TO CARDIOVASCULAR DRUGS

Membrane Ion Movements and the Action 
Potential
Predicting the nuances of pharmacodynamic responses to 
cardiac drugs depends, in part, on understanding the electro-
physiology of myocardial cells. Selected mechanisms of ion 

movement into the cell are demonstrated in Figure 14-1. The 
action potential duration (APD) of myocardial cells is long 
compared with that of nerves, reflecting the well-orchestrated 
coordination of multiple ion channels and associated transport 
proteins.1 The magnitude and direction of the ion flow, and 
thus current, depends on both transmembrane voltage and 
ion concentration gradients. Two types of myocardial cells will 
be discussed: those capable of automaticity (i.e., spontaneous 
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depolarization), exemplified by cells that normally serve as 
pacemakers (e.g., sinoatrial [SA] node) and those cells not 
normally capable of automaticity (e.g., atrial and ventricular 
myocardial cells). Although overlap exists, the electrophysiol-
ogy of each differs from one another  (Figure 14-2).

Nondepolarizing cells
In nondepolarizing cells, the resting membrane potential 
(RMP) of -80 to -90 (inside compared with outside) reflects 
the relative distribution of sodium, potassium, and chloride 
across the cell membrane. The external and internal concentra-
tion of sodium approximates 145 and 15 mmol/L, respectively 
(ratio of 9.7), whereas that of potassium approximates 4 (range 
3 to 6) and 145 mmol/L respectively (ratio of 0.027). Chloride 
ions contribute to the RMP only by virtue of their influence 
on cellular electrical responses to incoming signals. At rest the 
distribution of ions is not at equilibrium but is in a dynamic 
state, constantly subject to internal and external influences. The 
major driving force for the negative RMP is ion movements 
through channels (molecular pores) that span the myocardial 
cell membrane. These channels generally exist in either an 

open (conducting) or closed (resting) state, with a third state of 
“inactivation” reflecting a period in which the nonconducting 
channel cannot be activated. The state of channels targeted by 
cardiac drugs markedly influences their impact on the action 
potential. Drugs with greater affinity for inactivated channels 
generally are more influential than those that target other states.

Movement of ions through the channels follows both con-
centration and electrical (i.e., electrochemical) gradients. 
Ion flow is also influenced by energy-dependent pumps that 
actively and selectively direct ion movement against the elec-
trochemical gradients. A “leak current” allows a constant, 
albeit smaller, ion flux. At rest the status of all  channels influ-
encing the membrane potential is static, save for a specific 
(“inward rectifier”) channel that is permeable only to potas-
sium, allowing it to efflux down an electrochemical gradient. 
This efflux is countered by a Na+,K+-ATPase pump, which 
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Figure 14-1 Calcium can enter the myocardial cell through several mechanisms, including the slow calcium channel, the sodium–
calcium exchange ATPase pump, and beta 1 adrenergic receptor stimulation. Increased intracellular concentrations of calcium 
lead to the release of sarcolemmal calcium. Calcium leads to the interaction between actin and myosin, causing myocardial con-
tractility. Sequestration of calcium in the sarcoplasmic reticulum causes myocardial relaxation. Sodium and potassium channels 
are not shown in this diagram. ATP, Adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PDE, phosphodiesterase.

KEY POINT 14-1 Differences in response of pacemaker versus 
nonpacemaker cells to cardioactive drugs reflects, in part, 
differences in membrane electrophysiology and ion flow.
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exchanges 3Na+ for 2K+, thus maintaining the intracellular 
concentration necessary for the gradient. Accordingly, potas-
sium has the greatest influence on the RMP, and very slight 
changes in extracellular potassium can influence potassium 
flux, the RMP, and the cardiac cell cycle.

Myocardial sodium channels are the primary gatekeepers of 
the action potential in nonpacemaker cells (see Figure 14-1). 
They are voltage gated and closed at rest. Membrane depo-
larization in nonpacemaker cells (see Figure 14-2) increases 
selective permeability in sodium channels. The concentration 
gradient causes an initial sodium influx, stimulating more 
voltage-gated sodium channels to open, thus perpetuating a 

self-regenerating action potential (phase 0, depolarization). 
Sodium channels inactivate when depolarization is complete 
and must go through a resting (recovery) period before they 
can be reactivated. Membrane permeability reestablishes itself 
largely in response to potassium ion efflux, and the membrane 
potential begins to decline back toward the RMP (phase 1, 
early repolarization). As the membrane potential continues to 
repolarize (phase 3), the ability of sodium channels to reacti-
vate increases, until the RMP is once again reached (phase 4). 
Because sodium influx and sodium channel recovery is rapid, 
sodium channels are referred to as “fast,” in contrast to “slow” 
calcium channels, which take longer to recover. Drugs with 
greater affinity for inactivated sodium channels generally are 
more able to affect the refractory period and the APD com-
pared with those that target either resting or open channels. 
Sodium influx during phase 0 depolarization influences other 
ion channels and their ion movements.

Among the ions most influenced by sodium flux in non-
pacemaker cells are potassium channels, of which multiple 
types, exist, varying in tissue and intracellular location, and 
control (Table 14-1). Inward rectifier potassium channels are 
among the channels that determine the RMP. Depolarization 
causes conformational changes in transient potassium chan-
nels, which rapidly inactivate, and delayed rectifier potassium 
channels, which include both slow and rapid inactivators 
(each voltage gated). Efflux of potassium through these chan-
nels causes the membrane to begin to repolarize. Initially, the 
outward potassium current is balanced by an inward depolar-
izing current of calcium through L-type channels, causing the 
plateau, or phase 2, of repolarization in nonpacemaker (but 
not pacemaker) cells. Increased activity of delayed rectifier 
channels increases potassium efflux, which, when coupled 
with closing calcium channels, results in late repolarization 
(phase 3; see Figure 14-2). Slower delayed rectifier potassium 
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KEY POINT 14-2 Potassium has the greatest influence on the 
resting membrane potential. As such, even slight changes 
in extracellular potassium can influence potassium flux, the 
resting membrane potential, and the cardiac cell cycle.

Figure 14-2 The action potential (AP) occurs in four phases. The 
ions responsible for and the configuration of each phase dif-
fer between cells capable of automaticity (i.e., pacemaker) and 
non-pacemaker (i.e., nondepoloarizing) cells. Phase 0 occurs 
when the resting membrane potential (RMP) reaches threshold, 
resulting in the generation of the AP. The rapid upswing in the 
membrane potential reflects sodium (non-pacemaker) and, to 
a lesser degree, calcium influx. In cells capable of automaticity 
(bottom), calcium is the primary ion moving inward during phase 
0. This calcium influx stimulates release of calcium from the sar-
coplasmic reticulum. The small influx of calcium in non-depo-
larizing cells is important to intracellular calcium fluxes. Phase 1 
represents the early phase of repolarization. An influx of chloride 
and decreased efflux of potassium lead to reestablishment of 
the membrane potential. During phase 2 electrogenic move-
ment of calcium through “slow” channels prolongs repolariza-
tion, causing a plateau phase. With phase 3, the membrane 
potential reaches the diastolic resting level. In cells capable of 
automaticity, this phase is characterized by a gradual depolar-
ization, probably because of calcium influx, until threshold is 
reached. The heart rate is determined by the slope of phase 4; 
tissues with the steepest phase 4 slope will serve as the cardiac 
pacemaker.
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channels remain open to ensure net outward potassium efflux 
such that the membrane potential becomes more negative, 
causing rapid delayed rectifier and inwardly rectifying potas-
sium channels to open. The delayed rectifier K+ channels close 
when the membrane potential is restored to about -80 to -85 
mV, but the inwardly rectifying potassium channels remain 
open throughout phase 4, thus maintaining the RMP. Because 
potassium channels generally remain open as long as the 
membrane is not at its resting potential (i.e., is in some state of 
depolarization), potassium channels also influence the dura-
tion of the action potential. Thus the influence of potassium 
channels in nondepolarizing cells includes the RMP and the 
rate of repolarization. In pacemaker cells (discussed in greater 
depth later in this chapter), potassium channels influence the 
RMP, the rate of repolarization, and the initial rate of phase 
4. Consequently, potassium and drugs that target potassium 
channels potentially influence all cardiac (e.g., depolarizing 
and nondepolarizing) tissues.

Calcium also plays a major role in both nondepolariz-
ing and depolarizing myocardial cells. The extracellular to 
intracellular calcium ratio of myocardial cells approximates 
10, generating a calcium ion flow down both a concentra-
tion and electrical gradient. In contrast to the vasculature, in 
which channel movement is predominantly receptor medi-
ated, calcium flux in the myocardium is predominantly volt-
age dependent. At least three types of voltage-gated calcium 
channels exist in the cardiovascular system, with differences 
reflecting conductance and sensitivity to voltage: T, N, and L 
types.2 The N-type (neuronal) calcium channels are located 

predominantly in neural tissues and markedly differ in 
responsiveness compared with L and T calcium channels. The 
best characterized of the calcium channels are of the L-type 
(long-lasting, large), and they are the predominant influencing 
channel during the states of the cardiac action in which the 
membrane potential is positive. Despite being voltage gated, 
calcium L-channels contain receptors (similar to those in the 
vasculature) that influence calcium channel flow and are sub-
ject to drug-induced blockade. In contrast to L-type channels, 
T-type (transient, tiny) channels are more active at negative 
potentials and are the predominant channel of influence at 
rest. As such, whereas L- channels are activated at high volt-
ages, T-channels are activated at low voltages.

In nonpacemaker cells, in response to sodium influx, 
extracellular calcium enters the cell through L-type channels 
as repolarization begins. The influx is sufficient to stimulate 
release of intracellular calcium from the sarcoplasmic reticu-
lum and other Ca2+ stores (e.g., mitochondria). This (initial 
sodium and subsequent) calcium ion flow links the action 
potential to excitation–contraction coupling in nondepolar-
izing cells.3 The duration of contraction is determined by the 
rate of intracellular calcium removal from actin and myosin 
sites in the cytosol by either resequestration into the sarco-
lemma (or other stores) or efflux from the cell. Efflux is accom-
plished by at least two pumps, both of which exchange sodium 
for calcium. The Na+/Ca2+ ATP-ase pump exchanges 1 Na+ for 
3 Ca2+ but has only a minor influence on phase 2 of repolariza-
tion. The plateau of phase 2 repolarization in nondepolarizing 
cells is primarily influenced (sustained) by a balance between 
inward movement of calcium through L-type channels and 
outward movement of K+ through the slow delayed rectifier 
potassium channels.4

As with sodium channels, calcium channels exist in resting 
(closed, but responsive), open, or inactivated (unresponsive) 

KEY POINT 14-3 Inward flux of sodium is the primary ion 
responsible for phase 0 of nondepolarizing cells, whereas 
calcium influx is the primary ion in pacemaker cells.

Table 14-1  Potassium Channels Active in the Cardiovascular System
Channel Designation Regulation Role

 1.  Tandem (or two) pore domain
*K2p 1-7,9-12,13,15-18
**KCNK

Oxygen, pH, mechanical stretch, G 
proteins

Leak K+

Establish RMP
 2.  Inward rectifier Kir 1-7 or IRK; KCNJ ATP (Kir 6); G-proteins Inward K flow (some “weak” 

channels allow efflux)
Establish RMP

 3.  Calcium activated Kca
BK (also Maxi-K or slo1; Kca-1 

KCNMA)
SK (Kca 2-4; KCNN, KCNT)
IK; Kca-5, KCNU

Calcium; or other signals (sodium, 
chloride) (BK also responds to 
voltage; SK responds to sodium)

BK: large ion flow
SK: small ion flow

4. Voltage gated Kva Transmembrane potential Contribute to AP repolarization; 
limits frequency of AP

Delayed rectifier Kva 1,2,3,7,10 Repolarization
Outward rectifying Kva 10 (KCNH)
Inward rectifying Kva 11 (KCNH)
Transient
A-Type Kva 1,3,4 (KCNA, KCNC, KCND) Repolarization (efflux)
Slowly activating Kva12 (KCNH)
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states, and recovery must occur before the resting (respon-
sive) state is achieved. Because both current movement and 
recovery of calcium channels are slower compared with those 
of sodium channels, the term slow channels is used to refer 
to ion movement through calcium channels. Hormones, neu-
rotransmitters, and inorganic ions influence calcium channels. 
As with sodium channels, those drugs with a greater affinity 
for inactivated calcium channels are more effective.

Pacemaker Cells
Ion flow in cells capable of automaticity inherently is differ-
ent from that of nondepolarizing cells to allow for spontaneity. 
Spontaneous depolarization occurs in response to ion fluxes 
across the cell membrane. The spontaneity of pacemaker cells 
reflects several electrophysiologic differences between pace-
maker and nonpacemaker cells. In contrast to nonpacemaker 
cells, pacemaker cells have only a few sodium channels. They 
tend to be in an inactivated state, rendering the cell less respon-
sive to sodium-induced depolarization. However, sodium can 
influence depolarization, albeit slightly, because more sodium 
channels are open in the resting state for pacemaker fibers 
 compared with nonpacemaker cells, allowing sodium ions 
to continually flow down the concentration gradient into the 
cell. As a result, the maximum RMP of pacemaker cells is only  
about -60 mV. Second, calcium channels, rather than sodium 
channels, are responsible for phase 0 of the action potential in 
pacemaker cells. Third, depolarization is slow, beginning with 
calcium influx through T-channels until L-channels are acti-
vated to initiate phase 0 (depolarization). Fourth, phase 2 is 
not apparent in pacemaker cells. Fifth, as with nonpacemaker 
tissues, repolarization in pacemaker cells is initiated by potas-
sium efflux. However, in contrast to nonpacemaker cells, repo-
larization continues beyond the RMP (-60 mV), resulting in a 
hyperpolarized (phase 4) membrane. As such, phase 4 in pace-
maker cells is a “prepotential,” consisting of an initial reduction 
in potassium efflux, followed by opening of transient T calcium 
channels. Calcium influx decreases the membrane potential, 
causing it to become increasingly positive until the firing level 
(approximately -40 mV) is reached and L-channels are opened.

Automaticity
The rate (slope) of phase 4 in pacemaker cells is influenced by 
a number of factors. The slope determines the rate at which 
the action potential threshold of pacemaker cells is reached. 
Thus the slope of phase 4 determines the rate of spontane-
ous depolarization, and the cells that set the pace of the heart, 
the pacemaker cells, are those tissues with the steepest slope. 
Under normal circumstances, because it is characterized with 
the steepest slope, the SA node sets the pace. It is followed by 
conducting tissues, the Purkinje fibers, and, finally, myocardial 
tissue. As the default pacemaker, the SA node is innervated by 
both sympathetic and parasympathetic fibers. Vagal activation 
associated with acetylcholine (ACh) decreases the slope of 
phase 4 and thus SA nodal pacemaker rate; these actions reflect 
increased potassium conductance (efflux) and decreased slow 
inward Ca2+ and Na+ movement. Vagal activity also causes the 
cell to become hyperpolarized, increasing the time needed to 

reach threshold. However, in atrial fibers, vagal tone facilitates 
K+ channel-mediated repolarization, thus shortening the APD. 
Finally, vagal tone inhibits sympathetic activity, but the heart 
rate will increase only if sympathetic outflow (norepinephrine 
under normal conditions and epinephrine with pathologic 
conditions) is sufficient. Sympathetic tone, in turn, inhib-
its vagal tone. Changes in the serum concentration of ions, 
particularly potassium, also influence SA pacemaker activ-
ity. Hyperkalemia increases K+ conductance and thus efflux, 
resulting in bradycardia, whereas hypokalemia increases the 
rate of phase 4 depolarization (causing tachycardia), presum-
ably by decreasing potassium conductance during phase 4. 
The slope of phase 4 can change in diseased myocardial tissue 
(e.g., hypoxia, acidosis, conditions that alter membrane per-
meability), and the generation of faster impulses may allow 
these tissues to take over as pacemakers.

Conduction Velocity
The interrelationship between phase 4 and phase 0 of the 
action potential (the rate of depolarization) determines the 
conduction velocity—that is, the speed of impulse propagation 
through pacemaker and nonpacemaker cardiac fibers. Con-
duction depends on the magnitude of the depolarizing current 
and the geometric (physical) relationship between myocardial 
cells. Conduction velocity is directly proportional to the rate 
and magnitude of phase 0 depolarization. Thus factors that 
slow the rate or magnitude of sodium (for nondepolarizing 
cells) or calcium (for pacemaker cells) flow during phase 0 also 
influence conduction velocity. Conduction velocity, in turn, 
influences the ability of the impulse to depolarize surround-
ing cardiac fibers. The faster and the greater the magnitude 
of depolarization, the more likely the impulse will depolarize 
surrounding cardiac fibers. For nonpacemaker cells, sodium is 
the major determinant of conduction velocity by virtue of its 
impact on the rate and extent of phase 0 upswing. However, 
calcium conductance during phase 0, albeit slight, also is able 
to influence phase 0 of nondepolarizing cells. For pacemaker 
cells, calcium is the major determinant of conduction velocity, 
with sodium an influencing factor.

Refractory Periods
Myocardial cells are neither excitable nor responsive to addi-
tional stimuli during the early and intermediate phases of 
the action potential cycle. Further, they are only partially 
responsive if stimulated before complete repolarization has 
occurred—that is, as the RMP returns to normal. Refractory 
periods (RPs) describe the period of time (or proportion of the 
APD) in which cells are nonresponsive. During the absolute 
refractory period (ARP), cells are totally nonresponsive. In con-
trast, cells may be partially (effective; ERP) or relatively (RRP) 
refractory to stimuli, with the state dependent on the number of 

KEY POINT 14-4 The cell with the steepest slope of phase 4 
sets the heart rate. Although the sinoatrial node is the nor-
mal pacemaker, nonpacemaker cells can emerge as pace-
makers if cell permeability is altered by disease, hypoxia, 
trauma or drugs.
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open (i.e., recovered from inactivation) sodium channels. The 
ARP occurs when sodium channels are closed. Tissues will not 
respond to any stimuli, no matter how strong. The ERP is the 
shortest interval that can occur before a premature impulse can 
propagate a response.5 It includes the ARP plus a shorter period 
following the ARP that reflects the opening of some sodium 
channels but not enough to transmit an impulse. The RRP fol-
lows the ERP and represents a state in which a sufficient number 
of sodium channels are open such that a very strong stimulus 
might be propagated. The refractory periods are protective in 
that they limit the rate at which myocardial tissues can respond 
to impulses, thus ensuring  sufficient time for cardiac filling and 
ejection to occur before the next contraction occurs. Proper 
direction of impulse propagation is also facilitated. Because 
sodium channels during these periods are refractory to reopen-
ing, unilateral (one direction only) conduction is ensured along 
a myocardial fiber, precluding the premature regeneration of an 
action potential and inappropriate coordination between exci-
tation–contraction coupling. Loss of unilateral conduction is a 
contributing factor to re-entrant or circus rhythms.

Afterload and Preload
Both afterload and preload are variably defined depending 
on the source. Each is determined by the law of Laplace (T = 
PR/2, where T is wall tension, P is chamber or vessel pres-
sure, and R is chamber or vessel radius). Preload occurs just 
before (end-diastolic) and afterload just after contraction. Pre-
load is often referred to as the end-diastolic filling pressure, or 
the end- diastolic volume. Preload reflects the combined fac-
tors that influence passive (i.e., relaxed) ventricular wall stress 
at the end of diastole. Among the most important factors is 
the volume of blood that fills the ventricles. Increased filling 
volume enlarges the ventricular chamber, causing either ten-
sion or pressure or both to increase. A greater force is neces-
sary for contraction to overcome the tension. Preload pressure 
occurs in the heart, is highest at the end of filling, or the end 
of diastole, and is virtually the same in the ventricle and its 
atria. Other measures of preload have included end-diastolic 
fiber length or stretch. Afterload is presented outside the heart 
(aorta) and is the pressure against which the heart must pump 
to effectively empty the ventricular chamber. At the point that 
ejection begins (beginning of systole), the aortic valves open 
and aortic pressure = peripheral resistance = arterial pressure =  
ventricular pressure. Afterload is also referred to as myocar-
dial wall tension, or the force that must be generated by the 
heart for myocardial fiber shortening (contraction) to occur 
such that blood is ejected from the ventricle. Among the most 
important factors influencing afterload is peripheral resistance.

Myocardial Contractility
Contraction of both cardiac and smooth muscle depends on 
Ca2+. The inotropic state of the muscle reflects the relation-
ship between resting fiber length and peak isometric tension. 

The myocardium develops force for contraction and thus the 
strength to pump blood by forming cross-bridges between 
actin and (tropo) myosin myofilaments in cardiac muscle. 
The amount of force that the muscle can generate depends on 
the number of cross-bridges that form when myosin engages 
actin. Energy in the form of adenosine triphosphate (ATP) 
causes a sliding motion between the proteins of the myofila-
ments and cardiac muscle to shorten and develop force. The 
interaction between proteins in the myofilament is regulated 
by troponin, which is found at regular intervals on the tropo-
myosin fibers. Troponin is formed from three subunit pro-
teins: T binds to tropomysin, I inhibits the actin-binding site 
on tropomyosin, and C binds to calcium.4 Calcium binding 
of troponin C forces a conformational change in the troponin 
complex, causing troponin I to move away from tropomyosin, 
thus allowing cross-bridging between actin and myosin. The 
force that develops as actin and myosin interact depends on 
both the affinity and amount of calcium binding to troponin. 
The amount is regulated by the concentration of intracellular 
calcium. It is only as intracellular calcium is removed that tro-
ponin I moves back into position; thus contraction will con-
tinue until all intracellular calcium is removed.

Multiple mechanisms influence myocardial intracellular 
(cytosolic) calcium (see Figure 14-1). Extracellular calcium 
can enter through two sources: movement through (slow) 
electrogenic or voltage-gated calcium L channels embed-
ded in T-tubules, which ensures that calcium is delivered in 
close proximity to the sacroplasmic reticulum, and move-
ment though Na+-Ca2+ ATP channels, which is dependent 
on cell membrane ATPase.3,6 Cytosolic calcium flow is mod-
ulated primarily by β-adrenergic receptors; increased cyclic 
adenosine monophosphate (cAMP) activates protein kinase, 
which in turn increases calcium movement through the 
L-channels.4 Opening of slow calcium channels in response 
to depolarization causes intracellular calcium to rise rap-
idly, stimulating subsequent release from intracellular stor-
age sites (sarcoplasmic reticulum and, to a lesser degree, 
mitochondria). The contracted myocardial muscle relaxes 
as intracellular calcium concentration falls as a result of 
resequestration into the sarcoplasmic reticulum and efflux 
from the cell, both of which are energy (ATP) dependent. 
Disorders of lusitropy (i.e., disorders of diastolic relaxation) 
occur if intracellular calcium does not decrease. The velocity 
and extent of cardiac muscular contraction are regulated by 
sarcomere length.4 Length (stretch) reflects preload, or the 
transmural filling pressure. An optimal stretch maximizes 
the relationship between actin and myosin filaments, allow-
ing more Ca2+-activated cross-bridges and more forceful 
contractions. In the normal cat and dog, the upper limit of 
filling pressure in the left ventricle stretches the sarcomere 
to the length that generates peak tension during contrac-
tion. With sustained systolic overloading of the heart, how-
ever, the ideal sarcomere stretch is exceeded, cross-bridging 
decreases and myocardial contractility declines. Abnormali-
ties of the excitation–contraction coupling mechanism con-
tribute to the pathogenesis of cardiomyopathies and chronic 
hemodynamic overloading.

KEY POINT 14-5 The primary determinant of preload, or 
 ventricular filling, is blood volume. The primary determinant 
of afterload is peripheral (arterial) resistance.
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The most important factor regulating myocardial con-
tractility is stimulation of cardiac sympathetic nerves; cAMP 
serves as the secondary messenger, altering intracellular cal-
cium flux and myocardial contractility. Myocardial cAMP 
is produced by adenylyl cyclase, which in turn is regulated 
by either stimulation or inhibition of adenine or guanine 
nucleotide proteins. Many cell surface receptors interact with 
proteins that regulate adenylyl cyclase. An increase in intracel-
lular cAMP causes phosphorylation of proteins that increase 
calcium influx through the “slow” calcium channels, and the 
release, reaccumulation, and storage of calcium in the sarco-
plasmic reticulum. Cyclic AMP is degraded by several phos-
phodiesterases (PDEs) isoenzymes, each of which has been 
associated with specific pharmacodynamic actions. At least 
11 isoforms have been named. Inhibition of these enzymes 
causes the same effect as an increase in either adenylyl or gua-
nylyl cyclase and thus cAMP or cGMP, respectively (see Fig-
ure 14-1). The pharmacodynamic response varies with tissue 
site: PDE II is located in smooth muscle of the urinary blad-
der detrusor muscle; PDE III in the heart, systemic vascular 
smooth muscle, and platelets (cAMP); PDE IV in bronchial 
smooth muscle and pulmonary circulation (cAMP); PDE V in 
the smooth muscle of the corpus cavernosum, visceral smooth 
muscle, skeletal muscle, platelets, kidney, lung, cerebellum, 
and pancreas (cGMP); and PDE VI in the retina (responsible 
for transduction).

Adrenergic Receptors
The adrenergic nervous system has a major physiologic role 
in modulating normal myocardial inotropic and chronotropic 
states and the time-variable tension that develops as ventricles 
contract. Both the myocardium and peripheral vasculature are 
innervated with sympathetic nerve terminals. Under normal 
conditions norepinephrine released from nerve endings in 
the heart acts as the primary regulator. Circulating catechol-
amines released from the adrenal gland play a less important 
role in normal conditions, but their influence increases as 
myocardial failure progresses. Molecular cloning techniques 
have identified nine subclasses of receptors: alpha (α) 1 (three 
subclasses); α 2 (three subclasses); and β 1, 2, and 3.7 Adren-
ergic receptors are linked to different G protein–coupled 
receptors, which differentially influence secondary messenger 
systems (sometimes the same one). Beta receptors are linked 
to adenylyl cyclase through Gs proteins. Beta agonists regulate 
cell processes by increasing cAMP, thus influencing down-
stream effects through cAMP-dependent protein kinases (see 
the discussion of smooth muscle). In contrast, α receptors are 

linked to Gi proteins, which oppose the actions of Gs proteins, 
thus decreasing cAMP.

In the normal heart, stimulation of the sympathoadrenal 
system is the primary method by which the heart adjusts to 
transient changes in workload. The myocardium possesses 
predominantly β receptors whereas vascular smooth muscle 
is rich in α receptors. Both β receptors and α receptors are 
subdivided into two types. Beta-1 receptors predominate in 
the myocardium, increasing inotropy (strength of contrac-
tion) and chronotropy (rate of impulse generation) (see Figure 
14-1). Myocardial effects of adrenergic receptors are achieved 
through increased magnitude of the calcium current, slowed 
channel inactivation, and increased magnitude of K+ and Cl– 
repolarizing currents. Pacemaker current and thus sinus rate 
increase.5 Beta-2 receptors (and recently described β-3 recep-
tors) are also located in the heart, but their function is not 
clear. Disease affects the state of receptors. Continued stimu-
lation of adrenergic receptors, such as that which accompa-
nies diseases states (e.g., congestive heart failure) or long-term 
adrenergic therapy, results in a dampening or desensitization 
of response to receptor stimulation. Desensitization reflects 
internalization and destruction of cell surface receptors. For 
example, β-1 receptors decrease up to 75% (β-2 receptors are 
spared) in human patients with congestive heart failure, lead-
ing to a compensatory increase in sympathetic signal outflow, 
which likely contributes to the pathophysiology (see the dis-
cussion of myocardial remodeling).7 The function of myocar-
dial β-3 receptors is not clear, but they may provide feedback 
inhibition of contractility; an imbalance in myocardial disease 
may contribute to the pathophysiology of myocardial disease.8

In vascular smooth muscle, α-2 receptors mediate vasodila-
tion (Figure 14-3). Most α activity in the cardiovascular system 
is mediated by way of α-1 receptors. Effects include contrac-
tion of vascular (and nonvascular) smooth muscle. A-2 recep-
tors inhibit neurotransmitter release but also mediate vascular 
contraction (as do α-1 receptors). Subtypes 1 and 2 of either α 
or β receptors can be selectively pharmacologically stimulated 
(agonists) or inhibited (antagonists) to manage cardiovascular 
disease.

Smooth Muscle of the Vasculature
Myocardial oxygen demand is directly related to heart rate, 
myocardial wall tension, and the inotropic state of the myo-
cardium.3,9 Myocardial wall tension is determined by the 
size (diameter) of the ventricle and intraventricular pressure. 
Thus tension is affected by preload (end-diastolic volume 
and stretch) and afterload (aortic blood pressure). Drugs that 
decrease systemic arterial pressure through dilation of arte-
rioles decrease left ventricular afterload. Following the path 
of least resistance, a larger volume of blood will be ejected 
from the ventricular chamber into systemic circulation, thus 

KEY POINT 14-8 Norepinephrine from local nerve endings 
is the primary regulator of the heart under normal circum-
stances, but circulating catecholamines (e.g., epinephrine) 
predominate with myocardial failure.

KEY POINT 14-6 Both cardiac contraction—mediated by 
intracellular release of calcium—and cardiac relaxation– 
mediated by reuptake of intracellular calcium—increase 
myocardial energy and thus oxygen demands.

KEY POINT 14-7 The most important factor regulating myo-
cardial contractility is stimulation of cardiac sympathetic 
nerves.
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diverting blood from the pulmonary vasculature. Left ventric-
ular filling (preload) and thus myocardial wall size and tension 
will decrease, as will myocardial oxygen demand. An advan-
tage of preload or afterload is that the decrease in cardiac work 
occurs without affecting myocardial contraction.

The excitation–contraction coupling in vascular smooth 
muscle depends on calcium influx, which enters the cell 
through either voltage-sensitive (electrogenic) signals asso-
ciated with depolarization or, more commonly, through 
receptor-operated Ca2+ channels. Intracellular calcium also 
is released from the sarcoplasmic reticulum in response to 
membrane phosphatidylinositol hydrolysis and formation of 
the secondary messenger inositol triphosphate.2 Intracellular 
calcium interacts with calmodulin, activating myosin light-
chain kinase (MLCK) to phosphorylate myosin light chain. 
Cross-bridging between myosin and actin causes smooth 
muscle to contract. Cyclic AMP decreases both MLCK and 
intracellular calcium, causing relaxation of vascular smooth 
muscle. As with cAMP, the secondary intracellular mes-
senger cGMP causes vascular smooth muscle relaxation, 
although the mechanism is different (see Figures 14-1 and 

14-3). Endothelium-derived relaxing factor (EDRF; chemi-
cally related to nitric oxide) and endothelium-derived con-
stricting factor (EDCF) are among the vasoactive substances 
released by the endothelial cell that control the hemodynamics 
of the cardiovascular system. Intracellular response to EDRF 
(or nitric oxide) is probably signaled by cGMP. Other media-
tors of vascular smooth muscle response include, but are not 
limited to, prostacyclin, histamine, and acetylcholine. Media-
tors released from the endothelial cell generally act locally on 
vascular smooth muscle (Figure 14-4); an exception might 
include mediators released from the pulmonary vasculature, 
which may be sufficient to modulate a systemic response.

Systolic and diastolic pressures are, respectively, the upper 
and lower limits of the oscillations around mean arterial pres-
sure. The mean arterial pressure is the arterial pressure over 
time and is defined as the diastolic pressure plus one third of 
the pulse pressure. Arterial blood pressure is the product of 
cardiac output (determined by stroke volume and heart rate) 
and total peripheral resistance. Total peripheral resistance is 
the sum of resistance in all vascular beds. It is also affeccted 
by aortic impedance (resistance to flow) and diastolic arterial 
pressure, which in turn is determined by the sympathetic ner-
vous system, the renin–angiotensin–aldosterone system and 
arginine vasopressin system, vascular (extracellular fluid) vol-
ume, and aldosterone or other volume active hormones.43
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Figure 14–3 Contraction of vascular smooth muscle (vasoconstriction) reflects an influx of calcium, although mechanisms may 
differ from those in the myocardial cell. Calcium influx occurs through receptor-mediated channels or, less commonly, voltage-
gated channels. Intracellular calcium combines with calmodulin. Myosin light-chain kinase (MLCK) is activated, and myosin light 
chain is phosphorylated (Myosin-P), promoting the interaction between myosin and actin. Cyclic adenosine monophosphate 
(cAMP) appears to stimulate sequestration and efflux of intracellular calcium and through cAMP protein kinase (cAMP-PK) 
decreases MLCK, causing vascular smooth muscle to relax (an action opposite to that in the myocardial muscle cell). Cyclic 
guanosine monophosphate (cGMP) also causes relaxation, probably through nitric oxide–mediated mechanisms. Intracellular 
calcium also can be released from the sarcoplasmic reticulum after hydrolysis of membrane phosphatidylinositol (PIP2) and sub-
sequent formation of the secondary messenger inositol triphosphate (IP3). ATP, Adenosine triphosphate; DAG, diacylglycerol; 
GTP, guanosine triphosphate; PDE, phosphodiesterase; PLC, phospholipase C.

KEY POINT 14-9 A number of mediators act to cause arterial 
constriction and thus increase peripheral resistance.
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The Renin–Angiotensin–Aldosterone System
The renin–angiotensin–aldosterone system (RAAS) plays 
an important role in regulating blood volume, arterial pres-
sure, and cardiac and vascular function (Figure 14-5).10 An 
additional but critically important role in cardiac repair and 
remodeling has recently emerged. RAAS regulation of arte-
rial pressure is accomplished through constriction of resis-
tance vessels, mediated by several mechanisms. Included are 
direct stimulation of AGII receptors and indirect stimula-
tion through facilitation of norepinephrine. Vasopressin also 
is a potent mediator of peripheral vasoconstriction by way 
of V-1 receptors. Its increase reflects either increased release 
from sympathetic nerve terminal endings or decreased 
reuptake.11

Other neurohumoral–endocrine mediators of RAAS are 
produced by a number of organs, resulting in both local and 
systemic responses. Contributing organs include the kid-
ney, brain, heart, vasculature, adipose tissue, gonads, pla-
centa, and pancreas. In the kidney, renin is produced in the 
juxtaglomerular cells, and angiotensinogen in the proximal 
tubular cells. The majority of the effects of RAAS reflect its 
most potent mediator, angiotensin II (AGII), which in turn 
is dependent on renin. Renal renin release is stimulated by 
hypotension, decreased sodium delivery to the distal tubules, 
or direct stimulation of β-1 adrenergic receptors. Renin cata-
lyzes proteolytic cleavage of circulating angiotensinogen to the 
decapeptide, angiotensin I. Angiotensin I is then converted to 
AGII by angiotensin-converting enzyme (ACE), located in 
vascular endothelium with the majority of systemic release 
coming from the lungs. AGII is further degraded by angioten-
sinoginases located in red blood cells AG III and IV.

ACE is a kinase II metallopeptidase enzyme bound to 
the membrane of a variety of cells, but particularly endothe-
lium, epithelium, neuroepithelium, and brain cells.12 Organs 
respond to both systemic and local renin, with local response 
influenced by local concentrations of ACE and angiotensin 
receptors. Concentrations of ACE differ among tissues, with 
that in the renal tubular brush border the greatest (300- and 
10-fold higher than the left ventricle and lung, respectively). 
Thus, although the kidney is the most important site of renin 
release, it also is a target of the RAAS, responding to both sys-
temic and urinary renin. Renal AGII concentrations exceed 
circulating AGII more than 1000-fold, causing renal vasocon-
striction and sodium retention. Degradation of AGII yields 
angiotensin III (AgIII), which has 40% of the pressor and 
100% of the aldosterone effects of AGII.

Through AGII, RAAS modulates responses to low sodium 
intake and provides for long-term control of renal function, 
body fluid volumes, and arterial pressure. In the healthy canine 
kidney, response to AGII results in increase in both preglo-
merular and postglomerular vascular resistance, although the 
predominant effect is on the efferent rather than afferent arte-
riole. Renal blood flow consequently decreases, but glomerular 
capillary pressure increases.12 AGII regulates body fluid con-
tent by directly stimulating thirst centers in the brain; adrenal 
release of aldosterone, which mediates increased renal sodium 
and fluid retention; and posterior pituitary release of vasopres-
sin (antidiuretic hormone, ADH), a component of the argi-
nine vasopressin system (AVP). Vasopressin increases renal 
fluid retention through V2 receptors in renal tubular cells. 
In addition to its vascular effects, AGII released from endo-
thelial cells also facilitates cardiac hypertrophy and vascular 
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Figure 14-4 Vasoactive mediators responsible for vasodilation (e.g., prostacyclin, histamine, acetylcholine) stimulate nitric oxide 
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hypertrophy. Notably, production of inflammatory cytokines 
is increased from both normal and abnormal (damaged) myo-
cardial tissue, contributing to the negative sequelae of cardiac 
remodeling.13 AGII is prothrombotic and may induce cardiac 
muscle hypertrophy.

Renal vascular response to AGII is mediated by AGII 
receptors (ARs), a transmembrane G-coupled protein receptor 
consisting of several subtypes that vary in location, numbers, 

affinity for AGII, and secondary messenger systems. The most 
well known of the subtypes, AR-1, preferentially binds AGII 
and AGIII, mediating the classic angiotensin RAAS responses 
on blood pressure and water and electrolyte balance. Included 
are water, sodium intake, renal sodium retention, secretion of 
vasopressin and aldosterone, and cell growth/proliferation. In 
addition to AR-1, AR-2 receptors also bind AII and AIII.14-

16 However, AR-2 receptor density is greatest in the brain, 
including areas involved with fluid and electrolyte regula-
tion and balance, arterial pressure, cognition, behavior, and 
locomotion. Concentrations of AR-2 also are high in steroid-
producing glands, including the adrenal glands and ovaries.16 
Because of the central location of AR-2, AGII and AGIII can 
modulate many body functions and responses. Expression of 
AR-2 is particularly high during fetal development, but it per-
sists in the adult brain, supporting a role in neuronal function. 
In the brain, AR-2 appears to oppose the traditional RAAS 
effects of AR-1 on drinking behavior and vasopressin secre-
tion. Other effects mediated by AR-2 receptors are regulation 
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Figure 14-5 Neuroendocrine responses to decreased peripheral perfusion associated with the failing left ventricle may initially 
result in increased contractility, increased cardiac output, and increased tissue perfusion. Systems activated include the sym-
pathetic adrenergic system, the renin–angiotensin–aldosterone system, and the arginine vasopressin system. Compensatory 
mechanisms, however, lead to increased afterload (adrenergic stimulation, angiotensin release) and increased preload (aldoste-
rone, release of vasopressin), both of which may detrimentally increase the workload on the failing heart. Mediators signaling 
these responses contribute to myocardial remodeling (indicated by asterisk*), leading to progressive myocardial failure.  Thera-
peutic approaches that target these mediators (shaded boxes) are intended to not only alter the negative sequlae of increase 
preload, afterload and cardiac response, but also remodeling. ACE, Angiotensin-converting enzyme; dashed line, inhibited.

KEY POINT 14-10 The effect of the renin–angiotensin–
aldosterone system is complex. It comprises both systemic 
as well as local systems, multiple receptors and mediators, 
and complex receptor–mediator interactions.

KEY POINT 14-11 Ultimately, the negative sequelae of 
compensation contribute to the progression of myocardial 
disease and failure
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of cell proliferation, apoptosis, and cellular differentiation.16 
Again, AR-2 appears to attenuate AR-1 mediated apoptosis, 
pressor, and chronotropic effects. Like AR-1 receptors, several 
secondary systems appear to signal AR-2 effects, including the 
mitogen-activated protein kinase (MAPK) and nitric oxide/
cGMP pathways.16

Regulation of RAAS effects through angiotensin receptors 
is complex, possibly involving feedback inhibition pathways, 
responses that vary with duration of exposure, and systems that 
may oppose one another. Likewise, pharmacologic manage-
ment of heart disease through manipulation of AR receptors 
may be complex.15 Disease is likely to contribute to variability 
in response to AGII and its modulating drugs. For example, 
in the failing heart the expression of AR-1 decreases, whereas 
that of AR-2 does not change or increases. Both receptors are 
associated with effects that initially, in moderation, might 
benefit the patient, but with progression become detrimental. 
Not surprisingly, a link has been described between AR and 
β-adrenergic receptors. Both AR-1 and β receptors interact 
with G proteins, with AR-1 through activation of phospholi-
pase C and β-receptors through activation of adenylyl cyclase. 
Diamerization of the two receptors has been described in vitro 
and occurs in vivo.17 This integration will further complicate 
pharmacologic manipulation.

Among the mediators stimulated by AGII are vascular 
endothelial production of nitric oxide and endothelin (ET-
1), both of which contribute to regulation of renin release. 
Nitric oxide appears to oppose, whereas endothelin appears 
to reinforce, the vascular effects of AGII. Endothelins are 
peptide vasoconstrictors released from endothelial cells; 
three have thus far been identified: ETs 1 through 3. Endo-
thelins exert their effects through a number of endothelin 
receptors (ET) including ET-A, associated with vasocon-
striction and vascular smooth muscle proliferation, and 
ET-B, which promotes both constriction and dilation, clear-
ance of endothelin, and production of endothelial cell pros-
tacyclin and nitric oxide. Endothelin receptor antagonists 
have facilitated understanding of the role of endothelins in 
vascular regulation and ultimately may offer a mechanism of 
pharmacologic manipulation. Endothelin is the most potent 
vasoconstrictor known. In addition to direct vascular effects, 
endothelin modulates plasma concentrations of both atrial 
natriuretic factor (ANF), arginine vasopressin (AVP), and 
aldosterone. Additionally, endothelin contributes to vascu-
lar remodeling.

Mechanisms other than ACE modulate formation of AGII. 
Opposing effects of ACE are regulated in part by AR, but other 
body systems also modulate the influence of ACE. For exam-
ple, ACE also inhibits breakdown of bradykinin. Bradykinin 
consequently increases, resulting in vasodilation and naturie-
sis.18 The vasodilatory effects of bradykinin are mediated in 
the vascular endothelium through arachidonic acid deriva-
tives, nitric oxide, and endothelium-derived hyperpolarizing 
factor in the vascular endothelium. The mechanism of natri-
uresis is not clear.12 Bradykinin also has beneficial effects on 
cardiac remodeling, which helps oppose the negative sequelae 
of AGII.

The Role of Nitric Oxide
For decades, researchers have attempted to identify a factor 
released from endothelial cells, referred to as EDRF, which is 
responsible for mediating a number of stimuli causing vaso-
dilation. Ultimately, nitric oxide (NO) was recognized to be 
the smallest and most basic mediator of vascular response.19 
Released as a gas (and thus often mistaken for nitrous oxide 
[N2O], or “laughing gas”), it is synthesized in response to NO 
synthetase (NOS) enzymes from L-arginine and oxygen or by 
sequential reduction of inorganic nitrate (see Figure 14-4). 
However, as a free radical, NO is very reactive and unstable 
and interacts with oxygen on exposure to air to form the 
pollutant nitrogen dioxide (NO2). Two major classes and 
three isoforms of NOS have been identified.19-21 Constitu-
tive NOS (cNOS or NOS-1) is continuously produced and 
includes two isoforms synthesized either by vascular endo-
thelial cells (eNOS) or neurons (nNOS). Constitutive NOS, 
which is calcium dependent, tends to mediate cell responses 
through cellular receptors. Responses of cNOS include that 
mediated by vascular mediators such as acetylcholine, nor-
epinephrine, histamine, and substance P. Not surprisingly, 
response is rapid. Inducible NOS (iNOS or NOS-2) is pro-
duced as needed by inflammatory cells (e.g., macrophages, 
neutrophils, and Kuppfer cells), generally after exposure 
to cytokines (e.g., tumor necrosis factor or interleukins) or 
bacterial lipopolysaccharides. Production of NO from iNOS 
requires new protein synthesis and is characterized by a delay 
of several (2 to 4) hours.

Regardless of origin, NO causes its effect by diffusing 
across cellular membranes to intracellular targets. Cytosolic 
cGMP is the major intracellular messenger (see Figure 14-4) 
causing physiologic response to NO. Responses include dila-
tion of blood vessels, inhibition of thrombogenesis, cyto-
toxic responses, and neuronal signaling. However, because 
NO contains an unpaired electron in its outer orbit, it is a 
free radical. As such, it can contribute to the formation of 
other radicals while simultaneously scavenging oxygen radi-
cals. The half-life of NO is so short that studies involving NO 
generally are based on its oxidation end products nitrates 
and nitrites.20 However, despite its very short half-life, NO 
has many important and complex actions in the body. Under 
basal conditions, peripheral vasoconstriction is locally 
relieved by intermittent cNOS-induced NO in response 
to sheer stress and endothelial cell receptor stimulation. 
Inflammation and immune signals also induce NO release 
by way of iNOS. NO inhibits platelet aggregation and adhe-
sion, contributing to antithrombogenic mechanisms in the 
vascular endothelium. NO may ameliorate the detrimental 
effects of norepinephrine on the growth of cardiac myocytes 
and fibroblasts, suggesting that increased NO bioavailabil-
ity may prevent or reverse remodeling in patients that have 
experienced heart failure.22 Modulation of inflammation 
varies, however, with cell type and the source of NO pro-
duction (i.e., iNOS versus cNOS). Although targeting NO 
production through drug therapy may appear to be a reason-
able approach to the treatment of a variety of cardiovascular 
disorders, the complex nature of its release and the events 
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leading to its release currently preclude predictable and safe 
modulation. It is likely, however, that selective modulation of 
NO ultimately will provide a therapeutic approach to many 
disorders.

PATHOPHYSIOLOGY OF CARDIAC 
DISEASE AS IT RELATES TO DRUG 
THERAPY: CONGESTIVE HEART FAILURE

Neural–Humoral–Endocrine Compensatory 
Mechanisms in the Myocardium and Vasculature
Congestive heart failure (CHF) refers to the inability of the heart 
to deliver blood necessary to meet the metabolic demands of 
body tissues. Backward failure is the most common form, 
reflecting increased end diastolic pressure and atrial pressures. 
Venous and capillary pressures increase to the point that fluid 
transudates into interstitial tissues, resulting in the clinical 
manifestations that result from heart failure, including (left 
sided) pulmonary and circulatory edema or (right-sided) asci-
tes. Patients generally are hypervolemic and thus are referred 
to as “wet.” Less commonly, forward failure reflects decreased 
cardiac output and poor periperhal perfusion (“cold”) result-
ing in exercise intolerance or cool extremities. Backward fail-
ure ultimately may lead to forward failure.

Mechanisms that compensate for loss of contractility or 
abnormal loading on the heart initially maintain cardiac out-
put in the normal range either at rest or with limited exercise. 
Clinical signs of disease may not be evident (preclinical stage). 
However, the negative sequelae of compensation ultimately 
contribute to the progression of myocardial disease and fail-
ure. Decompensation occurs when cardiac output is no lon-
ger sufficient to support circulation despite compensatory 
mechanisms

Regardless of the cause of cardiac failure, decreased blood 
pressure and compromised organ perfusion initiate complex 
interactive compensatory responses of the neural, hormonal, 
and endocrine systems.11,23 Neuroendocrine changes reflect 
“fight or flight” stimuli, affecting blood pressure and fluid 
volume (see Figure 14-5). Baroreceptors and the vasomotor 
center interact with the sympathetic and parasympathetic sys-
tems to increase heart rate, myocardial contractility, and blood 
pressure and to activate the RAAS. Although cardiac output 
may increase, the responses contribute to fluid accumulation 
and myocardial remodeling, which ultimately lead to irrevers-
ible myocardial failure.

The kidney directs responses designed to increase arterial 
blood volume in response to poor renal perfusion accompa-
nying the failing heart. Renal compensatory mechanisms are 
mediated by RAAS in the juxtaglomerular apparatus. Renal 
glomerular arterioles are exquisitely sensitive to catechol-
amines; their reflex vasoconstriction exacerbates diversion 
of blood flow from the glomerulus. However, renal arteriolar 
underperfusion coupled with adrenergic stimulation causes 
the release of renin in pressure-volume–sensitive receptors of 
the afferent arterioles. In response to decreased renal plasma 
flow and glomerular filtration rate (GFR), the filtration fraction 

increases, normalizing renal excretory function. Proximal 
tubular function is maintained (and possibly enhanced) such 
that a greater percentage of sodium and water is reabsorbed 
from the filtrate. Decreased sodium in the filtrate causes fur-
ther renin release. Fluid retention initiated by these changes 
increases ventricular filling. Actin and myosin interaction are 
optimized with myocardial cell stretching (sarcomere length–
active tension relationship or Frank–Starling phenomenon), 
leading to improved contractility. Stroke volume and cardiac 
output increase, as does cardiac work. Effective restoration of 
blood volume and ventricular filling will improve renal perfu-
sion but at a new equilibrium characterized by increased ven-
tricular filling pressures and intravascular and interstitial fluid 
volumes.

Myocardial disease is accompanied by changes in con-
centrations of components of the RAAS. For example, AGII 
increases twofold to threefold in the left ventricle and kidneys 
and tenfold in plasma. Because AGII is produced by mecha-
nisms other than ACE (e.g., chymase), the impact of ACE 
inhibitors on resolution of increased AGII is variable among 
tissues. Inhibitors of ACE may vary in their relative impact on 
efferent or afferent arterioles; the impact may also vary within 
renal zones.

Other systems influenced by RAAS also change in the dis-
eased heart. ANF and atrial natriuretic peptide (ANP, or atrio-
peptin) production by atrial myocytes is stimulated by atrial 
stretch in the heart and a number of other signals (adrenergic 
stimulation, AGII, endothelin, increased sodium) associated 
with congestive heart failure. Brain natriuretic factor, although 
originally identified in brain tissue, is secreted by ventricular 
myocytes and interacts with ANF receptors, causing simi-
lar effects. The effects of ANF are mediated by at least three 
receptors (NPRA1-3 or A-C), two (NPRA 1 and 2) of which 
are linked to cGMP and the third to G-protein. ANF inhibits 
AVP activated by RAAS. Renal response to ANF includes dila-
tion of the afferent glomerular arteriole, renal sodium wast-
ing, and decreased renin secretion; aldosterone secretion from 
the adrenal gland also decreases. Vascular smooth muscle is 
relaxed. As such, normally, ANF induces natriuresis, diuresis, 
and vasodilation, inhibits renin and aldosterone secretion, and 
appears to attenuate vasoconstriction. . Interestingly, ANF also 
influences adipose tissue, causing, among other things, release 
of amino acids. Although plasma concentrations of ANF are 
increased in heart failure, response is blunted for reasons that 
are not clear. Diagnostically, detection of ANF has been used 
to differentially diagnose acute dyspnea. e.g., that associated 
with pulmonary edema.

Circulating ET-1 increases in both plasma and the left 
ventricle in response to a number of signals, including nor-
epinephrine, AVP, and interleukin-1. Increases parallel the 
progression of myocardial injury and correlate with increased 
pulmonary arterial pressures. ET-1 may play a role in the 
pathophysiology of pulmonary hypertension of heart failure 
in humans.24

Heart failure not only is the result of dysfunction of the 
RAAS but also reflects several abnormalities of the sec-
ond major compensatory system, the adrenergic nervous 
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system.17,25,26 Indeed, the two systems appear to influence each 
other, affecting both the heart and peripheral vasculature. Loss 
of myocardial contractile support is partially compensated for 
by increases in plasma catecholamines released from the adre-
nal gland; autonomic imbalance occurs as the parasympathetic 
system fails to “check” adrenergic response. This may reflect 
the reduced sensitivity of baroreceptors.26 The failing heart 
becomes increasingly dependent on circulating, rather than 
local catecholamines. In the failing heart, maximum contrac-
tile and heart rate response are decreased for several reasons. 
In the later stages of failure, myocardial response to sympa-
thetic nerve stimulation is blunted as a result of decreased 
synthesis, storage, and release of myocardial norepinephrine. 
Beta-1 receptors decrease and inhibitory guanine nucleotide–
binding proteins (Gi) increase.27 Sustained adrenergic signal-
ing associated with myocardial injury causes downregulation 
of β-1 receptors and uncoupling of both β-1 and β-2 receptors 
from G proteins. Because β receptors are diamerized with AR, 
AR-1 decreases in concert with β receptors.17

As the heart fails, α-adrenergic–mediated vasoconstric-
tion in response to circulating catecholamines causes regional 
peripheral vasoconstriction, ensuring preservation of arte-
rial blood pressure. Differential vasoconstriction among the 
vascular beds causes blood flow to be redistributed to organs 
with the highest metabolic requirements (i.e., brain, heart, 
and active skeletal muscles). Accordingly, renal blood flow is 
restricted, resulting in activation of the RAAS. Autoregulation 
of intrarenal blood flow (e.g., efferent renal arteriolar constric-
tion) helps maintain glomerular filtration despite systemic 
redistribution. Venoconstriction and fluid retention increase 
preload, providing some compensation for decreased cardiac 
output.

Although the goal of compensatory mechanisms is to 
increase cardiac output, eventually the secondary sequelae 
prove detrimental and both diastolic and systolic cardiac dys-
functions emerge. In the peripheral vasculature, vasoconstric-
tion mediated by AGII, circulating catecholamines, AVP, and 
ET-1 results in persistent and significant increased systemic 
vascular resistance. Mechanical vascular stiffness, reflecting 
intramural sodium and water content, worsens resistance. 
The vasculature, particularly in skeletal muscle, can no lon-
ger autoregulate. Increased resistance tends to raise (main-
tain) blood pressure and organ perfusion, but at a cost: the 
marked increase in cardiac afterload causes a proportion-
ate decrease in stroke volume. The heart must work harder, 
using more oxygen to affect the same cardiac output. Because 
stroke volume is less, the end-diastolic volume (preload) in 
the heart is greater, increasing myocardial wall tension. Myo-
cardial diastolic relaxation, necessary for myocardial perfu-
sion, is impaired. Increasing myocardial oxygen and energy 

needs cannot be met as myocardial perfusion decreases. Thus 
increased peripheral resistance represents a vicious cycle as it 
worsens the failing heart. Abnormal relaxation during dias-
tole also has been associated with direct changes in the myo-
cardial cell. These include abnormal sarcoplasmic reticulum 
regulation of intracellular Ca2+ and decreased density of Ca2+-
ATPase.27 Drugs that increase cAMP thus may influence either 
contractility (inotropy) or diastolic relaxation (lusitropy).

Negative Sequelae of Myocardial Remodeling
In the last decade, as more data regarding the role of RAAS 
and related systems in the progression of myocardial failure 
have emerged, therapies have been designed to minimize the 
negative sequelae of compensatory mechanisms. Accordingly, 
the traditional goals of therapy have been to lower venous 
pressure (diuretics), decrease afterload on the failing heart 
(vasodilators), decrease heart rate (e.g., β blockers, calcium 
channel blockers [CCBs], or digoxin), and increase myocardial 
contractility (positive inotropes).28 However, the traditional 
view of CHF as a hemodynamic syndrome characterized by 
fluid retention, high venous pressure, and low cardiac output 
has been modified over the last decade. This change reflects 
a response to a number of unanticipated findings in reviews 
of clinical trials testing traditional therapies targeting neuro-
humoral responses in humans. Notably, clinical trials failed 
to demonstrate long-term survival with traditional therapies. 
Further, drugs that initially caused a favorable response often 
shortened, rather than lengthened, survival time. For exam-
ple, vasodilators such as α-adrenergic blockers, short-acting 
L-type CCBs, inoxidil, prostacyclin, and phosphodiesterase 
inhibitors failed to prolong survival despite effective afterload 
reduction. Inotropic agents increased contractility by increas-
ing cAMP but shortened long-term survival as cardiac energy 
needs and arrhythmias increased. Increased calcium flux 
associated with their use may also have contributed to dia-
stolic dysfunction.28 In concert with these findings, selected 
drugs that initially worsened clinical signs (e.g., β-adrenergic 
drugs) were associated with improved long-term survival. 
Finally, several classes of drugs were associated with improved 
survival through mechanisms other than that expected on 
the basis of their known pharmacologic effects. For example, 
selected diuretics (e.g., spironolactone) and drugs active in the 
RAAS, including ACE inhibitors and angiotensin II–recep-
tor blockers, appeared to slow myocardial deterioration and 
remodeling.28-30

The findings of the clinical trials reoriented investigators 
to the potential impact of disease and drug therapies on myo-
cardial deterioration, progressive remodeling, and maladap-
tive hypertrophy. For example, worsening of disease despite 
effective afterload reduction appears to have reflected, in 
part, increased release of neurohumoral mediators (norepi-
nephrine, AGII, and endothelin), stimulating further prolif-
eration and remodeling. Inhibition of inappropriate mediators 
through drugs such as β blockers may decrease maladap-
tive myocardial proliferation, and progressive dilation of the 
heart was proposed as a mechanism.28 The impact of remod-
eling and its prevention on the progression of CHF is now a 

KEY POINT 14-12 Heart failure is the result of integrated 
altered functions of the renin–angiotensin–aldosterone sys-
tem; the adrenergic nervous system; and their integrated 
influences on afterload, preload, heart rate, and myocardial 
remodeling.
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well-recognized target of therapy. The extent of progressive 
remodeling is associated with clinical outcome, and the key 
to improved survival for CHF that has emerged as a result of 
these findings is the blunting of the progressive deterioration, 
remodeling, and proliferation associated with disease.28

Remodeling reflects a number of cellular and biochemi-
cal activities that lead to myocardial hypertrophy, fibrosis, 
altered excitation–contraction coupling, apoptosis, altered 
cellular metabolism, and discordant electrophysiologic 
responses. The negative sequelae of remodeling include 
altered ventricular myocardial wall and chamber dimensions 
and altered geometry. Although myocyte hypertrophy does 
not appear to be associated with negative sequelae in the fail-
ing heart,31 the responses also include maladaptive prolifera-
tion and chronic dilation, leading to eccentric hypertrophy. 
Myocardial cell life span is shortened, initiating a vicious 
cycle of myocardial cell death, increased load on surviving 
myocytes, and compensatory proliferation. Consequently, 
myocardial cell death and remodeling and dilation increase. 
Elongation of cardiac myocytes increases cardiac chamber 
size but also increases individual myocyte tension, further 
stimulating  hypertrophy.24 Several mediators recognized for 
their neurohumoral compensatory responses contribute to 
cardiac remodeling, offering a target of therapy. In particu-
lar, AG II contributes to several aspects of cardiac remod-
eling through AG II type 1 (AT1) receptors.32 Fibroblast 
gene expression increases, leading to increased density and 
proliferation, and myocyte hypertrophy.31 Aldosterone acti-
vates several genes responsible for synthesis of myocardial 
extracellular matrix.33 The myocardium appears to include a 
local RAAS regulated in part by AG II that supports cardiac 
fibrosis; the more severe the failure, the more aldosterone 
is activated, with local activation occurring independently 
of systemic effects.34 Underlying proliferation and remod-
eling is inflammation; both are associated with increased 
gene expressions of proinflammatory cytokines.35 Inflam-
matory cytokines, NO, and reactive oxygen species act as 
negative inotropes, contributing to cardiac remodeling.35 
NO also impairs mechanical myocardial function by increas-
ing intracellular cGMP, reducing calcium current and desen-
sitizing myofilaments. NO has both negative inotropic and 
chronotropic effects on the heart and has been associated 
with myocardial necrosis.24 Free radicals also decrease cal-
cium sensitivity and calcium accumulation in the sarcoplas-
mic reticulum.36 Calcium sensitization is further reduced 
by pathologic conditions such as acidosis or hypoxia. These 
changes determine the long-term prognosis in patients with 
heart failure.28 In the heart damaged by myocardial infarc-
tion, proinflammatory cytokines (e.g., tumor necrosis factor 
[TNF]-α, IL-1b, and others) stimulate cardiac fibroblasts to 
alter the extracellular matrix (ECM), primarily through AGII 
and AR-1 receptors. Plasma TNF-α has been positively cor-
related with the severity of CHF in humans and is increased 
in dogs and cats with heart failure.24 Eventually, damaged 
and normal tissue is replaced with scar tissue that main-
tains structural integrity but limits chamber size. Remod-
eling involves production of structural proteins, including 

fibronectin, collagens (Col) I and III, tissue inhibitors of 
matrix metalloproteinases (TMPs) and “secondary” growth 
factors. Apoptosis may contribute to progressive left ventric-
ular dysfunction, as is supported by increased plasma apop-
tosis–signaling surface receptors that trigger programmed 
cell death in patients with heart failure.24 Angiotensin recep-
tor density also increases in area macrophages.37

As the understanding of the pathophysiology of CHF 
has advanced, the tools with which disease and response to 
therapy can be monitored also will advance. Preferred bio-
markers have been circulating molecules associated with 
neurohumoral responses to the failing heart, such as endo-
thelin, natriuretic peptides, AGII, and endothelin or markers 
of myocardial damage (e.g., creatine kinase isoenzymes and 
troponins). Increased cardiac troponin (I or T) has emerged 
as the preferred gold-standard marker for acute events involv-
ing the myocardium, whereas increased B-type natriuretic 
peptide may be preferred for identification of cardiac diseases 
as a cause of dyspnea. Boswood38 has addressed the status of 
biomarkers in feline and canine cardiac disease.

Management should attempt to correct maladaptive 
responses in cardiovascular function and inflammatory and 
proliferative responses (Tables 14-2 and 14-3). Functional 
changes reflect short-term hemodynamic neurohumoral 
responses initiated by the endocrine system that are intended 
to improve cardiac performance, vascular tone, and salt and 
water excretion. As such, traditional approaches to treatment 
of congestive heart failure have included drugs that decrease 
preload (e.g., diuretics), afterload (e.g, ACE inhibitors), and 
heart rate (e.g., beta-blockers). However, drugs that slow the 
progression of myocardial disease by virtue of their effects on 
myocardial inflammation, remodeling, necrosis, or apoptosis 
represent the newest group of drugs used to treat the failing 
heart. Selected drugs (including those in current use) that 
improve hemodynamic effects by blocking neurohumoral 
stimuli may prove most beneficial because of their simultane-
ous inhibition of proliferative stimuli. Accordingly, attempts 
should be made to select those drugs in each category with 
demonstrable muting of myocardial remodeling.

VASODILATOR THERAPY

Vasodilator drugs can be categorized according to the type 
of vessels that they dilate: arterioles (i.e., resistance vessels: 
arterial dilators), veins (i.e., capacitance vessels: venodila-
tors), or both. All three types of vasodilators can be useful in 
the patient with CHF. Arterial vasodilators target resistance 
vessels, relieving vasoconstriction that accompanies CHF 
or primary hypertension. Normally, vasoconstriction main-
tains systemic pressure in the normal range of 100 to 110 mm 
Hg. However, the critical organs (i.e., the brain, kidneys, and 

KEY POINT 14-13 Several mediators recognized for their neu-
rohumoral compensatory responses contribute to cardiac 
remodeling, with angiotensin and its subsequent influences 
playing a major role.
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heart) are effectively perfused at pressures 20 to 30 mm Hg 
less than normal. This “reserve” allows arterial dilating agents 
to decrease systemic blood pressure and cardiac afterload 
without compromising critical organ blood flow. As periph-
eral resistance decreases, in the patient with CHF, stroke 
volume increases. In the presence of mitral insufficiency, 
the regurgitant fraction that enters the pulmonary circula-
tion and reenters the heart is reduced. Finally, with reduc-
tion in volume overload, the end-diastolic volume of the left 
ventricle is reduced, wall tension is reduced, and myocardial 
perfusion increases. Venodilators increase the volume of the 
capacitance vessels, also reducing preload to the right, and 
subsequently left, ventricle. Preload reducers may also relieve 
some pulmonary vascular congestion. Potential negative ino-
tropic effects of peripherally acting drugs tend to be masked 
by baroreceptor-mediated increase in sympathetic tone2 in 
the normal animal.

Arterial Vasodilators
In the 1980s the role of increased resistance in cardiac fail-
ure became a focus of therapy. Drugs that decrease periph-
eral resistance do so by dilating arterial or resistance vessels. 
The inclusion of peripheral vasodilators in the armament of 
treatment for CHF, particularly in its early stages, has proved 
useful in reducing the dependency on digitalis for long-term 
treatment. However, their efficacy as venodilators increas-
ingly is being challenged. Those drugs whose mechanisms 
also contribute to the inhibition of neurohumoral endocrine 
compensatory responses are more likely to address both the 

Table 14-2  Timing of Cardioactive Drug Use
Stage Drug or Drug  

Class
Target Effect Asymptomatic SYMPTOMATIC

Mild Moderate Severe
No arrhythmias Arrhythmias

Ventricular Atrial
II B2 ACE Inhibitor Peripheral vasoconstriction 

(Increased afterload)
+ + + + + +

Remodeling
II B2 Beta blocker Remodeling + + + + + +
III B2 C Spironolactone Edema (volume overload) + + + + +

Remodeling
III B2 D Furosemide Edema (volume  

overload)
+ + + +

III B2 D Beta blockers Supraventricular  
tachycardias

+* +

Ventricular tachycardias
III B2 D Digoxin Supraventricular  

tachycardias
+

Pimobendan Decreased contractility  
(systolic failure)

+ + +

Increased afterload,  
preload

IV D Hydralazine Peripheral vasoconstriction 
(increased afterload)

+ + + +

IV D Amlodipine Peripheral vasoconstriction 
(increased afterload)

+ + +

IV Amiodarone Arrhythmias + +
Diastolic failure

IV D1 Nitroprusside Peripheral vasoconstriction 
and volume overload

+ + +

IV Dobutamine Decreased contractility +

*Consensus could not be reached regarding the early use of beta-blockers for myocardial protection.
+= indicated for use. The New York Heart Association and International Small Animal Cardiac Health council provides a functional classification of  CHF: Class I (asymptomatic);  
II (clinical signs with strenouous exercise); III (clinical signs with routine daily activities or mild exercise), and IV ( severe clinical signs at rest). The American College of Veterinary Internal 
Medicine has promulgated a complementing classification system for CVMI based on structural changes: Stage A (high risk but no identifiable disorder), B (structural disease without 
clinical signs, subclassified as 1 [ no radiographic or echocardiographic changes] and 2 [significant regurgitation with evidence of  left-sided heart enlargement], C (structural disease 
with current or historical clinical signs), and D (end-stage disease refractory to standard therapies).

KEY POINT 14-14 More than any class of drugs, cardioactive 
drugs are associated with adverse effects, and their use 
should be implemented only if they are well understood and 
proper monitoring tools are available.

Text continued on p.491.
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Table 14-3  Doses of Selected Cardiovascular Drugs
Drug Indication Dose Route Interval (hr)
Acepromazine Arterial thromboembolism 0.15-0.3 mg/kg SC 8-12
Amiodarone Antiarrhythmic Initial dose: 10-25 mg/kg PO 12 × 7 days

Followed by: 5-7.5 mg/kg PO 12 × 14 days
Thereafter: 7.5 mg/kg PO 24

Doberman cardiomyopathy Initial dose: 10 mg/kg PO 12 × 7 days
Thereafter: 8 mg/kg PO 24

Amlodipine besylate Systemic hypertension 0.625 mg/cat. Increase to  
1.25 mg/cat if needed

PO 24

0.125-0.25 mg/kg (C) PO 24
0.1 mg/kg (D) PO 12 initially, then 

slowly increase 
(weekly) to:

0.2-0.4 mg/kg (D) PO 24
Amrinone Positive inotrope support 1-2 mg/kg (D). Maximum of  

100 mg
PO 12

0.1 mg/kg/min (D) IV (over 5 min) To effect
Aprindine 1-2 mg/kg (D). Maximum of  

100 mg
PO 12

0.1 mg/kg/min (D) IV (over 5 min) To effect
Aspirin Antithrombotic therapy 5-10 mg/kg (D) PO 12-48

6-25 mg/kg (C) PO 2 × per week
80 mg/cat PO 48

Hypertrophic cardiomyopathy 160 mg/cat PO 2 × per week
Postadulticide heartworm 5-10 mg/kg (D) PO 24
Disseminated intravascular  

coagulation
7.5-15 mg/kg PO 24-48 × 10 days. 

Use lower  
dose if other 
anticoagulants 
are concurrently 
administered

Atenolol Beta blockade 6.25-50 mg (D) PO 12
0.25-1 mg/kg (D) PO 12-24
2-3 mg/kg (C) PO 12-24
5-12.5 mg/cat PO 24

Hypertension 2 mg/kg PO 24
Atropine Sinus bradycardia 0.022-0.044 mg/kg IM, IV, SC To effect

0.04 mg/kg PO 6-8
Atropine response test 0.044 mg/kg IV Once

Benazepril Afterload reduction or  
hypertension

0.25-1 mg/kg PO 24

Renal disease 0.5-1 mg/kg (C) PO 24
0.25-0.5 mg/kg (D) PO 24

Bretylium tosylate Refractory ventricular  
arrhythmias

5-10 mg over 8 min 1-2 mg/min Every 1-2 as needed 
to control 
arrhythmias

Calcium chloride  
(contains 0.273 mg 
elemental calcium)

Ventricular asystole 0.1-0.3 mL/kg of a 10% solution  
(100 mg/mL CaCL2)

IV (slowly) To effect

Hypocalcemia 0.068-0.13 mEq (0.05-0.1 mL/kg  
of a 10% solution)

IV (slowly) To effect

Calcium gluconate 
(contains 0.093 mg 
elemental calcium)

Ventricular asystole 0.5-1.5 mL/kg of a 10% solution  
(100 mg/mL CaCL2)

IV (slowly) To effect

Captopril Vasodilator, 0.25-2 mg/kg (D) PO 8-12
Congestive heart failure 2-3 mg/cat PO 8

3-6.25 mg/cat PO 12
Hypertension 0.5-2.0 mg/kg (D) PO 8-12
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Carvedilol Cardiac beta blockade 0.5-0.9 mg/kg; start at 0.1 mg/kg  

and increase in 0.25 mg/kg  
increments

PO 12 to effect

Clopidogrel Antiplatelet 1-2 mg/kg (D) PO 24
Load: 10 mg/kg (D) PO For acute effect
18.75-75 mg/cat PO 12

Coenzyme Q Dilated cardiomyopathy 30-90 mg/dog PO 12
Dalteparin Thromboembolic disease 100-150 IU/kg (D) SC 8
Deferoxamine  

mesylate
Cardiac arrest 5-15 mg/kg IM, IV, SC 2 × 2 doses. then 8 

× 3 doses
Cardiac arrest 10 mg/kg IM, IV 2 × 2 doses. then 8 

× 3 doses
Dexrazoxane Iron chelation for doxorubicin-

induced cardiotoxicity
25 mg/kg (ratio of 10-20:1  

dexrazoxane-doxorubicin)
IV

Dicoumarol Anticoagulant Initial dose: 5 mg/kg PO Once
Anticoagulant Maintenance dose:  

1.3-2.6 mg/kg
PO 24

Diethylcarbamazine Heartworm prophylaxis 6.6 mg/kg (D) PO 24
Digitoxin Heart failure, supraventricular 

tachyarrhythmias
0.03-0.1 mg/kg/day (D) PO Divide dose and 

administer every 
8-12

0.005-0.015 mg/kg (C) PO 24; monitor
0.22 mg/m2 (D) PO (tablet) 12; monitor
0.18 mg/m2 (D) PO (elixir) 12; monitor

Digoxin Congestive heart failure 0.005-0.02 mg/kg (D) PO (tablet) 12; monitor
0.22 mg/m2 (D) PO (tablet) 12; monitor

Supraventricular  
tachyarrhythmias

0.0025-0.004 mg/kg (C) PO (tablet) 12; monitor

0.18 mg/m2 IV, PO If intravenous, give 
25%-50% of dose 
every 1 hr; if 
orally, 12 hr

Dilated cardiomyopathy 0.005-0.008 mg/kg (D) PO (elixir) 12; monitor
0.003-0.004 mg/kg (C) PO (elixir) 12; monitor
0.0055-0.011 mg/kg (D) IV (Cardoxin) Give 25%-50% of 

dose every 1 hr
2-3 kg: 0.0312 mg (C) PO (Cardoxin) 48; monitor
4-5 kg: 0.0312 mg (C) PO (Cardoxin) 24-48; monitor
>6 kg: 0.0312 mg (C) PO (Cardoxin) 12; monitor

Diltiazem Hypertension, hypertrophic car-
diomyopathy, supraventricular 
tachyarrhythmias

0.125-0.35 mg/kg IV (slowly) Every 15 minutes 
as needed to a 
total dose of 0.75 
mg/kg

Acute atrial tachycardia 0.05-0.15 mg/kg IV (slowly) Every 5 minutes as 
needed to a total 
dose of 0.1-0.3 
mg/kg

0.25 mg/kg IV (slowly) Every 15 minutes as 
needed to a total 
dose of 0.75 mg/kg

0.5-2 mg/kg PO 8
1.75-2.5 mg/kg (C) PO 8

Hypertrophic cardiomyopathy 7.5 mg (C) PO 8-12
Continued
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Diltiazem, extended 

release (XR and  
cardiazem CD)

See diltiazem 1/2 of 60 mg tablet or  
10 mg/kg (C) cardiazem

PO 24

30 mg (C) extended release PO 24
Disopyramide PO4 Ventricular dysrhythmias 6-22 mg/kg (D) PO
Dobutamine Inotropic agent 5-20 μg/kg (D) IV CRI

2.5-15 μg/kg (C) IV CRI (caution)
Dopamine  

hydrochloride
Inotropic agent 2-25 μg/kg. Up to 50 μg/kg if 

severe hypotension or shock
IV CRI

Renal vasodilator: (acute renal 
failure)

2-5 μg/kg (low dose) in 5% D/W IV CRI

Acute heart failure 2-10 μg/kg (40 mg in 500 mL) IV CRI
Enalapril Hypertension, heart failure,  

valvular insufficiency
0.2-1 mg/kg (D)
1-2.5 mg/cat

PO 12-24

Progressive renal disease 0.25-0.5 mg/kg (C) PO 12-24
1.25 mg/kg (C) SC 6
5 mg/kg (C) PO 24

Epinephrine Use 1:10,000 (0.1 mg/mL)
of 1 m/mL (1:1000) Dilute 1 mL of 1 mg/

mL (1:1000) in  
10 mL saline to 
make 1:10000

Cardiac arrest 0.2 mL/kg (0.05-0.5 mg  
or 0.5-5 mL)

IV, IT As needed every 
5-15 min

10-20 μg/kg IV As needed every 
5-15 min

200 μg/kg IV As needed every 
5-15 min

0.8-2 mg/kg IT As needed every 
5-15 min

Anaphylaxis 0.1- 0.2 mL/kg (0.01-0.02 mg/kg) IM, IV, SC As needed every 
5-15 min

2.5-5 μg/kg IV As needed every 
5-15 min

50 μg/kg IT As needed every 
5-15 min

Esmolol Selective β [1] blockade, 
ventricular arrhythmias

0.05-0.1 mg/kg (D) IV (slow bolus) Every 5 min to a 
total cumulative 
dose of 0.5 mg/kg

Loading dose: 200-500 μg/kg IV (slow bolus) Once
Maintenance dose: 25-200 μg/kg IV CRI

Furosemide Diuresis with acute renal failure 5-20 mg/kg IM, IV, PO 8-12 or as needed. 
Adjust to lowest 
dose possible

Hypertension 1-2 mg/kg. Maximum of 8 mg/kg 
for acute renal failure

PO 12

Hypercalcemia 1-2 mg/kg IM, IV, PO, SC 8-12
0.1-1 mg/kg IV CRI

Gemfibrozil Hyperlipidemia 7.5 mg/kg PO 12
Glycopyrrolate Sinus bradycardia, SA block, AV 

block
0.005-0.010 mg/kg IM, IV As needed

0.01-0.02 mg/kg SC 8-12
Heparin Lipoprotein lipase provocative  

test
100 IU/kg IV Test lipids before 

and 15 min after 
heparin
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Hydralazine Vasodilator, heart failure Initial dose: 0.5 mg/kg PO Once

Then titrate up to 1-3 mg/kg (D) PO 12
0.5-0.8 mg/kg (C) PO 12

Hypertension 0.5-2.0 mg/kg (D) PO 8-12
2.5 mg/cat PO 12

Acute arterial thromboembolism 0.5-2 mg/kg (D) IM, PO 12
2.5 mg/cat. Maximum of  

10 mg/cat
PO 12

Hydrochlorothiazide Antihypertensive agent 0.5-2 mg/kg PO 12-24
Diuretic 2-4 mg/kg (D) PO 24

Inamrinone Low-output heart failure Loading dose: 1-3 mg/kg IV (over 2-3 min) Once
Followed by: 30-100 μg/kg IV CRI

Insulin, Regular Hyperkalemia 0.25-0.5 IU/kg (D) IV Once. Follow with 
50% dextrose

Isopropamide iodide Sinus bradycardia, SA or AV  
block

0.2-0.4 mg/kg PO 8-12

Isoproterenol Bradycardia, AV block, cardiac 
arrest

0.04-0.08 μg/kg IV CRI

0.4 mg in 250 mL 5% D/W IV (slowly) To effect
Isosorbide dinitrate Vasodilator 2.5-5 mg/animal PO 12
Isosorbide mononitrate Vasodilator 5 mg/dog PO 12
Ivermectin Heartworm preventive 6 μg/kg (D) PO Monthly

Microfilaricide 50-200 μg/kg PO Once every 2  
weeks following 
adulticide  
administration

Levamisole Microfilaricide 10-11 mg/kg (D) PO 24 × 6-12 days
Lidocaine Ventricular arrhythmias Initial dose: 2-4 mg/kg (D) IV (slow bolus) Administer at 10-15 

min increments 
to a maximum of 
8 mg/kg

Followed by: 25-80 μg/kg (D) IV CRI
Initial dose: 100 to 400 μg/kg IV (slowly) Once
Followed by: 250 to 750 μg/kg IV (slowly) To effect
15-50 μg/kg IV CRI

Lisinopril Afterload reduction (vasodilator) 0.25-0.50 mg/kg. Maximum of 1 
mg/kg

PO 24

Lufenuron/milbemycin Heartworm preventive 1 tablet per appropriate-size dog PO Monthly
Melarsomine  

dihydrochloride
Dirofilariasis 2.5 mg/kg (D) IM (deep lumbar) 24 × 2 days, repeat 

in 4 months
Metaraminol Vascular support during shock 0.01-0.1 mg/kg IV (slowly) To effect
Methoxamine  

hydrochloride
Vasopressor: cardiac arrest, shock 100-800 μg/kg (D) IV (slowly) As needed

200-250 μg/kg IM To effect
40-80 μg/kg IV To effect

Metoprolol Atrial fibrillation, hypertrophic 
cardiomyopathy

5-50 mg/dog PO 8

Beta blockade 0.5-1 mg/kg (D) PO 8
2-15 mg/cat PO 8
12.5-25 mg/cat PO 12

Mexiletine hydrochloride Ventricular arrhythmias 4-10 mg/kg (D) PO 8-12. Use cautiously
5-8 mg/kg (D) PO 8-12. Use cautiously

Doberman cardiomyopathy 5-8 mg/kg PO 8 until dog 
responds to 
amiodarone

Continued
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Milbemycin oxime Heartworm, hookworm, round-

worm, whipworm prophylaxis
0.5-0.99 mg/kg PO Monthly

Heartworm preventive 2 mg/kg (C) PO Monthly
Milrinone Low-output heart failure 0.5-1 mg/kg (D) PO 12
Moxidectin Heartworm preventive 3 μg/kg (D) PO Monthly

Heartworm preventive 0.17 mg/kg SC 6 months
Nadolol Beta blockade 0.25-0.5 mg/kg PO 12
Nicotinamide Vacor toxicosis Initial dose: 500-1000 mg IM Once

Hyperlipidemia Initial dose: 1.5 mg/kg PO 12
Nicotinamide Gradually increase to: 12.5 mg/kg PO 12

50 to 100 mg/cat PO 24
See nicotinamide (also known as 

vitamin B3)
Niacin can be dosed 

as nicotinamide 
with fewer side 
effects

Nifedipine Arterial vasodilator, calcium 
antagonist

1 mg/kg (D) PO 12-24

Nitroglycerin 2%  
ointment

Dilated cardiomyopathy 5-30 mm (D) Topical 4-12

Heart failure 0.6-5.1 cm (0.25-2 inches)/dog Topical 6-8
1.3 cm (0.5 inch)/2.2 kg (D) Topical 12
0.3-0.6 cm (0.125-0.25 inches)/cat Topical 4-6
4-12 mg/dog. Maximum of 15 mg Topical 6-8
2-4 mg (1/4 inch) (C) Topical 12
2.5-10 mg Transdermal 12 on, 12 off

Nitroprusside Vasodilator for acute congestive 
heart failure

0.5 μg/kg (C) IV CRI Use 50 μg/mL 
dilution (1.26 
mL to 60 mL 5% 
dextrose)

1-2 μg/kg (D). Maximum of 
10 μg/kg

IV CRI Use 50 μg/mL 
dilution (1.26 mL 

to 60 mL 5% 
dextrose)

Norepinephrine  
bitartrate

Cardiovascular disorders 0.05-0.3 μg/kg IV

Norepinephrine  
bitartrate

Vasopressor 2-4 mg/500 mL (4-8 μg/ml) IV Infuse to effect

Phenoxybenzamine 
hydrochloride

Acute hypertension from  
pheochromocytoma

0.2-1.5 mg/kg (D) PO 12

0.5 mg/kg (C) PO 12
2.5 mg. Increase in 2.5-mg  

increments to a maximum of  
10 mg

PO 12

Endotoxemia 0.25-0.5 mg/kg (D) PO 6-8
2.5-10 mg/cat PO 24
0.25 mg/kg (C) PO 8
5-15 mg (D) PO 24
2.5-30 mg (D) PO 8
0.5 mg/kg (C) PO 24
0.25 mg/kg (C) PO 8

Phentolamine Hypertension from  
pheochromocytoma

0.02-0.1 mg/kg (D) IV To effect

Vasodilator 0.15 mg/kg IV (slowly) As needed
0.1 mg/kg (D) IV 15 min, to effect
1 mg/kg (D) IM, SC 15 min, to effect
1-3 μg/kg IV CRI
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Phenytoin Ventricular arrhythmias 2-4 mg/kg (D). Maximum of  

10 mg/kg
IV Increase by 2 mg/

kg increments to 
effect

Ventricular arrhythmias 10 mg/kg (D) IV 8
Ventricular arrhythmias 30-50 mg/kg (D) PO 8
Ventricular arrhythmias 20 mg/kg (C) PO 7 days

Pimobendan Dilated cardiomyopathy 0.1-0.3 mg/kg (D) PO 12
Prazosin Arterial vasodilation, functional 

urethral obstruction
1 mg/15 kg (D) PO 8-12

Procainamide Ventricular arrhythmias 25-50 μg/kg/min (D) IV CRI 500-1000 mg in 500 
mL 5% D/W, to 
effect

Initial dose: 6-8 mg/kg (D).  
Maximum of 15 mg/kg

IV (over 5 min) Once

Followed by: 25-40 μg/kg (D) IV CRI
6-20 mg/kg (D) IM 4-6
8-23 mg/kg (D) PO 6-8; monitor
6.6-22 mg/kg PO 4 or up to every 8 if 

sustained-release 
formulation; 
monitor

62.5 mg/cat PO 6; monitor
Initial dose: 1-2 mg/kg (C) IV Once
Followed by: 10-20 μg/kg (C) IV CRI
3-8 mg/kg (C) IM, PO 6-8; monitor
20 mg/kg (D) PO (sustained- 

release 
 formulation)

8; monitor

Propantheline bromide Sinus bradycardia 0.25-1 mg/kg (D) PO 8
7-30 mg/dog PO 8
0.8-1.6 mg/kg (C) PO 8
7.5 mg/cat PO 8

Propranolol Ventricular hypertrophy,  
aortic stenosis

0.125-0.25 mg/kg (D) PO 12

0.2-1 mg/kg (D) PO 8
0.4-1.2 mg/kg (C) PO 8-12

Ventricular arrhythmias 0.02-0.06 mg/kg IV (over 2-3 min) 8 or to effect
0.44-1.1 mg/kg (D) PO 8
Initial dose: 0.25-0.5 mg/cat IV (slowly) Once
Followed by: 2.5-5 mg/cat PO 8

Hypertrophic cardiomyopathy, 
valvular insufficiency

0.3-1 mg/kg (D). Maximum  
of 120 mg/day

PO 8

≤5 kg: 2.5 mg/cat PO 8-12
>5 kg: 5 mg/cat PO 8-12

Hypertension 2.5-10 mg/dog PO 8-12
2.5-5 mg/cat PO 8-12

Tachyarrhythmias from  
endocrinopathies

0.15-0.5 mg/kg (D) PO 8

0.3-1 mg/kg (D) IV 8-12 or to effect
2.5-5 mg (C) PO 8-12

Propylthiouracil (PTU) Hyperthyroidism 10 mg/kg (C) PO 8
50 mg/cat PO 8-12
11 mg/kg PO 12
150 mg/dog PO 24

Quinidine Cardiac arrhythmias 4-8 mg/kg (C) IM 8
10-20 mg/kg (C) PO 6-8

Continued
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Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Quinidine gluconate Cardiac arrhythmias 6-20 mg/kg (D) IM, IV (slow), PO 6-12. 1 mg quini-

dine base = 1.65 
mg quinidine 
gluconate

Ventricular tachycardia 6.6-22 mg/kg IM 2-4 (or every 8-12 if 
sustained-release 
formulation)

6-20 mg/kg (D) PO 6-8
Conversion of rapid supraventricu-

lar tachycardia
6-11 mg/kg IM 6

Quinidine sulfate Cardiac arrhythmias 6-22 mg/kg (D) PO 6 or every 8 
if extended 
capsules. 1 mg 
quinidine base = 
1.2 mg quinidine 
sulfate

Ventricular tachycardia 6-22 mg/kg PO 2 until arrhythmia 
controlled, then 
every 6-8 hr

Selamectin Parasiticide 6 mg/kg Topical Monthly heartworm 
preventive

Sildenafil Pulmonary hypertension 0.25-3 mg/kg PO 12
Sotalol Ventricular arrhythmias 1-3 mg/kg

10 mg/cat
PO 12

20 mg/kg (D) PO 12
Spironolactone Ascites 1-2 mg/kg (D). Maximum  

of 4 mg/kg
PO 12

Diuretic, heart failure 2-4 mg/kg PO 24
1-2 mg/kg (D) PO 12

Primary hyperaldosteronism, 
hepatic insufficiency

1 mg/kg (C) PO 12

12.5 mg (C) PO 24
Spironolactone/ 

hydrochlor-othiazide
Diuretic, antihypertensive agent 2 mg/kg PO 12-24

Taurine Dilated cardiomyopathy 500 mg/dog PO 12
250-500 mg/cat PO 12

Terbutaline Bradyarrhythmias 2.5-5 mg/dog PO, SC 8
0.625 mg/cat PO 8

Tocainide Ventricular arrhythmias 17-25 mg/kg (large D) PO 8
30 mg/kg (small D) PO 8

Vasopressin, aqueous Non-responsive shock 1.2U/kg Intratracheal
Verapamil hydrochloride Supraventricular arrhythmias Initial dose: 0.05-0.15 mg/kg (D) 

or 1 mg/kg if normal myocardial 
function

IV (bolus) Once

Followed by: 2-10 μg/kg/min IV CRI To effect
50 μg/kg (D) IV (slowly) Repeat at 5-minute 

intervals until 
total dose is  
150-200 μg/kg

25 μg/kg (C) IV (slowly) Repeat at 5-minute 
intervals until 
total dose is  
150-200 μg/kg

0.11-0.33 mg/kg IV (slowly) Repeat at 5-minute 
intervals until 
total dose is  
150-200 μg/kg
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hemodynamic and proliferative alterations that accompany 
the progressively failing heart compared with those drugs 
whose actions decrease only resistance. For the latter group, 
although initially beneficial, their use may contribute to a 
worsening of disease, particularly if the degree of afterload 
reduction stimulates a hemodynamic response that counters 
decreased resistance. Thus care should be taken in the timing 
of therapy and its implementation.

Hydralazine
Hydralazine is a pure arterial vasodilator whose mechanism 
is not completely understood. Arteriolar smooth muscle is 
directly relaxed, perhaps by inhibiting calcium fluxes into 
the cell.9 Conversion to NO and increased cGMP also have 
been suggested.39 The decrease in peripheral vascular resis-
tance caused by hydralazine is associated with an increase in 
cardiac performance.40 Coronary and venous vasculature is 
not affected. Hydralazine lowers mean arterial pressure, total 
systemic resistance, and left ventricular filling pressures, caus-
ing an overall increase in cardiac performance in dogs with 
left ventricular failure.40 In addition to its vasodilatory effects, 
hydralazine has been associated with a number of other effects 
that might benefit the patient with CHF. A positive inotropic 
effect has been described, perhaps reflecting stimulation of 
cAMP through β-receptors.41 Hydralazine acts as an antioxi-
dant by inhibiting membrane-bound enzymes that form free 
radicals, including super oxide.42 More recently, hydralazine 
inhibition of prolyl hydroxylase domain (PHD) enzymes has 
been described, ultimately leading to an increase in vascu-
lar endothelial growth factor [VEGF], which has a number 
of positive effects. Endothelial cell growth is associated with 
angiogenesis, coronary vessel density, and improved myocar-
dial perfusion;39 VEFG also is antiapoptotic and cardioprotec-
tive in animal models.

Hydralazine binds to smooth muscle, resulting in a bio-
logical half-life that is longer than its plasma half-life. The 
drug is well absorbed after oral administration in both dogs 

and humans. However, in humans it is subject to first-pass 
metabolism with elimination by acetylation. The extent of 
first-pass metabolism in the dog, which is deficient in acet-
ylation, is not described. Peak effects occur in the dog at  
3 to 5 hours.3 The incidence of adverse reactions may be signif-
icant. Hydralazine frequently causes increased heart rate; this 
effect may prove to be detrimental to the patient with CHF 
because of increased myocardial oxygen demands. β-blocker 
therapy (or, historically, in the case of myocardial failure, digi-
talis therapy) may be indicated to slow the heart rate. Hypo-
tension may occur but is largely prevented by proper dose 
titration.3 If sufficient, hypotension may activate the RAAS.43 
In humans, hydralazine has been associated with a variety 
of immune-mediated reactions, including a well-described 
drug-induced lupuslike syndrome.9 A previous indication 
for hydralazine include afterload reduction in patients with 
moderately early to late signs of CHF. Hydralazine should be 
administered in small increments until an effective dose is 
reached. The advent of the ACE inhibitors has largely replaced 
the use of hydralazine, which currently is limited to animals 
that cannot tolerate or respond to ACE inhibitor therapy. In a 
canine model of chronic left ventricular dysfunction, however, 
hydralazine combined with nitrate therapy can cause a more 
marked increase in stroke volume compared with ACE inhibi-
tors alone.44 As the beneficial effects of hydralazine on the fail-
ing heart are realized, its use may increase.

Calcium Channel Blockers
Structure–Activity Relationship
Five types of calcium channels have been identified, with the 
L, N, and T subtypes the best characterized (the other two 
being P/Q and R subtypes). Each comprises a major subunit, 
α1, which is the major pore-forming unit of the channel, and 
associated subunits α2, β, γ and δ, which modulate α1. Cal-
cium channels can be broadly blocked by large divalent (cad-
mium and manganese). Currently, 10 CCB cations have been 
approved for use in human medicine, all targeting the α-1 sub-
unit.45 Three categories target L-channel blockers, each target-
ing different domains of the α1 subunit: phenylalkylamines, 
represented by verapamil; benzothiazepines, represented by 
diltiazem (Figure 14-6); and the dihydropyridines, repre-
sented by nifedipine (including amlodipine, felodipine, nica-
rdipine, and others). A newer category of CCBs, represented 

KEY POINT 14-15 Because drugs that decrease peripheral 
resistance can cause hypotension and reflex tachycar-
dia, care must be taken to avoid overzealous therapy and 
worsening of the neurohumoral compensatory responses 
initiated by cardiac failure.

Table 14-3  Doses of Selected Cardiovascular Drugs—cont’d

Drug Indication Dose Route Interval (hr)
Verapamil hydrochloride 1-3 mg/kg (D) PO 6-8

10-15 mg/kg PO Divide dose and 
administer every 
8-12

1.1-2.9 mg/kg (C) PO 8
Hypertension, conversion of rapid 

supraventricular tachycardia
1.1-4.4 mg/kg PO 8-12

SC, Subcutaneous; PO, by mouth; C, cat; D, dog; IV, intravenous; IM, intramuscular; CRI, constant-rate infusion; D/W, dextrose in water. IT, intratracheal; SA, sinoatrial; AV, atrioven-
tricular.
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by mibefradil, selectively block T-type channels.45 The drugs 
vary among classes in pharmacodynamic effects and adverse 
events.

Pharmacodynamic Effects
Although calcium channel (or entry) blockers are also referred 
to as calcium antagonists, they do not directly antagonize cal-
cium. Rather, they inhibit the entry of calcium into the cell 
or inhibit its mobilization from intracellular stores. CCBs 
inhibit the voltage-dependent channels in vascular smooth 
muscle at significantly lower concentrations than that neces-
sary to interfere with the release of intracellular calcium or 
receptor- operated channels.2 The pharmacodynamic effects of 
the CCBs reflect differences in potency at the various tissue 
receptors (i.e., either cardiac or vascular).

The effects of calcium entering cells by way of L-type chan-
nels is better documented than that entering T-type channels. 
Most clinically used CCBs block exclusively L-type channels, 
which are the most effective in the vasculature. Vasodilator 
effects of CCBs are primarily arterial, with little to no venodi-
lator effects. Coronary vasodilation is significant but variable 
among drugs. The order of vasodilator potency of prototypical 
drugs from each class is nifedipine > verapamil > diltiazem. 
This may be balanced by differences in oral bioavailability; 
as such, the magnitude of the hemodynamic effects of the 

calcium channel antagonists also reflects the route of admin-
istration. Bioavailability is reduced (in humans) as a result of 
first-pass metabolism for nifedipine > verapamil > diltiazem. 
The impact of bioavailability on therapy can be complex. For 
example, whereas oral bioavailability of diltiazem is only 50%, 
chronic therapy is facilitated by decreased metabolism, which 
increase bioavailability. Diltiazem (discussed in greater depth 
as a class IV antiarrhythmic) is metabolized by acetylation, a 
phase II conjugation system; however, deficiencies in clear-
ance in the dog have not been described.

All three prototypic drugs are available as oral prepara-
tions. Both verapamil and diltiazem are available as an intra-
venous solution for the rapid treatment of supraventricular 
arrhythmias. Hypotension, bradycardia, and tachycardia 
(generally reflex) are the predominant clinical indicators. In 
patients with poor myocardial reserve, exacerbation of CHF 
may result in peripheral or pulmonary edema. Further clinical 
pharmacology and side effects may be addressed for specific 
drugs under the appropriate category.

Amlodipine is a congener of nifedipine. Nifedipine causes 
vasodilation at concentrations that have little effect on the heart. 
Like nifedipine, amlodipine affects predominantly smooth  
rather than cardiac muscle and decreases total peripheral 
resistance. However, even at doses causing vascular effects, 
amlodipine has little effect on sinus node function and cardiac 
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conduction. Thus a major advantage to amlodipine com-
pared with other CCBs is that it may not cause reflex cardiac 
stimulation.

Vasodilator effects of selected CCBs may reflect modula-
tion of NO. For example, amlodipine, but neither nifedipine 
nor diltiazem, experimentally causes NO release from canine 
coronary microvessels.46 The clinical relevance of this finding 
is not yet clear but may imply that such CCBs are particularly 
effective for treatment of heart failure. Calcium channel block-
ade appears to have no effect on thrombus formation.47,48 The 
effect of amlodipine on myocardial contractility is not clear, 
but most evidence to date does not support a clinically rel-
evant positive inotropic effect.

At physiologic pH, with a pKa of 8.6, amlodipine is largely 
ionized, which contributes to a gradual association with the 
calcium channel receptor. Onset of action is thus a gradual 
event if therapy is begun with a loading dose. Among its 
peripheral vasodilatory effects, amlodipine prevents coro-
nary vasospasm in response to a number of vasoconstrictive 
stimuli. Amlodipine has a protective effect against myocardial 
injury in an animal model of heart failure; the mechanism may 
be inhibition of NO induction mediated, in turn, by cytokines. 
Amlodipine inhibits ouabain-induced production of IL-1a, 
IL-1b, and IL-6, an action that appears to be calcium depen-
dent in mononuclear cells.35

Clinical Pharmacology
In humans, amlodipine disposition is markedly variable. Peak 
concentrations following single oral administration do not 
occur for 6 to 12 hours; bioavailability ranges from 64% to 
90% and is not affected by food. Protein binding is approxi-
mately 95% in human hypertensive patients. The elimination 
half-life is long. Approximately 90% of the drug is metabo-
lized to inactive products. Based on limited information, the 
disposition of amlodipine in dogs appears similar to that in 
humans. Oral bioavailability in dogs is 88%; at least 50% of the 
drug is cleared by nonrenal mechanisms, and renal clearance 
includes that of both parent compound and its metabolites. 
The elimination half-life of amlodipine in dogs is 30 hours; 
little of the drug is excreted unchanged in the kidneys.49 As 
with many cardiovascular drugs, amlodipine contains a chi-
ral carbon. In humans each contributes to approximately 50% 
of the total area under the curve (the balance leaning toward 
S), but only the S enantiomer is pharmacologically active. The 
S-isomer is characterized by a longer half-life (49.6 hours) 
in humans compared with the R-isomer (35 hours); the long 
half-life allows once-daily dosing.50 Enantiomer information 
is not available for dogs. Steady-state concentrations are not 
achieved for 5 to 10 days. Although administration of a load-
ing dose may decrease the time to reach steady state, delayed 
response also reflects drug-receptor binding kinetics. Despite 
its use in cats, no pharmacokinetic data could be found for 
amlodipine in cats.

Drug Interactions and Side Effects
As a class, CCBs are involved in a number of drug interactions. 
Drugs that generally inhibit drug-metabolizing enzymes (e.g., 
cimetidine, chloramphenicol) will prolong the elimination and 
thus the cardiovascular effects of several CCBs. Selected CCBs 
can, in turn, prolong the elimination of drugs (e.g., cyclospo-
rine, theophylline, and digoxin). The effects vary with the drug 
and are more likely with diltiazem and verapamil, but are largely 
absent for amlodipine. Side effects of CCBs vary with the pri-
mary pharmacodynamic effect. The major toxicities associated 
with CCBs are excessive vasodilation, which may activate the 
RAAS; negative inotropy; and depression of sinus nodal rate 
and atrioventricular conduction (negative chronotropy). These 
latter effects may be of therapeutic benefit (see the discussion 
of antiarrhythmics). Overzealous therapy associated with acti-
vation of the RAAS has been demonstrated in normal dogs 
receiving 0.57 mg/kg orally twice daily for 6 days.53 A number 
of oral adverse drug events have been attributed to cardiovascu-
lar drugs.51 Among them is gingival hyperplasia, particularly by 
nifidipine and its congeners, including amlodipine.52 Amlodip-
ine has been associated with gingival hyperplasia in dogs; the 
risk may be worsened in animals receiving other drugs associ-
ated with this adverse drug event (ADE)(e.g., cyclosporine).

Clinical Use
Amlodipine, a congener of nifedipine, is often the drug of 
choice for treatment of feline hypertension.54 Because its 
actions are independent of the renin–angiotensin–converting 
enzyme system, the renal afferent (rather than efferent) artiole 
is preferentially dilated with amlodipine. Although renal per-
fusion and glomerular filtration are preserved in renal stressor 
states such as hypotension, increased glomerular perfusion 
may activate the RAAS, which may worsen renal disease in 
the impaired kidney. Accordingly, amlodipine should not be 
used as the sole afterload reducer in animals with myocardial 
failure associated with neural humoral compensatory mecha-
nisms. As such, the use of amlodipine in dogs tends to be lim-
ited to hypertension associated with minimal compensatory 
mechanism. Mathur and coworkers55 have demonstrated an 
antihypertensive effect of amlodipine (0.25 mg/kg orally daily) 
in cats with surgically induced hypertension associated with 
renal insufficiency.

Other indications for amlodipine therapy include afterload 
reduction in dogs whose myocardial failure has not responded 
or for those that have developed an intolerance to enalapril and 
diuretics. In human patients a synergistic effect occurs when 
amlodipine or another peripherally acting CCB is combined 
with ACE inhibitors. The complementary actions of CCBs and 
ACE inhibitors may facilitate control of systemic hypertension 
while minimizing detrimental renal effects. In humans the co-
administration of amlodipine and ACE inhibition at low doses 
has been suggested to provide superior renoprotective benefits 
compared with those of either drug alone.56 When combined 
with other therapies, a lower dose may be indicated (see Table 
14-3). To guide therapy, clinicians should monitor patients 
with a targeted pressure of less than 150 mm Hg. Response 
should occur in 24 to 48 hours.

KEY POINT 14-16 The delay in efficacy of amlodipine in cats 
may be only partially overcome by starting therapy with a 
loading dose.
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The use of amlodipine in veterinary cardiology has been 
reviewed.57 Using an open, uncontrolled study, Jepson and 
coworkers58 prospectively studied for 7 years (1998-2004) 
the efficacy of amlodipine (0.625 mg/cat/day) in hypertensive 
cats (n=141; median 15 years of age), with systolic blood pres-
sure (SBP) 195 mm Hg; (184 and 214 mm Hg, 25th and 75th 
quartile, respectively). The dose of amlodipine was increased 
to 1.25 mg/cat if SBP remained above 160 mmHg. Phosphate-
restricted diets were offered for azotemic cats, with aluminum 
hydroxide initiated if hyperphosphatemia became uncon-
trolled. Predictors of duration of survival in cats that did not 
survive to study end (n=89) were limited to urine protein: 
 creatinine ratios (UPC), with the decline significant.

Helms59 studied transdermal absorption of amlodipine 
(0.625 mg once daily) using a nonrandomized (oral dos-
ing occurred first), nonblinded design in client-owned cats 
(n=6) with systolic hypertension (SBP ≥180 to 220 mm Hg 
depending on underlying cause). Oral doses were titrated 
up until SBP < 180 mm Hg was achieved; the final dose was 
maintained for 7 days, and blood was collected at that point. 
Cats were then crossed over to transdermal amlodipine at the 
same oral dose established for each cat. Blood pressure was 
recorded at 3 and 7 days, and plasma amlodipine was deter-
mined 12 hours after the last dose at 7 days for both treatment 
groups. After oral dosing SBP decreased a median of 73.5 mm 
Hg below baseline; after 7 days of transdermal dosing, SBP 
remained 52 mm Hg below baseline. The relative decrease was 
greater after oral compared with transdermal administration. 
Plasma amlodipine concentrations ranged from 5.7 to 18.7 
ng/mL after oral administration compared with 1.4 to 4.5 ng/
mL after transdermal administration. The lack of a crossover 
design may be a limitation of the study because a time effect 
could not be considered. This may be particularly important 
for a drug with a half-life that is likely to exceed 30 hours (the 
canine half-life) in cats (resulting in time to steady state of  
3 to 6 days) coupled with further delay related to drug receptor 
interactions. This could result in a substantial hold-over effect 
from the first treatment simply as a result of drug concentra-
tions. Further, a cumulative effect for the sequential treatment 
groups would not be identified. Post transdermal SBP was not 
compared with post oral SBP, so it is not clear if the decline 
was significant.

Although diltiazem is not recognized for vasodilatory 
actions, it apparently can improve GFR and enhance urine 
production in dogs with leptospirosis. The presumed mecha-
nism is renal arterial vasodilation and subsequent reversal of 
renovasoconstriction. Mathews and Monteith60 retrospec-
tively studied the impact of diltiazem on acute renal failure 
in dogs (n = 11; seven dogs received standard care) associated 
with leptospirosis. Diltiazem was administered intravenously 
at 0.1 to 0.5 mg/kg slowly, followed by 1 to 5 μg/kg/min 
within 60 hours of admission and was continued until serum 
creatinine stabilized. Compared with standard therapy, renal 
recovery defined by reduction in serum creatinine occurred 
almost twice as fast in the diltiazem-treated group compared 
with the standard group, without a change in systemic blood 
pressure.

For cats with hyperthyroidism, the degree of hyperten-
sion associated with hyperthyroidism generally is mild, unless 
accompanied by renal insufficiency. Because hyperthyroidism-
induced hypertension associated with hyperthyroidism alone 
is due to high-adrenergic output (causing increased cardiac 
inotropy and rate), β blockers are preferred to calcium channel 
blockers for control of hypertension. However, the addition of 
amlodipine may be indicated in hyperthyroid hypertensive 
cats that also exhibit renal insufficiency.

Angiotensin-Converting Enzyme Inhibitors
Structure–Activity Relationship
ACE inhibitors are carboxyalkyl dipeptide or tripeptide drugs 
whose chemistry yields three classes of drugs (see Figure 14-6): 
the sulfhydryl-containing drugs, which are structurally related 
to captopril; dicarboxyl-containing drugs related to enalapril 
(including lisinopril, benazepril, ramipril, and quinapril); and 
phosphorous-containing drugs related to fosinopril.18 At least 
nine drugs have been approved in the United States for use in 
humans. Those approved for veterinary use are in the dicar-
boxyl group, including enalapril (United States), and ramipril 
and imidapril (Canada and Europe). With exception of lisino-
pril, each is a prodrug, being metabolized, at least in part, by 
CYP 3A4, to their respective active form (enalaprilat, bena-
zeprilat, ramiprilat, and imidaprilat, respectively). Although 
differences exist in potency for ACE, all appear clinically equal 
in the inhibition of RAAS, and no compelling reason exists to 
select one ACE inhibitor over another based on pharmacody-
namic response.18

Pharmacodynamic Effects
The primary effect of ACE inhibition is prevention of the con-
version of AGI, which is relatively inactive, to the active AGII. 
However, ACE inhibitors also inhibit bradykinin inactivation. 
Because bradykinin stimulates prostaglandin synthesis, phar-
macodynamic actions of ACE inhibitors may reflect bradyki-
nin or prostaglandin activity.18 However, of the two actions 
ACE inhibition is a more sensitive and measurable indicator of 
the complex dose–response relationship that characterizes the 
primary actions of ACE inhibitors (see the section on clinical 
pharmacology).61 Actions of ACE inhibition target the neuro-
humoral and renal compensatory responses associated with 
myocardial failure. The detrimental sequelae of neurohumoral 
compensatory effects involving the RAAS have been previ-
ously reviewed. Specific inhibition of ACE decreases circulat-
ing levels of AGII and aldosterone. Effects include vasodilation 
(arterial), decreased systemic blood pressure, increased car-
diac output, and reduced heart rate. Aldosterone secretion is 
reduced (but not obliterated), and natriuresis (loss of sodium 
in urine) occurs. Mild venodilation reduces some preload. 
ACE inhibitors also target a variety of mediators associated 
with myocardial remodeling. In the normal feline kidney, ACE 
inhibitors mildly increase Na+ and Cl− urinary excretion and 
may increase K+ excretion. The ACE inhibitors have a posi-
tive inotropic effect on the heart but do not increase heart rate. 
The mechanism is unclear, but with enalapril it is associated 
with increased cardiac vasoactive intestinal peptide in rats.62 
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Primary cardiac effects increase their importance in the man-
agement of cardiac disease accompanied by CHF. Inhibition 
of ACE also increases circulating concentrations of the endog-
enous stem cell regulator Ac SDKP (N-acetyl-seryl-aspartyl-
lysyl-proline), which may contribute a cardioprotective effect.18

Clinical Pharmacology
Pharmacokinetic–Pharmacodynamic Relationship. The use 

of ACE inhibitors has been reviewed in dogs and cats.12,61,63 
The exact relationship among ACE inhibitors, ACE inhibi-
tion, impaired AGII production, pharmacodynamic responses 
(blood pressure and cardiovascular), and pharmacokinetics is 
complex.61 Most ACE inhibitors used in animals (e.g., enalapril 
and benazepril) are prodrugs, which are more easily absorbed 
than the active metabolite. Those that are not  prodrugs include 
captopril and lisinopril.64 In addition to  passive oral absorp-
tion, prodrugs are actively transported in the jejunum by pep-
tide carrier-mediated transport (PEPT). Substrate specificity 
has been described for the different transport proteins.61 The 
importance of transport on drug absorption is not clear. Food 
does not appear to affect absorption. Parent compound oral 
bioavailability is low (20% to 40% in dogs); only a fraction of 
the low bioavailability appears to reflect first-pass metabolism 
by hepatic carboxyl esterases to active metabolites. Maximum 
drug concentrations occur approximately 30 minutes after 
administration in the dog. A small amount of drug not metab-
olized on first pass will be metabolized by esterases located in 
tissues.61

Tissue distribution and subsequent action of ACE inhibi-
tors is among the most complex of drugs, being influenced by 
lipophilicity; systemic and local binding; receptor numbers 
and affinity; and, for prodrugs, presence of local metabolizing 
enzymes. Protein binding and its profound impact on pharma-
cokinetic–pharmacodynamic relationships are described later 
in this chapter. Lipophilicity determines distribution, particu-
larly of the prodrug, into sanctuaries such as the brain, where 
local esterases produce the active compound. Accordingly, 
lipophilic prodrugs such as fosinopril are more likely to affect 
the central nervous system compared with less lipophilic drugs 
such as enalapril.61 Elimination of ACE inhibitors (i.e., active 
metabolite) is largely renal. However, the magnitude excreted 
renally varies with the drug.61 In dogs enalaprilat is largely (85% 
to 95%) eliminated by renal clearance, whereas benazeprilat 
and ramiprilat are cleared through both the kidney (45%) and 
bile. Fosinopril is also cleared (in humans) by liver and kidneys.

Protein binding of ACE contributes to complex pharmaco-
kinetic–pharmacodynamic responses.61 Binding to proteins 
is both nonspecific, to albumin, yielding an inactive state, or 
specific, to ACE (located in circulation or tissue vascular endo-
thelium), resulting in an active complex. Nonspecific binding 
is nonsaturable, whereas specific binding is saturable, with 
the latter resulting in nonlinear pharmacokinetics. Based on 

modeling, circulating ACE represents approximately 5%, 10%, 
and 30% of the total ACE pool in dogs, cats, and humans, 
respectively, with the balance represented by tissue ACE. 
Endothelial ACE occurs in many tissues but predominates in 
the lungs. Tissue endothelial ACE acts locally (paracrine) but 
also is released such that it can act systemically (hormonally). 
Bound, endothelial ACE is regularly cleaved to yield circulat-
ing ACE, which, is in turn, bound to circulating plasma pro-
teins (in an inactive form) to ensure a steady supply of either 
ACE or its inhibitors. Endothelial ACE is accessible to ACE 
inhibitors in the extracellular space, facilitating an immedi-
ate response to ACE inhibitors. However, because the drug is 
bound to ACE, the (active) ACE inhibitor will not be detected 
(analytically). If drug is detectable, then all available tissue 
binding sites are saturated. Thus a decline in response that 
reflects a decline in drug concentrations occurs only after tis-
sue sites are not saturated, which occurs only at drug concen-
trations that are not detectable. As such, the saturable nature 
of binding to ACE by the ACE inhibitor results in a nonlinear 
dose–response curve (detectable concentrations do not corre-
late well to response). Thus, in contrast to most drugs for which 
the terminal component of the plasma-concentration versus 
time is a reasonable guide to duration of effect, for ACE inhibi-
tors the terminal curve reflects what is generally considered 
distribution for other drugs. The true terminal curve for ACE 
inhibitors reflects slower elimination at very low, but largely 
non-detectable concentrations. The slower elimination occurs 
as receptors become unsaturated, and free drug is eliminated; 
as such, it must take into account both elimination from the 
body and the relationship between drug and receptors—that 
is association–dissociation interactions. Consequently, the true 
terminal elimination phase of ACE inhibitors is physiologically 
(rather than pharmacokinetically) based, being influenced by 
receptor numbers (total binding capacity), the affinity between 
drug (metabolite) and receptor, and the amount of drug avail-
able for binding.61

Because bound, nondetectable drug is active drug, the phar-
macodynamic (biologic) half-life of the ACE inhibitor might 
be anticipated to be much longer than the (detectable) plasma 
elimination half-life. Indeed, the complex pharmacokinetic–
pharmacodynamic relationship of ACE inhibitors affects the 
design of a dosing regimen, particularly when adjusting doses 
for disease. This complexity reflects several characteristics. 
First, for most drugs, response correlates with the time course 
of drug concentrations. However, for ACE inhibitors response 
correlates better with tissue concentrations that are not detect-
able. Second, saturation of tissue receptors is characterized by 
a lag time. Therefore the slope of the true terminal phase of the 
plasma elimination curve is very flat, and maximum response 
may not be realized for several days.61 Third, once saturation 
occurs, further increases in dose are not likely to cause an 
increase in response. However, a very low dose (e.g., 0.03 mg/
kg) might not be prudent because saturation will take longer 
and the maximal response may occur more slowly than with 
higher doses (e.g., 0.125 mg/kg). Simulation studies examin-
ing the pharmacokinetic–pharmacodynamic relationship of 
 benzeprilat and ACE inhibition predict ACE inhibitor doses 

KEY POINT 14-17 Because angiotensin and its downstream 
signals contribute so much to progressive myocardial fail-
ure, ACE inhibitors offer much more than simply afterload 
reduction in the patient with congestive heart failure.
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higher than 0.125 mg/kg every 24 hours will increase ACE inhi-
bition very little,65 a finding supported by a study of ramilprat 
in cats.66 King and coworkers67 also demonstrated that increas-
ing doses of 0.25, 0.5, and 2 mg/kg were well tolerated in cats 
but did not result in a comparable increase in ACE inhibition.

For ACE inhibitors, neither circulating nor tissue con-
centrations significantly differ after 8 days of therapy. Conse-
quently, the pharmacodynamic response tends to exceed the 
time course of the metabolite by several orders of magnitude 
based on measured elimination half-life of the metabolite. For 
example, the elimination half-life of enaliprat in dogs approxi-
mates 61 minutes, compared with a predicted pharmaco-
dynamic half-life of 17 to 19 hours.61 For benazeprilat ACE 
inhibitory activity approximates 100% after multiple dosing at 
0.25 mg/kg once daily and persists throughout each 24-hour 
dosing interval,68 despite the fact that the plasma elimina-
tion half-life of benazepril is 1.4 hours in dogs (39 ± 6 min for 
benazilprilat). This is consistent with the predicted pharma-
cokinetic–pharmacodynamic half-life of 17 to 19 hours.61,65 
In cats receiving benazeprilat, plasma ACE was inhibited at 
0.25 mg/kg, with 90% of activity persisting at 24 hours after 
a single dose.65 The modeled terminal elimination half-life 
of the active metabolite is approximately 28 hours compared 
with a measured half-life of approximately 60 minutes. Finally, 
in Beagles ramipril and ramiprilat elimination half-lives are 
0.5 and 0.75 hours, respectively,69 with the pharmacokinetic–
pharmacodynamic half-life predicted to be approximately  
23 hours.61 In cats benazeprilat is excreted predominantly 
(about 85%) through the bile. Plasma half-life is approxi-
mately 1 hour, but the pharmacokinetic–pharmacodynamic 
half-life is characterized by an elimination half-life of 28 hours 
following single oral dosing.61

Contributing to the complex pharmacokinetic–pharma-
codynamic relationship will be variability among normal 
animals resulting from differences in disposition, in receptor 
number and affinity. Further, concentrations accumulate with 
multiple dosing up to 50% in dogs.68,70 It is likely, however, 
if these differences in plasma disposition will translate to dif-
ferences in pharmacodynamic response. Indeed, the pharma-
cokinetic–pharmacodynamic relationship between ACE and 
ACE inhibition is likely to mitigate differences in response 
among animals that reflect altered clearance because of dis-
ease, unless the disease also affects drug-receptor interaction. 
For example, a decrease in renal function that prolongs the 
half-life of an ACE inhibitor twofold is not likely to translate 
into a duration of effect that is twice as long. As such, bena-
zepril (cleared predominantly by the liver) offers no advan-
tage to enalapril (renally cleared) in the renal-compromised 
patient. The complex nature between pharmacokinetics and 
pharmacodynamics must be taken into account in studies 
that attempt to describe changes in response associated with 

disease, age, gender, drug interactions, and so forth. Such 
studies must address not only changes in pharmacokinetics 
but also the ways in which these changes influence (if at all) 
the physiologic response. Additionally, such studies must also 
address the impact of those factors on the interaction between 
drug and receptor (i.e., ACE), including the impact on the 
amount of ACE and its affinity for the drug. Finally, none of 
the discussion thus far has addressed the response of the body 
to inhibition of ACE. Because mechanisms other than ACE 
exist for formation of AGII, response to ACE inhibitors may 
decline within 24 hours after a maximum response has been 
realized despite maintenance of drug-receptor interactions.61

Dose modification in the diseased patient. Response to 
ACE inhibitors can be influenced by several factors. Sodium 
depletion in the dog shifts the ACE inhibitory mechanism of 
action from decreased renal AGII to enhanced kinin activ-
ity. Decreased circulating ACE associated with ACE inhibi-
tors may correct after several days to weeks, a phenomenon 
referred to as angiotensin escape. Plasma renin activity may 
increase as negative feedback is lost. This effect may vary with 
the drug but is higher in hypertensive than in normotensive 
dogs.12 However, response to therapy (perhaps muted) may 
continue because of inhibition at the tissue level or alternative 
mechanisms of action. Variability in ACE inhibitory response 
also may reflect genotype differences in plasma and tissue ACE 
concentration or receptors. Genetic polymorphism appears to 
influence response in humans; ACE gene polymorphism has 
been demonstrated in dogs.12

The impact of liver disease on formation of active drug has 
not been determined for all prodrug ACE inhibitors. However, 
severe liver disease does not appear to impact metabolism of 
benazepril to benazeprilat in dogs.71 Dose modification in 
response to renal disease–induced altered drug disposition 
for drugs cleared by the kidney is complicated by the appar-
ent lack of correlation of response to active drug concentration 
in plasma or vascular tissue.12,61 The impact of renal failure 
on ACE inhibitory pharmacokinetics (drug disposition) and 
pharmacodynamics (drug–receptor–response interaction) 
has been summarized by Lefebvre and Toutain.12 The impact 
on overall ACE inhibition reflects not only changes in drug 
concentration associated with altered clearance of drug from 
plasma but also distribution to tissue endothelial ACE and 
binding kinetics to ACE. Based on mathematical model-
ing in dogs with experimentally induced renal disease (GFR 
decreased by 50%), enapirilat clearance may decrease up 
to 45%, with changes in the area under the curve markedly 
varying from 30% to 40%. These changes are offset somewhat 
by decreased binding (decreased potency), such that enalip-
rilat inhibitory activity increased by about 65% in the first 
24 hours. In contrast, neither benazeprilate nor ramiprilat 
response appears to be affected by renal disease in dogs.72 
Dose adjustment for benazepril is not necessary in cats with 
renal insufficiency.73

In the cat the impact of increasing the dose of ACE inhibi-
tors may vary with the intent (e.g., hypertension versus pro-
gressive renal disease). For example, feline hypertension in 
patients with low or undetectable plasma renin activity and 

KEY POINT 14-18 The complex relationship between drug 
and tissue receptors includes a persistent effect in the 
absence of detectable drug and a saturable dose–response 
relationship.
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aldosterone responded poorly to enalapril at 0.25 mg/kg once 
daily, but the response (decreased ACE activity) doubled 
when a second dose was added.74 In contrast, although bena-
zepril was associated with a decrease in blood pressure and 
an increase in GFR in a surgical model of renal insufficiency, 
increasing the dose of benazepril (from 0.25 up to 2 mg/kg 
daily for 6.5 months) did not result in a proportional improve-
ment in response in cats with chronic renal failure.12,75 Indeed, 
overzealous increase in dosing may put patients at risk for 
initiation of neurohumoral responses that may contribute to 
renal dysfunction. These studies highlight the complex nature 
of dose–response relationship of ACE inhibitors and under-
score the need for monitoring response when changing doses 
regardless of species or disease state.

Ramipril and ramilprilat kinetics have been studied in both 
dogs72 and cats.66 In Beagles (n=10) the elimination half-life 
of free drug is 11.5 ± 6.0 minutes; this increased to 14.9 ± 7.2 
minutes when renal impairment was surgically induced.72 
After renal impairment, GFR was decreased by 58%. Although 
clearance of the free fraction of drug and metabolite was 
reduced, no pharmacodynamic changes occurred in renally 
impaired dogs, leading the authors to conclude that dose 
adjustment was not necessary in renal disease. In cats ramipril 
and its active metabolite ramiliprat have been reported after 
single and multiple oral dosing (0.125 to 1 mg/kg daily).66 
Peak concentrations of ramiprilat occur in 1.5 hours, and the 
mean elimination half-life ranged from approximately 20 to 
30 hours, depending on the route. Steady-state concentrations 
of metabolite were present after 2 days of dosing, and food did 
not affect oral absorption. Although a dose-dependent effect 
on ACE activity was present with single dosing, after multiple 
dosing the maximum inhibition of ACE was the same for all 
doses. Detectable drug was still present 72 hours after the last 
dose. Inhibition was still present 24 hours after the last dose. 
Based on their study, the authors concluded that the elimina-
tion of the active metabolite would not be altered in patients 
with renal disease; a dose of 0.125 mg/kg daily was suggested 
as a basis for further studies.

Adverse Events
Potential adverse drug events associated with ACE inhibitors 
have been reviewed12 and are largely limited, in dogs and cats, 
to the sequalae of hypotension (previously discussed) and to 
nephropathies induced by pharmacodynamic response to 
the drugs. In general, the risk is more likely in patients also 
receiving diuretics or in the face of impaired renal function. 
However, acute hypotension is a risk as therapy is begun, 
particularly in renin-dependent (sodium-depleted) patients. 
Clinical signs indicative of hypotension may include fatigue 
and apathy. Increased dietary salt or decreased diuretic ther-
apy may be indicated initially as ACE inhibitor therapy is 

begun. Acute renal failure may occur as a result of altered renal 
perfusion. The RAAS, and particularly AGII, is the principal 
autoregulatory mechanism that maintains renal perfusion in 
the presence of low arterial pressures. In the kidney, angio-
tensin regulates both renal blood flow and GFR by modulat-
ing constriction of the postglomerular efferent arteriole in the 
presence of reduced GFR. In addition, tubular sodium is reab-
sorbed, and renin release is inhibited. Inhibition of ACE and 
AGII precludes constriction of the postglomerular efferent 
arteriole (Figure 14-7).76 As ACE inhibitor therapy is begun, 
total peripheral vascular resistance, renal vasoconstriction, 
and renal perfusion pressure decrease. Net glomerular filtra-
tion decreases in concert with decreased glomerular hydro-
static pressure. Decreased glomerular filtration after ACE 
inhibitor therapy is more likely to occur in the presence of 
excessive vasodilation, moderate to severe volume depletion, 
or minimal myocardial reserve. In patients with mild to mod-
erate cardiac dysfunction, renal filtration generally is main-
tained despite initiation of ACE inhibitor therapy as long as 
afterload is decreased such that cardiac output (and thus GFR) 
can increase. As heart failure progresses, the risk of acute renal 
decompensation increases because reflex efferent arteriolar 
tone becomes increasingly important to the maintenance of 
glomerular filtration in these patients. All ACE inhibitors are 
equally likely to have a negative impact on renal function in 
patients at risk. This includes benazepril, for which clearance 
depends on liver metabolism.

Initial acute ACE inhibitor treatment of at-risk patients 
can decrease both creatinine clearance and GFR. Assuming 
that renal damage is not irreversible, however, chronic treat-
ment generally causes GFR to return to baseline levels. An 
initial increase in serum urea nitrogen and creatinine associ-
ated with initiation of therapy may actually indicate a positive 
renal response; in human patients an increase from baseline 
of up to 30% in serum creatinine is acceptable as long as the 
GFR remains above the minimum of 20 mL/min. However, 
GFR is not routinely measured in animals and an ”acceptable” 
increase in GFR has not been established. Accordingly, an 
increase in either serum urea nitrogen or creatinine concen-
trations may indicate the need to decrease or temporarily dis-
continue therapy in dogs and cats. Although deterioration of 
renal function associated with ACE inhibitor therapy is gener-
ally reversible if therapy is discontinued, damage may become 
irreversible if decreased GFR persists. Therapy is contraindi-
cated with preexisting hypotension, hypovolemia, hyponatre-
mia, and acute renal failure. ACE inhibition may potentiate 
hypotensive episodes in surgical patients. However, with-
drawal of therapy to prevent hypotension should be recon-
sidered in patients receiving ACE inhibitors for treatment of 
hypertension. Should it occur, hypotension can respond to 
fluid therapy, and as such, ACE inhibition probably should be 
continued up to the surgical procedure. Sodium depletion can 

KEY POINT 14-20 Renal adverse events associated with 
angiotensin-converting enzyme inhibitors are more likely if 
renal autoregulation is impaired by drug or disease.

KEY POINT 14-19 Overzealous therapy with angiotensin-
converting enzyme inhibitors may activate or potentiate 
the very neurohumoral endocrine responses targeted with 
therapy.
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activate the RAAS in normal dogs and cats. Experimentally, 
the use of ACE inhibitors and the subsequent loss of renal 
autoregulation in the presence of sodium restriction is accom-
panied by a decrease in renal blood flow, GFR, and filtration 
fraction. Accordingly, the use of ACE inhibitors in the pres-
ence of a low-sodium diet should be accompanied by frequent 
monitoring of renal function, particularly in patients predis-
posed to renal dysfunction.

The BENCH (BENazepril in Canine Heart Disease) study 
group reported the long-term tolerability of benazepril in 
dogs with CHF.77 Although the authors found plasma creati-
nine concentrations to be lower in the benazepril group than 
in the placebo group, a significant difference could not be 
demonstrated. However, serum creatinine levels tended to be 
higher than normal more often in the placebo group, leading 
the investigators to suggest that improved renal function was 
associated with benazepril. No abnormalities in electrolytes 
were associated with benazepril.

Although aldosterone production is impaired in the pres-
ence of ACE inhibitor therapy, hyperkalemia is unlikely even in 
the presence of high-potassium diets, unless the patient is oth-
erwise predisposed to potassium retention. Potassium moni-
toring might be indicated in the presence of dietary sodium 
restriction78 or when combined with potassium- sparing 
diuretics such as spironolactone. Because the impact of aldo-
sterone on sodium retention and potassium excretion is muted, 
the combination of ACE inhibitors with potassium-wasting 
diuretics decreases the risk of hypokalemia.78 The impact of 
ACE inhibitor therapy on erythropoiesis associated with renal 
 disease is unclear, but studies suggest renal erythropoietin pro-
duction probably will not normalize in response to ACE inhibi-
tor therapy. As such, supplementation may be indicated.

The ACE inhibitors reportedly cause a dry cough in up to 
20% of human, particularly female, patients. Onset ranges 
from 1 to 26 weeks of therapy, with clinical signs resolving 
within the first week of discontinuing therapy. The mechanism 
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may reflect accumulation of pulmonary bradykinin or pros-
taglandins; interestingly, treatment with aspirin has reduced 
cough, suggesting a possible role for prostaglandins.18

Despite their ability to decrease proteinuria (discussed at 
more length later in this chapter), ACE inhibitors have been 
associated with the advent of proteinuria in human patients. 
Therapy need not be discontinued if it develops. Therapy also 
has been associated with skin rashes and angioedema. The lat-
ter is not dose related and generally occurs soon after dosing, 
within the first week of therapy.18 Neutropenia, glycosuria, 
and hepatotoxicity are rare side effects reported in humans.

The ACE inhibitors should not be used in pregnant ani-
mals. In human women therapy in the first trimester appears 
to be safe but results in multiple fetopathologies (potentially 
related to fetal hypotension) when administered in the second 
and third trimester.

Drug Interactions
Lefebvre and Toutain12 reviewed the literature addressing clini-
cally relevant adverse reactions that might reflect interactions 
between ACE inhibitors and simultaneously administered 
drugs. Because AGII and aldosterone synthesis can occur in 
the absence of ACE, drugs that contribute to hypotension, 
sodium loss, or alteration of renal autoregulation should be 
avoided or used cautiously in patients receiving ACE inhibi-
tors. The risks of combining ACE inhibitors and diuretics on 
renal dysfunction have been documented in humans and dogs. 
AGII and aldosterone may increase, despite the administra-
tion of furosemide in patients receiving ACE inhibitors. Fur-
ther, the diuretic effect can decrease proportionately with GFR 
when combined with ACE inhibitors. However, the combined 
use of ACE inhibitors and sodium-wasting diuretics, and spe-
cifically furosemide, decreases the risk of hypokalemia.78 The 
impact of combined use of nonsteroidal antiinflammatory 
drugs (NSAIDs) and ACE inhibitors is less clear. Although 
presumably, NSAIDs that minimize cyclooxygenase-(COX-) 1 
inhibition are less likely to be associated with nephropathy, in 
human patients the risk is equivalent when either traditional or 
newer NSAIDs are used. A number of studies have investigated 
the sequelae of combined NSAID and ACE inhibitor therapy in 
normal dogs and dogs with experimentally induced decreased 
renal function. In general, no significant detrimental impact on 
renal function has been reported. However, this should not be 
interpreted as proof of no effect, and the combined use should 
be avoided or undertaken cautiously, with additional atten-
tion to monitoring of renal function. Note that NSAIDs may 
attenuate antihypertensive actions of ACE inhibitors, although 
the impact may be less with those drugs that target principally 
COX-2. ACE inhibitors may increase the risk of nephrotoxoc-
itiy induced by other agents, including contrast dye.79

The combination of ACE inhibitors with angiotensin 
receptor blockers (ARBs) might be considered for a beneficial 
therapeutic effect. However, a meta-analysis that studied the 
combined use of ACE inhibitors and ARBs found the addition 
of an ARB to ACE inhibitor therapy was not associated with 
a reduced mortality rate compared with ACE inhibitor treat-
ment alone. The addition of an ARB did not affect exercise 

capacity, functional capacity, and quality of life. Of the out-
come measures studied, only the rate of hospitalization was 
reduced with the combination of therapy.80

Beta blockers normalize β-receptor signaling and antago-
nize cytotoxic effects of circulating catecholamines, which 
increased with heart failure.80 Additionally, β blockers may 
also directly block AGII-mediated pathways. As such, β 
blocker therapy combined with ARBs and ACE inhibitors 
theoretically might completely remove the effects of angio-
tensin in cardiac patients. However, results of clinical trials 
regarding use of the combination in humans are controver-
sial. A meta-analysis found that, compared with ACE inhibi-
tors alone, the combination did not improve survival rates, 
although hospital stays did shorten.80 Further, subgroup 
analysis suggested that the addition of ARBs is redundant 
and combined use of ARBs with ACE inhibitors and β block-
ers potentially puts the patient at an increased risk of adverse 
drug events. A subsequent study using the ARB candesartan 
demonstrated that when it was combined with β blockers in 
patients also taking ACE inhibitors, it does tend to increase 
the risk of adverse events.81

Hypotension has been reported with the combined use of 
the β blocker atenolol, the ACE inhibitor quinapril, and an 
overdose of the selective serotonin reuptake inhibitor fluvox-
amine, treatment with aminophylline was successful.82

Other reported drug interactions include decreased drug 
absorption when combined with antacids, although the clini-
cal relevance of this finding in light of the relationship between 
plasma drug concentrations and responses is questionable.

Clinical Use in Canine Patients with Myocardial 
Disease
The role of ACE inhibitors in general for treatment of CHF 
associated with myocardial failure in dogs has been well estab-
lished, with use emerging as part of cornerstone therapy. How-
ever, the timing of administration in the progression of diseases 
remains to be fully defined. The most extensively studied of 
the ACE inhibitors is enalapril, although captopril, benazepril, 
and lisinopril have also been studied. More recently, ramipril is 
being studied in dogs and cats. Captopril, the efficacy of which 
was demonstrated in an experimental model of canine mitral 
regurgitation (see BENCH study group)83 was the first gener-
ally accepted ACE inhibitor to be used in dogs and cats. Cap-
topril can induce positive hemodynamic effects within 1 hour 
of therapy, although the effects are short lived (4 hours).84 Its 
short half-life led to dosing at 8-hour intervals. Subsequently, 
the safety and efficacy of quinipril were demonstrated when 
administered once daily (0.5 mg/kg) compared with captopril 
(0.5 mg/kg every 8 hours or 24 hours, respectively) in dogs 
(n=92) with CHF.85

Enalapril administered at 12-hour dosing intervals was 
also demonstrated to be of benefit in dogs with experimen-
tally induced heart failure. The first placebo-controlled study 
demonstrating efficacy of ACE inhibitors in dogs with sponta-
neous myocardial disease (dilated cardiomyopathy [DCM] or 
mitral regurgitation) was the Cooperative Veterinary Enala-
pril (COVE) Study.86 This multicenter study involving 211 
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dogs demonstrated that enalapril therapy (for 28 days) was 
associated with improved longevity and quality of life.86 The 
IMPROVE87 study group reported in the same issue that enal-
april (0.5 mg/kg twice daily) was associated with lower heart 
rate and mean systemic and pulmonary arterial pressures in 
dogs (35 with DCM, 22 with mitral regurgitation) compared 
with dogs in the placebo group. Dogs continued to receive 
traditional therapies (i.e., digoxin or diuretic). Ettinger and 
coworkers88 subsequently established the beneficial effects of 
enalapril for dogs (n=110; 15 locations throughout the United 
States) with either DCM or other chronic acquired heart dis-
ease (primarily mitral insufficiency). Although the study was 
not well controlled for stage of disease or differences in con-
ventional therapy, results supported the importance of ACE 
inhibition in improving the quality of life and, particularly in 
dogs with DCM, prolonging life. The mean time to treatment 
failure (including treatment with traditional cardiovascular 
drugs) increased from 77 days in the placebo group to 156 
days in the enalapril-treated group. Although more dogs died 
suddenly in the enalapril treatment group, all but one had pre-
existing ventricular arrhythmias for which they were receiving 
antiarrhythmic therapy. The BENCH study group83 focused 
on long-term survival afforded by the addition of benazepril 
to dogs (n=162) with class (International Small Animal Car-
diac Health Council [ISACHC]) II or III heart failure associ-
ated with chronic valvular disease (n=125) or DCM (n=37). 
This prospective, randomized, placebo-controlled, double-
blinded European study was multicenter (n=16) and multi-
country (n=4). It studied benazepril (0.25 mg/kg once daily) 
as either sole therapy or as an add-to traditional therapy for up 
to 34 months. Mean survival significantly improved from 158 
days in the placebo group to 428 days in the treatment group. 
Survival rates at 1 year were 20% and 49%, respectively, for the 
two groups. High-risk dogs had not been removed from the 
study group, suggesting that survival would improve in less 
severely afflicted animals. The risk of progression to a worsen-
ing class of heart failure was also reduced, whereas quality of 
life measures were improved in the benazepril group. Benefits 
could also be demonstrated in subgroup analysis for those 
dogs with cardiovascular disease, but not the smaller sample 
of dogs afflicted with DCM. Adverse events to benazepril were 
slightly less (not statistically so) than to placebo.

Pouchelon and coworkers89 retrospectively addressed the 
efficacy of benazpril in dogs with Class II and III CHF (n=141). 
Dog were classified as untreated if they did not receive bena-
zepril before the appearance of clinical signs of CHF; these 
dogs served as controls. For the treated dogs, the mean dose 
was 0.3  ± 0.13 mg/kg. Median survival times were greater  
(3.3 years) in the treatment group (n=34) compared with 
untreated dogs (1.9 years, n=59 dogs) for all breeds except 
Cavalier King Charles Spaniels.

Controversy still exists regarding when ACE inhibitor 
therapy should be initiated in the patient with CHF, if and 
when it is the preferred vasodilator, and its position in the 
sequence of drugs. For humans, ACE inhibitors are indi-
cated for any patient with left ventricular systolic dysfunc-
tion even in the absence of clinical signs of overt cardiac 
failure.64 Studies in humans suggest that inhibition of ACE 
in patients with systolic dysfunction can prevent or delay the 
progression of heart failure, decrease the incidence of sud-
den death, and improve the quality of life.64 Although treat-
ment plans have been offered for enalapril, based on severity 
of disease,88 the importance that ACE inhibitors may have 
in attenuating myocardial remodeling and the need for 
early intervention may supersede treatment plans based on 
severity.

To minimize negative sequelae of afterload reduction, par-
ticularly that leading to activation of the RAAS, treatment 
with enalapril or other ACE inhibitors might be initiated at 
a lower dose90 (see Table 14-3) with increased increments at 
weekly intervals until clinical signs indicate improvement or 
further increases cannot be tolerated. Renal function should 
be monitored weekly for the first month of therapy in patients 
predisposed to adverse renal effects.

The role of ACE inhibitors in cats with hypertrophic cardio-
myopathy (HCM) is not clear. However, using an experimen-
tal feline banding model of pressure-overload left ventricular 
hypertrophy, 4 weeks of enalapril (0.5 mg/kg orally once daily) 
was associated with less intraventricular septum and free-wall 
diastolic thickness as well as decreased arterial (systolic and 
mean) pressure compared with placebo. Renal function and 
other physiologic parameters did not differ between placebo 
and treatment groups.91

ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS AND TREATMENT OF 
PROGRESSIVE RENAL DISEASE

The use of ACE inhibitors for the treatment and attenuation of 
progressive renal disease in humans and animals has been well 
reviewed.12 The evidence of efficacy is not clear, but therapy 
is generally accepted as beneficial. It is likely that a combina-
tion of therapies will be most beneficial.92 ACE inhibitors have 
repeatedly been demonstrated to provide superior renoprotec-
tive effects in patients with renal disease compared with other 
vasoactive drugs.93 The potential application of ACE inhibitors 
for this indication emerged as early as 1985, following a demon-
strable beneficial effect on proteinuria and accompanying renal 
damage in a rat model of renal failure. Potential application to a 
variety of human renal diseases was demonstrated over the next 
decades, with use in animals lagging not far behind. A meta-
analysis94 of clinical trials in humans with hypertension found 
a small benefit, probably reflecting reduction in blood pressure. 

KEY POINT 14-21 Evidence of clinical efficacy of angiotensin-
converting enzyme inhibitors is provided among clinical 
trials based on improved quality of life, improved survival, 
and objective measures of cardiac function.

KEY POINT 14-22 The timing of initiation of angiotensin- 
converting enzyme inhibitor therapy in relation to other 
drugs remains controversial.
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This study was met with controversy, indicating that the role of 
ACE inhibitors in progressive renal disease has yet to be clearly 
defined. Benefits demonstrated in dogs and cats have resulted 
in the approval of benazepril in Europe and Australia for treat-
ment of chronic progressive renal diseases in animals.

ACE inhibitors have three potential positive effects in the 
patient with renal disease: control of systemic and glomerular 
capillary hypertension, delayed progression of glomeruloscle-
rosis and tubulointerstitial disease, and decreased proteinuria.12 
In humans control of the progression of renal disease depends 
on control of systemic hypertension but this is not necessarily 
the mechanism whereby ACE inhibitors impart renoprotec-
tion. Systemic hypertension may accompany chronic renal dis-
ease in 50% to 93% of dogs and cats, and a similar dependency 
might be expected in animals. Hyperperfusion and hyper-
tension accompanying renal diseases initially enhances the 
filtration capacity of remaining nephrons. However, this com-
pensation for nephron loss occurs at a cost. AGII-mediated 
hypertension leads to distention of the glomerular capillary 
and mechanical strain on the glomerular mesangial cell. Podo-
cyte coverage becomes inadequate, changing the size exclu-
sion of the glomerulus such that permeability is increased. The 
exposed mesangial cells stimulate extracellular matrix prolif-
eration and release of proinflammatory cytokines. Inflamma-
tory and other proteins are increasingly filtered through the 
damaged glomerulus. The protein is toxic to tubular epithelials 
cells and stimulates further cytokine release. Included is trans-
forming growth factor-β, which stimulates excessive renal 
deposition of extracellular matrix in both the glomerulus and 
tubulointerstitium. Persistent inflammation mediated by AGII 
leads to glomerular and tubulointerstitial fibrosis, a character-
istic of end-state renal disease.12

In humans and experimental models, ACE inhibitors have 
demonstrated renoprotection in selected states of nephrotoxi-
cosis associated with renal vascular hypertension. Examples 
include experimentally induced cyclosporine nephrotoxic-
ity,95 in which ACE inhibitors decrease renal vascular resis-
tance, increase GFR, and promote diuresis in experimentally 
induced doxorubicin nephprotoxicity.96 Beneficial effects of 
ACE inhibitors include decreased deposition of extracellular 
matrix. The effects of ACE inhibitors have been demonstrated 
in humans to be greater if therapy is begun early in a variety 
of renal diseases, with polycystic renal disease being the sole 
disease thus far that has not responded to therapy.12

In dogs a variety of studies have attempted to demonstrate 
renoprotective effects of ACE inhibitors. Studies in dogs have 
predominantly involved enalapril, whereas benazepril has 
been the drug of choice for cats for reasons that are not clear 
other than approval status of the drugs in the country of ori-
gin of each study. Results varied with the disease, the model 
(including experimental versus spontaneous nephropathies), 
and doses studied (enalapril at 0.5 mg/kg every 24 hours to 

2 mg/kg every 12 hours). Outcome measures generally include 
objective measures such as azotemia, renal plasma flow, GFR, 
survival rates, weight gain or loss, and histopathology or more 
subjective measures such as appetite. In a canine experimen-
tal model, differences were limited to fewer histologic lesions 
after 6 months of treatment (1 mg/kg every 12 hours for 2 
weeks followed by 0.5 mg/kg every 12 hours) compared with 
untreated controls. A controlled study in X-linked hereditary 
nephritis in Samoyeds demonstrated increased survival time 
in treated dogs (enalapril at 2 mg/kg every 12 hours from 
4 weeks of age); therapy was begun before proteinuria could be 
detected. In the treatment group increased serum creatinine 
was delayed in onset and progression was slowed, although 
the magnitude of azotemia did not change. The life span of 
afflicted dogs increased 36%,97 an outcome measure that must 
be considered in the context of studies that found up to 53% 
increased survival time in dogs receiving a modified diet.98 In a 
third study, a difference in serum creatinine level could not be 
detected in untreated dogs versus enalapril-treated (0.5 mg/kg 
every 12 to 24 hours) dogs with spontaneous idiopathic renal 
disease. However, this lack of a difference probably reflected 
the small number of animals studied because serum creati-
tine levels had not increased more than 0.2 mg/dL in 13 of 16 
treated dogs compared with 1 of 14 untreated dogs by the end 
of the 6-month study period.99

In cats benazepril has proved effective for treatment of 
hypertension associated with experimental feline renal dis-
ease75 and cats with HCM.100,100a Cats with experimentally 
induced chronic renal failure responded to benazepril (0.5 to 
2 mg/kg once daily), although serum creatinine levels did not 
differ from those of the control group.75 In cats with polycystic 
renal disease, enalapril-treated (0.5 mg/kg once daily) cats had 
less azotemia compared with untreated cats, although GFR did 
not differ.101 Although the potential efficacy of ACE inhibition 
for treatment of progressive renal disease may be less clear in 
cats than in dogs, sufficient evidence exists to warrant its con-
sideration as early in the disease as possible.

ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS AND TREATMENT OF 
PROTEINURIA

Among the specific renal indications of ACE inhibitors is pro-
teinuria. Proteinuria appears to be correlated with renal dis-
ease, so much so that it is a marker of the progression of disease. 
Decreased proteinuria can be correlated with improved renal 
function, perhaps by preventing the inflammatory effects of 
protein in the tubule. Proteinuria is a demonstrated risk factor 
for the progression of chronic renal failure in cats.102

In humans, ACE inhibitors are considered superior to other 
vasoactive drugs in decreasing proteinuria, although the mech-
anism still is not understood and may depend on the cause of 
proteinuria. Use as part of combination therapy is likely to be 
the key.103 The mechanism may reflect maintenance of podo-
cyte function in the face of glomerular hypertension; ACE 
inhibitors decrease podocyte hypertrophy. Reduced filtration 
pressure has been demonstrated in cats with experimental 

KEY POINT 14-23 Efficacy of angiotensin-converting enzyme 
inhibitor therapy for progressive renal disease in dogs or 
cats depends on use early in disease.
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chronic renal disease.102 Whether control of systemic hyper-
tension is sufficient to control podocyte function has yet to 
be demonstrated; additional direct effects on podocytes or 
mesangial cells may occur. Regardless of the mechanism, renal 
function improves in concert with reduction of proteinuria in 
human patients. Reduction of proteinuria appears to be dose 
dependent, occurs rapidly, and remains drug dependent in 
that proteinuria will recur once the drug is discontinued.

Response of canine proteinuria to ACE inhibitors is variable, 
but again this may reflect limitations in study design. Finco 
and coworkers104 were not able to demonstrate a renoprotec-
tive effect caused by decreased proteinuria in experimental 
renal disease in dogs.104 However, in another experimental 
model of renal failure, the urine protein to creatinine ratio was 
lowered in dogs receiving enalapril (0.5 mg/kg every 12 hours) 
for 6 months.105 In a prospective, blinded study of dogs with 
spontaneous glomerulonephritis, enalapril (0.5 mg/kg) twice 
daily (but not once daily) reduced the urinary protein to cre-
atinine ratio to less than 50% of baseline, although response 
required 1 to 3 months. The ratio decreased by 4.2 in treated 
dogs, compared with a 1.9 increase in placebo-treated dogs.99 
In cats benazepril also has proved effective for treatment of 
proteinuria associated with spontaneous renal diseases.106

Mizutani and coworkers107 prospectively studied the effect 
of benazepril (0.5 to 1 mg/kg) in cats (n=61) with chronic 
renal disease using a randomized, placebo, double-blinded 
parallel design. Cats were studied for up to 6 months. The 
urine protein to creatinine ratio was reduced in benazapril-
treated cats; further, fewer cats progressed to stage 4 renal dis-
ease in the treatment group compared with the placebo group. 
Using a randomized, double-blinded parallel design, King and 
coworkers102 also prospectively studied the impact of bena-
zepril (0.5-1 mg/kg daily) in cats (n=192; 96 treatment and 
placebo control each) with chronic renal disease (creatinine ≥ 
2 mg/dL; urine specific gravity ≤ 1.025). Cats were treated for 
up to 1119 days. Proteinuria was significantly reduced based 
on the urine protein to creatinine ratio. Response was pres-
ent at the first posttreatment sampling time (7 days) and was 
greatest in those with the highest ratios, although response was 
significant also in cats with low ratios (p ≤ 0.02). Survival time 
(which was inversely related to initial urine protein to creati-
nine ratio in the placebo group) did not differ between placebo 
and treatment groups (637 ± 480 for benazepril; 520 ± 323 
placebo), although variability was marked for both treatment 
groups, limiting the power to detect a significant difference. 
Quality of life also did not differ between groups, although 
appetite improved more in treated cats with initial urine pro-
tein to creatinine ratio of 1 or higher. Therapy was well toler-
ated. Adverse events did not differ between treatment groups; 
creatinine concentrations did not differ between the groups, 
including as therapy began.

Angiotensin II Receptor Antagonists
The development of losartan, the first approved AGII recep-
tor antagonist (ARA), represents a concerted pharmaceuti-
cal development endeavor to design a drug based on the core 
structure of the pharmacologic target. Currently, seven ARA 

drugs have been approved in the United States. Although 
each is devoid of agonistic activity, only very minor molecu-
lar changes can render the drugs as potent agonists.18 Gen-
erally, ARA receptors have a 10,000-fold greater affinity for 
AR-1 compared with AR-2 receptors. Potency varies among 
drugs, with candesartan being most and losartan being least 
potent for AR-1 blockade. However, losartan is metabolized 
to an active, more potent compound. Blockade of AR-1 is 
competitive, but inhibition of AGII response is described as 
insurmountable, perhaps because of the slow release of drug 
from the receptor.18 Regardless of the mechanism, maximal 
response to AGII is attenuated; blockade is effective despite 
increased concentrations of AGII or missed doses. Block-
ade generally attenuates most biologic effects of AGII. This 
includes peripheral vasoconstriction, pressor response (rapid 
and slow), the release of vasopressin, adrenal catecholamines 
or aldosterone, the advent of thirst, altered renal function, cel-
lular hypertrophy, and hyperplasia.18

In humans oral bioavailability of the various ARA products 
is generally less than 50%, and protein binding is greater than 
90%. Hepatic metabolism varies among the drugs: candesar-
tan and olmesartan are prodrugs, losartan (14%) is metabo-
lized (CYP2C9 and 3A4) to a metabolite more potent than the 
parent compound, and several others are metabolized to inac-
tive metabolites. The half-life is variable among drugs, ranging 
from 2.5 hours for losartan (6-9 hours for its active metabolite) 
to 24 hours for telmisartan. Losartan is excreted both renally 
and by hepatic metabolism, with liver, but not renal, disease 
affecting disposition. Losartan is a competitive antagonist of 
thromboxane A2 and impairs platelet aggregations.18

The pharmacokinetics of ARAs have not been well estab-
lished in dogs and cats. Several studies in dogs reflect preclini-
cal studies for human products. Limited pharmacokinetic and 
pharmacodynamic data of losartan potassium were reported 
in dogs after oral administration of 5 to 20 mg/kg.107a Oral 
bioavailability ranged from 22% to 33%. The elimination half-
life approximated 2 to 2.5 hours after oral administration but 
only 40 minutes after intravenous administration. The volume 
of distribution of 0.3 L/kg suggested limited tissue distribu-
tion; the drug is very highly (>95%) bound to plasma proteins. 
Clearance approximated hepatic blood flow; the proportion 
of drug converted to the active metabolite was not measured. 
Maximum drug concentration was dose dependent, with a low 
of 0.8 ± 4 μg/mL at 5 mg/kg to 2.9±1.6 at 20 mg/kg. Phar-
macodynamically, an unbound plasma drug concentration of 
3 ng/mL (total drug of 96 ng/mL) was determined to the 50th 
percentile concentration needed to block a pressor response. 
This concentration was almost achieved at the lowest oral dose 
of 5 mg/kg, suggesting a dose between 5 and 10 mg/kg. Irbe-
sartan has been studied in dogs alone or in combination with 
hydrochlorthiazide.107b Dogs were treated with 30 mg/kg once 
daily for 8 days. Maximum drug concentrations at day 8 were 
4.3±1.0 μg/mL, with an elimination half-life of 21±3.7 hours. 
Although pharmacodynamic response did not relate well 
with plasma drug concentrations, the effective concentration 
(EC50) associated with decreasing systemic or diastolic blood 
pressure was 3.3 ± 0.4 μg/mL, potentially supporting a dose 
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of 30 mg/kg once daily. A lag time to efficacy of several days 
would be expected.

Indications for ARA treatment in humans include hyper-
tension, diabetic nephropathy, stroke prophylaxis, and heart 
failure in patients intolerant to ACE inhibition. It is not clear 
whether antagonism of AGII receptors is more efficacious than 
therapy with ACE inhibitors. Compared with ACE inhibitors, 
ARAs differ in their impact on the RAAS in several aspects. 
Because non-ACE alternative pathways exist for generation of 
AGII, ACE inhibitors cannot completely attenuate its effects. 
In contrast, ARAs will effectively block all AGII effects. How-
ever, AGII receptors can still be activated. Because ARAs will 
result in a several-fold increase in renin, AGII concentrations 
will increase. Finally, inhibition of ACE also results in the 
inhibition of other pathways; this effect will not occur with 
ARAs, resulting in persistence of substrates (e.g., bradykinin, 
Ac-SDKP). Losartan has proved comparable in efficacy to 
enalapril, but efficacy compared with captopril was variable 
among studies. In human medicine, ACE inhibitors remain 
the first-line drugs of choice, with ARAs reserved for non-
responders. The combined use of ACE inhibitors and ARAs 
is controversial and requires further study.18 The ARAs have 
also been used alone or in combination with ACE inhibitors 
or amlodipine to treat proteinuria.

Arterial and Venous Dilators
Organic Nitrates
Organic nitrates activate cGMP, which ultimately decreases 
actin and myosin interaction, leading to relaxation of vascular 
smooth muscle and arterial and venous dilation (see Figure 
14-4). At low concentrations venodilation predominates, and 
net systemic vascular resistance is usually not affected. Coro-
nary vessels are directly dilated. Pharmacologic effects occur 
rapidly. First-pass metabolism precludes oral administration 
of nitrates; therapeutic routes include intravenous, sublingual, 
and topical (transdermal ointment).

Nitroglycerin is a member of the organic nitrate group. 
Although all vascular smooth muscle might be relaxed, the 
dose of nitroglycerin administered causes predominantly 
venous dilation and preload reduction. Pulmonary and sys-
temic congestion and myocardial workload are reduced.108 
Nitroglycerin is available for intravenous and sublingual use 
and as an ointment. The 2% ointment form has been the most 
commonly used preparation in veterinary medicine. It can be 
applied to the hairless portion of an animal’s skin (abdomen 
or ear). Gloves should be used by the caregiver to avoid percu-
taneous absorption of drug. The clinical indication for use is 
limited to acute (emergency) treatment of CHF.

Sodium Nitroprusside
Nitroprusside (see Figure 14-6)9 contains cyanide, which oxi-
dizes intracellular sulfhydryl groups to produce methemoglo-
bin; NO is simultaneously released. Activation of cGMP causes 
vasodilation (see Figure 14-3). The NO system that activates 
nitroglycerin is different from that activating nitroprusside, 
accounting for differences in vascular beds targeted by each 
drug.9 Both arterioles and venules are dilated by nitroprusside; 

systemic and pulmonary vasculatures are targeted. Nitroprus-
side is one of the most potent vasodilators available. The advan-
tages of nitroprusside over other vasodilator drugs include its 
potency, its effect in both preload and afterload reduction, 
immediate hemodynamic effects, extremely short half-life, 
and low cost. Nitroprusside must be administered by con-
stant intravenous (IV) infusion using an infusion pump; the 
potential for hypotension necessitates close monitoring. Free 
cyanide released during intracellular metabolism is cleared in 
part by transulfation of thiosulfate yielding thiocyanate, which 
itself is potentially toxic. Overdosing of nitroprusside may 
yield excessive cyanide, causing severe lactic acidosis; the risk 
is increased in patients with liver disease or those receiving 
diuretics (decreased thiosulfate stores). Co-administration of 
sodium thiosulfate may be indicated in at-risk patients. Clear-
ance of the toxic end product, thiocyanate, may be decreased 
in patients with renal disease, particularly if infusion contin-
ues beyond 24 to 48 hours. Monitoring of thiocyanate should 
be considered in at-risk patients; concentrations should not 
exceed 0.1 mg/mL.9 Feline hemoglobin may be predisposed 
to oxidation and methemoglobin formation. The primary 
indication of sodium nitroprusside is treatment of severe (cat-
astrophic) CHF. Nitroprusside is administered as a constant-
rate infusion using a dedicated line and an infusion pump 
(1-10 μg/kg/min, starting at 1 μg/kg/min in dogs and 0.5 μg/
kg/min in cats; increasing 0.5-1 μg/kg/min every 5 minutes to 
maintain systolic pressure at 90-1000 mm Hg). Nitroprusside 
is inherently unstable and will decompose under alkaline con-
ditions and with exposure to light.

Prazosin
Prazosin is an α-adrenergic receptor blocker. However, it also 
is a venous dilator (perhaps owing to inhibition of cAMP) and 
thus might be considered as both a preload and an afterload 
reducer. Despite significant first-pass metabolism in humans, 
prazosin is effective after oral administration. Prazosin is an 
effective antihypertensive agent. However, tolerance develops 
rapidly. It is more effective when used in combination with 
other drugs. Clinical use of prazosin is limited because hydral-
azine affords a much better reduction in peripheral resistance 
and increase in cardiac output.

Phosphodiesterase Inhibitors
Several selective inhibitors of phosphodiesterase (PDE) V have 
been approved for treatment of penile erectile dysfunction in 
humans. These include sildenafil (Viagra), tadalafil ( Cialis), 
and vardenafil (Levitra). In contrast to most other PDE inhibi-
tors, PDE V inhibits breakdown of cGMP. Subsequent release 
of NO in nerve terminals of endothelial cells causes smooth 
muscle relaxation and increased blood flow. PDE V is located 
in corpus cavernosum smooth muscle, vascular and visceral 
smooth muscle, skeletal muscle, platelets, kidney, lung, cer-
ebellum, and pancreas. Potency of tadalafil with PDE V is 
more than 9000-fold compared with that of other PDE iso-
forms except for PDE VI (retina) and PDE XI (in skeletal 
muscle), for which potency is 700- or 14-fold greater, respec-
tively, indicating a relative selectivity for PDE V. Disposition 
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of tadalafil in humans is characterized by oral absorption that 
is not impaired by food (bioavailability not reported on pack-
age insert), greater than 90% binding to plasma proteins, and 
a volume of distribution approximating 1 L/kg. In humans 
tadalafil is metabolized by CYP 3A4 to inactive catechols. In 
humans the elimination half-life is 17 hours. Drug interactions 
caused by inhibition or induction of CYP 3A4 may result in 
clinically relevant adverse drug events. For example, the dos-
ing interval is prolonged from 12 hours to 72 hours in humans 
concomitantly receiving imidazole antifungals or other inhibi-
tors of CYP 3A4. Despite hepatic metabolism, renal insuffi-
ciency may increase area under the curve and Cmax twofold to 
fourfold, whereas moderate hepatic disease does not appear 
to affect disposition. Although systemic hypotension is not 
a common side effect of tadalafil, PDE V inhibitors in gen-
eral potentiate nitrate-induced hypotension and co-adminis-
tration is contraindicated. Care is indicated when combined 
with α-blocker therapy. Visual disturbances in humans reflect 
temporary impairment of color vision, reflecting inhibition of 
PDE VI in the retina. The PDE V inhibitors have been used 
with variable success to treat pulmonary hypertension in dogs.

ANTIARRHYTHMIC DRUGS

Cardiac Arrhythmias
Underlying molecular causes of arrhythmias have been 
reviewed in humans.1 Arrhythmias result from a combination 
of factors, including genetic predisposition, external stressors 
and subsequent myocardial remodeling, as well as iatrogenic 
contributions. Ischemia, electrolyte imbalances, activation 
of the RAAS and other systems, and pharmacologic therapy 
are among the triggers for arrhythmias.1 Inherited causes of 
arrhythmias are rare, but generally pathophysiology is straight-
forward, particularly if associated with mutations in ion chan-
nel genes. In contrast, arrhythmias associated with acquired 
heart disease are complex. Structural and electrical remodel-
ing, hemodynamic changes, and neuroendocrine signals each 
influence ion channel function, intracellular calcium response, 
and intercellular communication and matrix composition.

Regardless of the source, all cardiac arrhythmias arise from 
two primary abnormalities: impulse initiation, which includes 
spontaneous automaticity and triggered activity, and impulse 
propagation—that is, conduction (generally manifested as 
reentrant arrhythmias). Impulse initiation establishes heart 
rate and is determined primarily by the rate of diastolic depo-
larization—that is, the slope of phase 4. In the normal heart the 
slope (heart rate) is autonomically controlled, being decreased 
by acetylcholine released from parasympathetic nerves and 
increased by norepinephrine released from the adrenal cor-
tex. Stroke volume decrementally decreases as heart rate 
increases; accordingly, cardiac output may ultimately decrease 
with faster rates. The slope of phase 4 can be affected by a 

number of abnormal conditions. Enhanced automaticity 
occurs when the rate of spontaneous diastolic depolarization 
increases sufficiently to allow emergence of pathologically 
slowed or increased rates (e.g., sinus tachycardia). Ectopic 
foci (pacemakers that normally are latent) may emerge and 
may cause tachycardia if the frequency exceeds that of the 
sinoatrial node. Arrhythmias of initiation may also be trig-
gered by an abnormal depolarization (phase 0), resulting in 
secondary upstrokes in the action potential. Two types of trig-
gered arrhythmias occur. Delayed after-depolarization (DAD) 
occurs after a normal action potential and is followed by an 
overload of intracellular calcium. Examples include arrhyth-
mias associated with myocardial failure, myocardial ischemia, 
adrenergic stress, and digoxin toxicity. Early after-depolariza-
tion (EAD) upstrokes occur during phase 3 repolarization and 
follow abnormally long cardiac action potentials. They gener-
ally result from abnormal inward sodium or calcium channel 
currents or exchange pumps and are associated with very slow 
heart rates or low extracellular K+ or in association with drugs 
that cause prolonged action potential duration.

Drugs that decrease automaticity do so through several 
mechanisms. Some decrease the rate (slope) of phase 4 spon-
taneous depolarization, suppressing the ectopic focus such 
that the sinoatrial node is allowed to resume its dominance. 
Automaticity might also be reduced by lengthening the time 
needed to attain threshold potential by increasing either the 
excitation threshold (more positive; e.g., Na+ or Ca2+ channel 
blockers) or the diastolic membrane potential (i.e., hyperpo-
larization, or more negative). Finally, spontaneous discharge 
might be reduced by prolonging the action potential dura-
tion, such as might occur with prolonged effective or absolute 
refractory periods.5 Triggered automaticity can be impaired 
by inhibiting the development of after-depolarizations or 
interfering with inward sodium or calcium channels. Shorten-
ing (rather than prolongation) of the action potential dura-
tion will inhibit EADs. Although the mechanism is not well 
known, magnesium will also inhibit EADs.5

Arrhythmias associated with conduction abnormalities are 
exemplified by reentrant arrhythmias. Reentrant arrhythmias 
may be either anatomic or functional. Functional reentrant 
arrhythmias are exemplified by pathologies such as ischemia 
that markedly slow conduction. Anatomic arrhythmias involve 
two or more pathways that travel to the same region of the heart 
but differ in electrophysiology (e.g., refractory period or con-
duction speed). Emergence of reentrant arrhythmias reflects the 
unique histologic make up of myocardial muscle. The geometric 
connection of myocardial cells to one another facilitates rapid 
movement of impulses throughout the myocardium such that 

KEY POINT 14-24 Selectivity of phosphodiesterase inhibitors 
reflects specificity for different enzymes and the presence 
of specific enzymes in different tissues.

KEY POINT 14-25 Arrhythmias reflect altered impulse initia-
tion (automaticity) or impulse propagation (conduction).

KEY POINT 14-26 Automaticy can be reduced by prolonging 
the effective refractory period or increasing the time it takes 
for the membrane potential to reach threshold (phase 4).
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the heart acts as a single large cell (Figure 14-8). One region 
might receive signals from several different pathways. Coordi-
nation of impulse conduction ensures that myocardial fibers are 
excited in a sequence that maximizes pump efficiency. Normally, 
retransmission of an impulse received in a specific region from 
an alternative (i.e., second) direction is prevented because either 
the signals arrive simultaneously, thus canceling one another, or 
the fiber remains refractory from the first impulse and cannot 
respond to the second. However, if the refractory period is abnor-
mally short, or conduction of the reentering, alternative impulse 
is markedly slowed, the fiber will no longer be refractory from 

the first impulse. The impulse can be reinitiated and travels in 
the opposite direction, until it returns to the region again, gener-
ating a (circus) reentrant arrhythmia (see Figure 14-8). Altered 
membrane channel and ion movements with injured cardiac tis-
sue channels slow movement through fast Na+ channels (phase 
0) and slow Ca2+ channels. Conduction is accordingly slowed, 
potentially generating reentrant arrhythmias.

Clinically relevant antiarrhythmics act to prevent reentrant 
arrhythmias by blocking specific ion channels or by target-
ing autonomic function, thus altering initiation, or conduc-
tion or action potential duration (thus refractory periods) 

Normal tissue or
abnormal conduction

Impulse travels in both directions.
Impulses in opposite directions are

cancelled when impulses meet
regardless of conduction velocity.

Bidirectional Block

Impulse prevented
from passing through

block from either direction.
Impulse dies.

Unidirectional Block

Impulse cannot pass through unidirectional
block but can pass through when coming
from the opposite direction. Conduction of
impulse in opposite direction is sufficiently
slowed that tissue is no longer refractory

when impulse reaches unidirectional block.
Impulse passes through and is perpetuated

(dotted arrows).

Figure 14-8 In the normal myocardium, electrical impulses travel down one or more paths of a bifurcated myocardial cell. Bifur-
cations allow coordination of contractions in all directions such that myocardial emptying is efficient and complete. Several 
mechanisms exist to ensure that impulses travel only in the proper direction. Those impulses that travel in opposite directions will 
be canceled by one another, precluding their transmission in the wrong direction. In the presence of a unidirectional block (i.e., 
resulting from damaged myocardium), transmission of one of the impulses will be prevented. However, although the impulse that 
normally would be canceled is now able to pass through the damaged tissue in the other direction, it will meet tissue that remains 
refractory from the first impulse. Consequently, it will not be transmitted any further. However, if conduction of the second unim-
peded impulse is slowed, the myocardium will no longer be refractory when the impulse passes through the unidirectional block. 
Therefore the myocardium is receptive to the electrical impulse of this misdirected impulse, and the signal will be transmitted. 
Because of the combined effects of the unidirectional block and slowed conduction, the impulse may be perpetuated, resulting 
in a circus or reentrant arrhythmia. Drugs can reduce the arrhythmia by causing a bidirectional block, which prevents the second 
impulse from traveling through the damaged site, or by increasing the rate of conduction of the second impulse such that it 
reaches myocardial tissue while it is still in its refractory state from the first impulse.
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of cardiac fibers. Initiation and thus automaticity can be sup-
pressed through blockade of ion channels or drugs that facili-
tate adenosine or acetylcholine (thus increasing the maximum 
diastolic or resting potential) or antagonize adrenergic recep-
tors (thus decreasing the slope of phase 4). Acceleration of con-
duction or prolongation of the ERP or APD causes the second 
impulse to reach tissue still refractory from the first impulse. 
Examples include Ca2+ channel blockers, β-adrenergic receptor 
antagonists, and digitalis glycosides. Slowed conduction caused 
by these drugs may increase the risk of functional reentrant 
arrhythmias. However, because reentrant arrhythmias respond 
best to drugs that prolong the refractory period, such drugs 
nonetheless remain effective for treatment of reentrant arrhyth-
mias if the effective refractory period is prolonged. Examples of 
drugs that prolong ERP or APD might include drugs that delay 
recovery of sodium channels (particularly those that target inac-
tivated channels) or potassium channel blockade (the delayed 
rectifier channels is particularly amenable to drug blockade), 
or drugs that prolong the APD. However, potassium channel 
blockade is also particularly conducive to causing arrhythmias, 
perhaps in part because of the importance of potassium chan-
nels in multiple phases of the action potential cycle.

In general, the complex action of antiarrhythmic drugs ren-
ders antiarrhythmic therapy generally inefficient and risky. All 
antiarrhythmic drugs are proarrhythmogenic. A major con-
tributing factor to both inefficiency and risk is lack of knowl-
edge regarding the particular electrophysiologic mechanism 
that underlies each arrhythmia or the drug. For example, the 
number of potassium channels, their differences in location, 
control, and role in the action potential complicate under-
standing, let alone predicting the impact of potassium chan-
nel blockade on cardiac function or rhythm. Increasingly, the 
arrhythmogenicity of drugs is likely to be understood as the 
differences in potassium channel impact by these drugs are 
understood. For example, blockade of delayed rectifier potas-
sium current (Ik5) in the presence of high (β) adrenergic out-
put predictably causes torsades de pointes in dogs.110a

Differences in clinical actions of antiarrhythmic drugs 
reflect in part different affinities of ion channel–blocking 
drugs for target receptors on the ion channel proteins, with 
some drugs targeting specific receptor subtypes. Affinity may 
change with conformation of the protein channel. As such, 
affinities are often state dependent (i.e., occurring only in the 
open, conducting state; in the closed, resting state; or during 
the inactivated, recovering state). Further, cardiac drugs often 
target more than one channel, and changes induced by a drug 
in one current generally influences the other currents. Direct 
and indirect (through the autonomic system) effects on cardiac 
contractility contribute to adverse effects.5 Finally, most anti-
arrhythmic drug target channels in both normal and abnormal 
tissues. Electrolyte abnormalities and hypokalemia in par-
ticular often predispose arrhythmogenicity and may increase 

adverse effects to antiarrhythmics.109,110 Indeed, a randomized 
human clinical trial that focused on the use of antiarrhythmic 
drugs for prevention of sudden death found that sudden death 
actually increased, primarily because of the proarrhythmic 
effects of drugs that target ion  channels.111 Accordingly, anti-
arrhythmics should be considered  dangerous,109,111 and their 
use should be pursued, whenever possible, under the guidance 
of clinicians with appropriate expertise (i.e., cardiologists).

Antiarrhythmic cardiac drugs fall into four main classes 
according to their dominant electrophysiologic effect on myo-
cardial cells5,112 (Figure 14-9). Although this classification 
serves to couple electrophysiologic actions with antiarrhyth-
mic effects, increasing emergence of the complex mechanisms 
of actions of these drugs complicates the classification, and 
care should be taken not to assume that drugs within classes 
behave the same way; indeed, most drugs have multiple effects 
that cross into multiple classes.

Class I Antiarrhythmic Drugs
Class I agents comprise the standard membrane-stabilizing 
drugs such as lidocaine, quinidine, and procainamide. These 
agents work by selectively blocking the fast Na+ channels and 
depressing phase 0 of the action potential through the direct 
membrane-stabilizing or “local anesthetic” effect. Accord-
ingly, class I drugs increase the threshold of excitability and 
decrease the rate of spontaneous phase 4 depolarization, thus 
reducing the emergence of ectopic foci (decreased automatic-
ity). Although decreased phase 0 depolarization also decreases 
conduction velocity (thus prolonging conduction and increas-
ing the risk of re-entrant arrhythmias), effects on automatic-
ity and generation of ectopic foci appear to predominate over 
effects on conduction velocity. Some class I drugs also prolong 
action potential duration, especially the effective refractory 
period, and as such are particularly useful in treating reen-
trant arrhythmias.113 Class I agents can be further subdivided 
according to their effects on the refractory period and the rate 
of repolarization. Class 1A are intermediate blockers, includ-
ing quinidine and procainamide. Class 1 B are rapid block-
ers, including lidocaine and mexiletine. Class 1C blockers are 
characterized by slow blocking kinetics and include flecainide, 
propafenone, and moricizine.

The risk of proarrhythmogenicity of antiarrhythmics is 
increased in dogs and cats by virtue of the dearth of scien-
tifically based data supporting their use. However, regarding 
the data that do exist, when comparisons are made between 
dogs and humans, the concentrations at which antiarrhythmic 
effects of class I drugs are realized generally are similar. How-
ever, marked differences in pharmacokinetics exist; indeed, 
an exception to the generalization occurs for procainamide 
because of differences in its metabolism between dogs and 
humans.114

KEY POINT 14-27 Reentrant arrhythmias can be decreased 
by increasing the rate of conduction or prolonging the 
effective refractory period.

KEY POINT 14-28 All antiarrhythmics are proarrhythmic, and 
their use should be initiated cautiously and only if proper 
monitoring tools are available.
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Class IA Drugs
Class 1 A drugs increase the threshold for excitability and 
decrease automaticity, reduce the rate of phase 0 depolar-
ization and thus slow conduction, prolong both the effec-
tive refractory period and the action potential duration, and 
delay repolarization. A shared arrythmogenic effect of sodium 
channel blockers with atrial flutter reflects slowed conduction. 
Subsequent slowing of atrial flutter may allow more signals to 
be transmitted through the atrioventricular node, causing the 
heart rate to increase.

Quinidine
Quinidine, derived from the bark of the cinchona plant, is 
a diastereomer of the antimalarial drug quinine. Quindine 
affects most types of cardiac muscles.5,112 Its efficacy against 
supraventricular and ventricular arrhythmias facilitates its 
classification as a broad-spectrum antiarrhythmic. Quinidine 
has both direct and indirect effects. For direct effects, quinidine 
blocks open Na+ channels, increasing the threshold for excit-
ability and decreasing automaticity, thus suppressing ectopic 
pacemakers. Blockade of multiple K+ currents prolongs action 
potentials, particularly at slow heart rates. Electrophysiologi-
cally, quinidine increases the QRS complex; the QT interval 
may also be prolonged, causing torsades de pointes at thera-
peutic or subtherapeutic concentrations in some patients.5 
Because it also prolongs the effective refractory period, espe-
cially in the atria, quinidine is particularly useful for treatment 
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Figure 14-9 Structures of selected antiarrhythmic drugs. The drugs are classified by their mechanism of action, although much 
overlap occurs, particularly with potassium channel effects. Metoprolol exemplifies the chiral carbon present on most β blockers 
(some have two). Rotation of the four groups around the carbon yields enantiomers (stereoisomers that are non-superimpos-
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KEY POINT 14-29 Although antiarrythmics are classified 
according to the major ion targeted, newer data indicate 
that this scheme is simplistic and much overlap occurs 
among the classes.
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of reentrant arrhythmias such as atrial fibrillation.112, 113,2,115 
In the atria quinidine also has an indirect effect through antiv-
agal (“atropine-like”) actions, contributing to undesirable side 
effects, and specifically, tachycardia.

Although given intravenously (which markedly increases 
the risk of cardiotoxicity) and intramuscularly, quinidine is 
most practically administered orally. Intramuscular injection 
is painful. Quninidine has been prepared as different salts 
to manipulate (prolong) oral absorption. Quinidine sulfate 
is absorbed rapidly after oral administration,5,112 whereas 
the gluconate form is absorbed more slowly. Despite marked 
(90%) binding to α glycoproteins, quinidine distributes rap-
idly to most tissues, resulting in a large volume of distribu-
tion. In states of high stress, it may be necessary to increase 
doses of quinidine to overcome increased binding associ-
ated with increased inflammatory and other α glycoproteins, 
although this may be an issue more commonly encountered in 
humans with myocardial infarction. Quinidine binds to tissue, 
including cardiac proteins. Hepatic metabolism is mediated 
by CYP3A and is extensive, with excretion of parent com-
pound or metabolites in the urine. Variability in metabolism is 
marked among patients and can be influenced by other drugs, 
necessitating individualized therapy. The duration of action of 
quinidine may be shortened or lengthened by drugs that target 
CYP3A4. The half-life is about 6 hours, but the dosing interval 
may be prolonged with slow-release preparations.

Quindine disposition has been studied in Beagle dogs 
(n=4). An intravenous dose of 1 mg/kg distributed to a vol-
ume of 1.17 ± 0.40 L/kg and was cleared at a rate of 5.90 ± 0.40 
mL/min/kg, yielding an elimination half-life of 3.46 ± 1.44 h 
and mean residence time (MRT) of 3.34 ± 1.25 h. After oral 
administration of the sulfate salt (100 mg orally), Cmax was 
2162 ± 598 ng/mL and oral bioavailability was 73%.116

Quindine can cause or be affected by drug interactions, 
particularly by drugs that affect CYP 2D6 and 3A. It is a 
potent inhibitor of CYP 2D6, prolonging the elimination of 
selected drugs or preventing the formation of active drug (e.g., 
morphine from codeine).5 Its clearance is affected by other 
drugs that impair (e.g., cimetidine, verapamil) or induce (e.g., 
phenobarbital, phenytoin, rifampin) CYP 2D6. Clearance of 
quinidine was decreased in normal Beagles (n=4) by 50% after 
treatment with the CYP3A substrate inhibitor ketoconazole. 
The elimination half-life (hr) increased from 3.46 ± 1.44 to 
6.78 ± 1.98; Cmax increased from 2162 ± 598 to 3295 ± 636 
ng/mL.116 Quindine clearance also is prolonged by drugs 
that alkalinize the urine (e.g., carbonic anhydrase inhibitors, 
thiazide diuretics). Quindine decreases digoxin clearance 
and may compete with it for P-glycoprotein–mediated efflux. 

Competition at cardiac binding sites also may displace digoxin, 
further increasing plasma digoxin concentrations, which may 
exacerbate digoxin-induced cardiac arrhythmias.117

Quinidine is associated with cardiotoxicity-induced 
arrhythmias such as atrioventricular blockade or ventricu-
lar arrhythmias. Sudden death caused by syncope has been 
reported. The atropine-like (antivagal) effects of quinidine 
probably account for some potentially serious side effects. 
Loss of vagal tone, important to the control of conduction 
in the atrioventricular node, may increase impulse conduc-
tion to the ventricles, resulting in paradoxical acceleration, an 
undesirable increase in heart rate in the patient with supraven-
tricular tachycardias (including atrial fibrillation). This loss of 
vagal tone also impacts drugs whose cardiac effect is based on 
enhanced vagal tone. In humans, digitalization prior to ther-
apy is indicated. Quinidine is also an α-adrenergic blocking 
agent and can cause vasodilation and potential hypotension. 
Gastrointestinal symptoms (e.g., nausea, vomiting, diarrhea) 
may occur, particularly with the sulfate form.

As a broad-spectrum drug, quinidine may be effective for 
acute or chronic management of supraventricular and ven-
tricular arrhythmias. However, its efficacy particularly targets 
atrial arrhythmias. Quinidine is contraindicated in the pres-
ence of complete A-V heart block. Daily doses range from 
5 to 15 mg/kg; therapeutic concentrations are 2 to 6 μg/mL. 
The drug can be given intravenously, but only with extreme 
caution.

Procainamide
Procainamide differs from the local anesthetic procaine only 
by replacement of an ester with an amide (see Figure 14-9). 
Like quinidine, procainamide blocks open Na+ channels and 
outward K+ channels. Thus it decreases automaticity, increases 
refractory periods, and slows conduction as well as prolongs 
the action potential duration. Its N-acetyl metabolite (in 
which the dog is deficient) is active and accounts for a major 
proportion of activity in humans. Although the metabolite 
does not block Na+ channels, it does prolong the action poten-
tial duration (a K+-blocking effect).5 The metabolite is equal in 
efficacy but less potent than the parent compound in the con-
trol of ventricular arrhythmias.118 The effects of procainamide 
on automaticity, excitability, responsiveness, and conduction 
are similar to those produced by quinidine. Indirect effects 
(those affecting the autonomic nervous system) are signifi-
cantly weaker, with no α-adrenergic blockade or paradoxical 
acceleration.5

Procainamide is rapidly and almost completely absorbed 
after oral administration, although the rate varies with the 
preparation. Peak concentrations occur within 45 to 75 min-
utes with a capsule but take longer with tablets. Bioavailability 
in the dog approximates 85%.119 Only about 20% of the drug 
is protein bound to glycoproteins in humans.5 Distribution 

KEY POINT 14-30 Blockade of sodium channels might be 
expected to affect nondepolarizing cells more than depolar-
izing cells.

KEY POINT 14-31 The anticholinergic effects of quinidine –
which initially result in an increased heart rate –contribute 
to its efficacy in the treatment of atrial fibrillation.

KEY POINT 14-32 Because the acetyl metabolite of procain-
amide targets potassium channels, decreased efficacy can 
be anticipated in dogs compared to humans.
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occurs to most tissues except the brain,5 yielding a large (1.44 
L/kg in dogs) volume of distribution.119 Procainamide is exten-
sively biotransformed by the liver to metabolites. In humans, 
N-acetylprocainamide is a major active metabolite, contribut-
ing significantly to antiarrhythmic effects. In dogs acetylation 
is deficient and therapeutic concentrations reflect principally 
the parent drug whereas for humans, it reflects both parent 
and metabolite. In dogs the mean concentration necessary to 
control arrhythmias in ouabain (a cardiac glycoside)-intox-
icated dogs was 33.8 μg/mL, with a range of 25 to 48.5 μg/
mL.120 This compares with a therapeutic range of concentra-
tion of 5 to 30 μg/mL for the combined parent and metabolite 
in humans. The elimination half-life of procainamide in the 
normal dog is 2.5 to 2.8 hours.

The fluoroquinolones decrease clearance of procainamide 
or its N-acetyl metabolite in humans. The extent and target 
(parent versus metabolite) varies with the fluoroquionlone 
drug. In humans ciprofloxacin decreases clearance of both 
by nearly 20%; competition appears to be occurring for renal 
tubular transport proteins.121 Toxicities of procainamide 
include cardiotoxicity, similar to that induced by quinidine; 
hypotension with rapid intravenous administration (bolus); 
and gastrointestinal signs (anorexia, nausea, vomiting, diar-
rhea). Cardiac toxicity is indicated by a 50% widening of the 
QRS complex or by bradyarrhythmias or tachyarrhythmias.

Procainamide is available as oral capsules, tablets, and 
sustained-release tablets. Intravenous preparations are avail-
able for acute or unstable situations. Intravenous infusion is 
a reasonable approach for the treatment of the acute patient 
and may be preferred to rapid bolus, which may be associ-
ated with hypotension. Procainamide also can be adminis-
tered intramuscularly (15 to 20 mg every 2 hours [dog] or 8 
to 16 mg every 3 to 6 hours [cat]). An advantage to procain-
amide over other antiarrhythmics is ease of converting from 
an intravenous to an oral preparation. The transition is best 
accomplished by stopping an infusion, and, at one elimination 
half-life, administering the first oral dose (125 to 500 mg every 
6 to 8 hours, for a total of 33 mg/kg per day).

Procainamide is a broad-spectrum antiarrhythmic drug. 
In general, its effectiveness as a ventricular antiarrhythmic 
drug parallels or exceeds that of quinidine, and it is useful for 
patients who have failed quinidine therapy. Arrhythmias for 
which procainamide have proved useful include ventricular122 
and, to a lesser degree, supraventricular types. Procainamide 
can suppress digitalis-induced toxicity but fatalities may occur.

Disopyramide
The pharmacologic effects and spectrum of disopyramide are 
similar to those of procainamide and quinidine. Although it is 
effective in controlling supraventricular arrhythmias, its pri-
mary use is for ventricular tachyarrhythmias. Disopyramide 
has been studied in the dog.123 It is quickly absorbed after oral 
administration, but it undergoes rapid metabolism and clear-
ance. Its half-life is less than 2 hours in the dog, necessitating 
multiple daily administrations. Like quinidine, disopyramide 
has potent antivagal effects and can therefore increase the 
ventricular rate dramatically in patients with supraventricular 

tachycardias. More important, disopyramide also has a nega-
tive inotropic effect on the heart and can be lethal for patients 
with preexisting myocardial disease. Clinical indications for 
disopyramide are probably limited by its potential adverse 
affects on the heart.124

Class IB Drugs
Class IB drugs include agents such as lidocaine and its conge-
ners and phenytoin. Lidocaine (see Figure 14-9), widely used 
as a local anesthetic, is the prototypic class IB drug. Increas-
ingly, it is being used for a variety of conditions (discussed 
later). Lidocaine preferentially binds to open (phase 0) and 
inactivated (phases 1 through 3) channels. Therefore cardiac 
tissues with long action potential duration or tissues that are 
rapidly firing (because more time is spent in the inactivated 
state), such as ischemic tissues, are more affected by lido-
caine. Because atrial tissues have a very short action poten-
tial compared with ventricles, lidocaine preferentially targets 
arrhythmias in the abnormal Purkinje system and ventricles. 
In contrast, it minimally affects the sinoatrial node, atria, or 
atrioventricular node, although it has been used to success-
fully treat supraventricular arrhythmias in a limited number 
of dogs.125 Additionally, abnormal ventricular tissues are pref-
erentially affected compared to normal myocardial tissues. 
Lidocaine also minimally affects the autonomic system.

Lidocaine suppresses automaticity, increases the thresh-
old, and hyperpolarizes (increases the resting membrane 
potential) of Purkinje fibers. Increased conduction velocity 
may facilitate inhibition of reentrant arrhythmias. The action 
potential duration is either unaffected or shortened. Lidocaine 
efficacy is dependent on potassium; hypokalemia will mini-
mize its efficacy.

Lidocaine is well absorbed orally, but it is subject to first-
pass metabolism, with only one third of the drug reaching 
systemic circulation. Rectal bioavailability ranges from 32% 
to 56%, depending on the preparation.126 Peak concentrations 
in dogs after intravenous administration of 6 mg/kg approxi-
mate 10 μg/mL, declining to 0.1 μg/mL by 3 hours, with the 
elimination half-life approximating 50 minutes.127 After intra-
muscular administration, absorption is complete, with peak 
concentrations at the same dose approximating 1.8 μg/mL at 
30  minutes. Distribution is rapid to a volume of approximately 
1.4 L/kg.127,128 About 70% of the drug is bound to protein 
(glycoprotein). Lidocaine is cleared by hepatic metabolism 
to active and inactive metabolites. Clearance in female dogs 
(n=4; dose of 2 mg/kg infused over 5 minutes) was 27.5 ±  
6.0 mL/min/kg. As a flow-limited drug, systemic clearance of 
lidocaine should decrease in proportion with hepatic blood 
flow. Portosystemic shunting will increase oral bioavailabil-
ity; experimentally induced portosystemic shunting in dogs 
increases it from 15% to 80%.129 Lidocaine is prepared for 

KEY POINT 14-33 Lidocaine targets inactive sodium chan-
nels, which are more prevalent in diseased, rapidly beating 
tissues, thus minimizing binding to normal or atrial myocar-
dial tissues.
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intravenous administration. Lidocaine can be administered 
intravenously as a rapid bolus or as a continuous intrave-
nous infusion. It can also be given intramuscularly in emer-
gency situations. Topical creams, salves, or gels and patches 
are intended for local anesthetic use only and will not provide 
antiarrhythmic efficacy.

As an antiarrhythmic, lidocaine is indicated for emer-
gency treatment of ventricular arrhythmias. Pharmacologic 
effects occur rapidly. Lidocaine has several undesirable effects. 
Although lidocaine may decrease the risk of acute death asso-
ciated with ventricular fibrillation, one study demonstrated 
decreased hospital survival, mitigating its routine use. The 
primary toxicity in the dog occurs in the central nervous sys-
tem, with symptoms that range from drowsiness or agitation 
to muscle twitching and convulsions at higher plasma concen-
trations. Therapeutic and toxic lidocaine concentrations have 
been established experimentally. In an study of canine myocar-
dial infarction, inhibition of electrically stimulated ventricular 
tachycardia responded to mean concentrations of 3.5 μg/mL 
(1 mg/kg intravenously followed by 80 μg/kg/min).130 Wilcke 
and coworkers131 compared effective and toxic concentrations in 
six dogs. Minimum effective concentrations for experimentally 
induced ouabain toxicity (outcome measure was eradication of 
ventricular tachycardia) ranged from 3.8 to 7.65 μg/mL (mean 
6.25 μg/mL). The time necessary to eradicate the arrhythmia 
ranged from 0.3 to 1 hour after infusion of 1480 mg/hr. How-
ever, neurologic manifestations of toxicity appeared at 6.3 to  
10.4 μg/mL (mean 8.21 μg/mL) (tonic extension) and became 
more exaggerated (cortical seizures) at 7.3 to 11.2 μg/mL 
(mean 9.58 μg/mL). Other neurologic manifestations of 
lidocaine toxicity include anxiety, sedation, and disorienta-
tion. The risk of toxicity with intravenous administration is 
greater in the cat compared with the dog; however, the cat s 
prone to cardiac toxicity. Cardiac suppression will occur at 
higher doses; exacerbation of heart failure has been reported 
in human patients with poor left ventricular function.5 Lido-
caine can worsen first-degree or second-degree atrioventricu-
lar block and is contraindicated for patients with third-degree 
heart block because of suppression of ventricular automaticity. 
A large intravenous bolus may cause sinus arrest; cats are more 
prone to this adversity.

Drug interactions involving lidocaine are limited. Care 
should be taken when mixing lidocaine solution with other 
drugs to avoid pharmaceutic direct drug-drug interactions. 
Selected drug interactions reflect competition with other basic 
drugs for binding sites on glycoproteins, although their clini-
cal relevance is not clear. Lidocaine increases hepatic blood 
flow: a 12-hour infusion of 76 μg/kg/min increased hepatic 
arterial blood flow 1.6- to 9.2-fold.128 Despite its flow-limited 
behavior, lidocaine appears to decrease its own clearance, with 
the impact being demonstrable following longer infusions 
compared with bolus administration.128,132 Changes were 
more profound in one study following a 24-hour compared 
with a 90-minute infusion period.132 Another study found 
that multiple administration of lidocaine (once daily) was 
associated with a decrease in hepatic intrinsic clearance from 
1224 ± 859 to 285 ± 104 mL/min/kg.128 Lidocaine metabolism 

is inhibited by a number of drugs, including midazolam and 
thiamylal.133

Tocainide (no longer marketed in the United States) and 
mexiletine are class IB antiarrhythmic drugs that are similar in 
chemistry and mechanism of action to lidocaine but modified 
to reduce first-pass metabolism, thus allowing oral adminis-
tration. For example, tocainide is 100% orally bioavailable. 
Using a model of canine myocardial infarction, tocainide 
prolonged conduction intervals and the effective refractory 
period by 26% to 31% in damaged tissue compared with 6% 
to 8% in the noninfarcted zone.134 Tocainamide has been used 
for long-term management of ventricular arrhythmias, par-
ticularly those that respond to lidocaine or fail to respond to 
procainamide. Arrhythmias that are refractory to lidocaine 
are not likely to respond to tocainide. Tocainide is prepared 
as a racemic mixture. Both the R and S enantiomers appear 
to have greater antiarrhythmic activity alone compared with 
the racemic mixture, whereas the racemic mixture appears 
more toxic than either enantiomer alone. Consequently, safety 
and efficacy might be improved if single enantiomer prepa-
rations become available.135 Tocainaide may be more likely 
than lidocaine to cause CNS and gastrointestinal adverse reac-
tions. Bone marrow dyscrasias and pulmonary fibrosis have 
limited use of tocainide. Blood dyscrasias have occurred in 
dogs.110 Contraindications to lidocaine should be followed for 
tocainide.

After intravenous administration of tocainide, spontaneous 
premature ventricular complexes were reduced in dogs with 
experimentally induced myocardial infarction.136 In Dober-
man Pinschers (n=23) with cardiomyopathy, tocainide at 15 
to 25 mg/kg every 8 hours reduced the number of ventricu-
lar premature complexes short term by at least 70% in 80% of 
treated dogs; ventricular tachycardia was corrected in 90% of 
affected dogs. Serum concentrations at 2 hours and 8 hours 
were 6.2 to 19.1 mg/L and 2.3 to 11.1 mg/L, respectively. 
Long-term control was more difficult in animals whose left 
ventricular shortening fraction was less than 17%. Although 
efficacious, tocainide therapy may be limited by side effects. 
Anorexia and gastrointestinal disturbances occurred in 35% 
of dogs, with peak concentrations being higher in afflicted 
dogs (14 μg/mL) compared with dogs not exhibiting toxicity 
(11 μg/mL). Serious adverse effects occurred in 58% of dogs 
treated longer than 4 consecutive months and included pro-
gressive corneal endothelial dystrophy; renal dysfunction 
occurred in 25% of the dogs.137

Mexiletine, like tocainide, is a structural analog of lido-
caine, indicated for oral management of life-threatening ven-
tricular arrhythmias. Like lidocaine, it decreases the the APD 
more than the ERP such that the ratio of ERP/APD increases 
(package insert). Normal cardiac tissue is minimally impacted. 
In humans and dogs, mexiletine is characterized by high oral 
bioavailability, low first pass metabolism, 50-60% bound to 
plasma protein, and a volume of distribution of 5-7 liters/kg. 
Clearance in humans is primarily hepatic via CYP2D6 metab-
olism (hence, major differences in metabolizer phenotypes 
may occur), with some CYP1A2; metabolites are largely inac-
tive. extensive metabolizer phenotypes. In dogs, most of the 
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drug may be renally excreted, although its plasma elimination 
half-life approximates 10-12 hours; liver disease may prolong 
clearance. Mexiletine exists as a racemic mixture; in humans, 
the S isomer is characterized by a higher area under the curve 
(mean R/S ration = 0.8). 137a In dogs, mexiletine has dem-
onstrated stereoselective effects, with R-(-)-mexiletine being 
more potent in the prevention of ventricular tachycardia than 
S-(+)- mexiletine. 137b

In human clinical trials involving mexiletine, approxi-
mately 40% of study participants withdrew from studies 
because of adverse effects; this rate was similar to treatment 
groups receiving quinidine or procainamide. Rarely, mexi-
letine has been associated with liver disease, warranting 
monitoring in patients with abnormal tests indicative of liver 
disease. Although mexiletine does not cause heart block in 
normal animals, it occasionally exacerbates pre-existing con-
duction disturbances; its use is contraindicated in the presence 
of 2nd or 3rd degree heart block. Mexiletine is arrhythmogenic: 
sustained ventricular arrhythmias worsened in approximately 
10% of human patients receiving mexiletine. Minimum thera-
peutic plasma concentrations appear to approximate 0.5 mcg/
ml in humans (range 0.05 to 2 mcg/ml). Dosing intervals are 
designed to minimize fluctuation.

Studies of mexiletine in dogs are largely experimental in 
nature, supporting use in humans. Experimentally, including 
studies using canine models, it suppresses induced ventricular 
arrhythmias. Mexiletine (5 mg/kg) (or esmolol at 1.25 mg/kg 
or verapamil at 0.4 mg/kg) was limited in its success in prevent-
ing torsades de pointes in a canine model involving blockade 
of delayed rectifying current and β-adrenergic stimulation. 110a 
However, mexiletine (4.5 mg/kg load followed by 1.5 mg/kg/
hr infusion) was able to partially prevent the proarrhythmic 
effects of β-adrenergic A-V blockade (sotalol 4.5 mg/kg load 
followed by 1.5 mg/kg/hr infusion) in diuretic (furosemide 
and hydrochlorthiazide)-induced hyopkalemic dogs. Mexi-
letine prevented sotalol-associated torsades de pointes that 
was electrically induced in the dogs. 110b Pharmacodynamic 
effects of melixetine were determined in three canine models 
of arrhythmias. The minimum effective plasma concentrations 
(μg/ml) of mexiletine necessary to suppress arrhythmias were 
1.8 ± 0.6 when induced by digitalis, 3.7+0.9 for adrenaline, and 
2.2 ± 0.4 for coronary ligation μg/mL.110c The plasma elimina-
tion half-life in dogs is 3 to 4 hr. Mexiletine may be more effec-
tive when used in combination with other drugs. For example, 
it was more effective at in preventing experimentally induced 
ventricular arrhythmias in dog myocardium when combined 
with quinidine. 110d

Like tocainide, mexiletine is more likely than lidocaine 
to cause central nervous system and gastrointestinal toxicity. 
Mexiletine induces seizures in dogs at 25 mg/kg; vomiting 
occurs at 15 to 30 mg/kg. However, the drug was well tolerated 
at 15 mg/kg for 13 weeks in normal dogs. 138b Contraindica-
tions to lidocaine should be followed for mexiletine.

Phenytoin is an anticonvulsant with a limited spec-
trum of cardiac antiarrhythmic activity. Its mechanism and 
impact are similar to those of lidocaine. Its primary use in 
veterinary medicine has historically been management of 

digitalis-induced arrhythmias; phenytoin will shorten atrio-
ventricular nodal and Purkinje refractory period in digi-
talized patients.

Class IC Drugs
Class IC drugs cause effects similar to those of the class IB 
drugs except that they do not prolong the refractory period. 
Examples include encainide, flecainide, lorcainide, and 
propafenone. Conduction velocity is depressed. In addition 
to sodium channel blockade, flecainide also blocks (in vitro) 
delayed rectifier potassium channels and calcium channels. 
Action potential duration is shortened in Purkinje cells (as a 
result of blockade of late-opening sodium channels) but pro-
longed in ventricular tissues (because of potassium channel 
blockade). In contrast to most class 1B drugs, flecainamide 
affects atrial tissues, prolonging the action potentials propor-
tionately with rates, rendering it effective for atrial arrhyth-
mias. However, it affects normal as well as abnormal tissues. 
Flecainide studies in dogs have been largely experimental. 
In one study concentrations of 610 ± 111 ng/mL increased 
the electrically induced defibrillation threshold in dogs.138 
The arrhythmogenicity of flecainamide can be lethal. Reen-
trant ventricular tachycardia may emerge when treating atrial 
arrhythmias, heart block may occur in conduction distur-
bances, and congestive heart failure can be exacerbated if ven-
tricular performance is poor.5

Propafenone is a Na+ channel blocker that is similar to 
flecainide, including K+ channel blockade. It is prepared 
as a racemic mixture with the S-(+) isomer also exhibiting 
β-adrenergic antagonism in some (human) patients at concen-
trations at or above 1 μg/mL. Its efficacy is greater with atrial 
than with ventricular arrhythmias. It is eliminated through 
CYP2D6 metabolism as well as renal excretion, generally 
undergoing first-pass metabolism to an equipotent active 
metabolite. At least one other metabolite is active. Metabolism 
can be saturated with only small dose increases, resulting in 
disproportionately high plasma drug concentrations. Inhibi-
tors of CYPD26 will contribute to high drug concentrations. It 
is available in slow-release preparations. Dosing is modified in 
human patients with liver disease.

Class II Antiarrhythmic Drugs
Class II antiarrhythmic drugs are β-adrenergic receptor 
blocking agents. Although discussed here because they affect 
cardiac arrhythmias, β-blockers have a number of potentially 
positive effects, particularly on the failing heart. Abbott26 has 
reviewed β blockade in the management of systolic dysfunc-
tion. β-adrenergic stimulation causes the following effects, 
which are antagonized by β blockers: decreased magnitude 
and inactivation of calcium current, increased magnitude 
of potassium and chloride repolarizing currents, increased 
pacemaker activity, and increased DAD- and EAD-mediated 
arrhythmias.5,9 Adrenergic signals stimulate atrial chrono-
tropic β receptors more so than ventricular receptors. As 
such, β-blocking drugs (propranolol, alprenolol, and meto-
prolol) are most effective in slowing atrial compared with 
ventricular rates and are more effective during states of 
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KEY POINT 14-34 In addition to slowing the heart rate—
particularly in the presence of high sympathetic tone—β 
blockers also provide cardioprotection and slowing of 
progressive myocardial failure.

adrenergic stress.139 Beta blockers decrease pacemaker cur-
rent and thus sinus rate.5 Because β blockers increase atrio-
ventricular nodal conduction and prolong atrioventricular 
nodal refractoriness, they are useful for reentrant arrhyth-
mias associated with the atrioventricula node.5 In acutely 
ischemic myocardial tissue, β blockers increase the energy 
necessary to fibrillate the heart and thus may decrease mor-
tality (in humans) if used in the first couple of weeks after 
myocardial infarct.5

A number of clinical trials have revealed the efficacy of 
β-blockade in the treatment of heart failure, reflecting a major 
effect on remodeling associated with the failing heart.140 
The effects of β blockade in chronic heart failure have been 
described as protective. Effects considered protective include 
decreased heart rate, decreased energy consumption, and anti-
fibrillatory effects. Prevention of adrenergic overactivation 
decreases myocardial cell necrosis. Beta blockers that induce 
an upregulation of β receptors improve contractility. These 
benefits tend to outweigh negative inotropic effects that might 
lead to deterioration of hemodynamics and decompensation, 
although care must be taken in patients experiencing acute 
failure. The success of the “paradoxical intervention” may not 
be obvious until 2 to 3 months after initiation of additional β 
blocker therapy.

Drug therapy with β blockers presents pharmacokinetic 
and pharmacodynamic challenges generally not encountered 
by many other drugs. Among the challenges are the potential 
sequelae of interactions between drugs and receptors. Phar-
macodynamically, chronic exposure of receptors to agonists 
or antagonists may cause receptors to be internalized and 
destroyed, resulting in decreased response or desensitization. 
Desensitization of β receptors may accompany long-term β 
blockade therapy. However, initiation of therapy at low doses 
may attenuate desensitization, an approach that is recom-
mended in human patients with CHF.7 Patients are monitored 
closely for acute adversities, and the dose is gradually increased 
only as low doses are tolerated. Low-dose metoprolol therapy 
simultaneously reduces vascular resistance and avoids reflex 
tachycardia, an advantage previously recognized only for 
carvedilol.141 Use of low doses may also decrease the rebound 
effect that has been documented in humans once β blockade 
is discontinued. Rebound is associated with worsening heart 
failure and arrhythmias. Down-titration (decreasing the dose 
as the drug is discontinued over a 2-week period) reduces 
the rebound effects.142 Use of β blockers in states of excessive 
adrenergic stimulation may allow unopposed α-adrenergic 
stimulation–mediated hypertension. Beta-blockers should be 
tapered rather than suddenly decreased to avoid the negative 
sequelae of receptor up regulation.

Beta blockers are not equal in efficacy. Protective effects 
of carvedilol and metoprolol were compared in progressive 

CHF in humans.143 Carvedilol performed better in prevent-
ing cardiovascular-related illness in a clinical trial (COMET) 
involving human patients with heart failure associated with 
ischemia or idiopathic cardiomyopathy (see later discussion). 
Pharmacokinetically, distribution into the central nervous sys-
tem—which may be important for maximal response—varies 
with lipophilicity, with effects of water-soluble drugs (atenolol, 
nadolol) potentially muted compared with those of more lipo-
philic drugs (e.g., metoprolol). Distribution is complicated by 
binding to both albumin and α-glycoproteins, the latter a pro-
tein whose concentration increases with inflammation; this 
may be more relevant to acute myocardial infarction. Binding 
decreases concentration of active drug; however, because clear-
ance of flow-limited drugs generally is not affected by protein 
binding, a compensatory increase in drug clearance should 
not be anticipated and the risk of drug interactions at the level 
of protein binding increases. Lipophilic β-adrenergic drugs 
generally are characterized by hepatic clearance that is flow-
limited (exceptions are the water-soluble atenolol and nadolol, 
which are predominantly renally excreted). For flow-limited 
drugs, the rate of substrate delivery (hepatic blood flow) deter-
mines clearance. As such, oral administration is characterized 
by significant (if not total) hepatic extraction and first-pass 
metabolism. Beta blockers interact with P-glycoprotein, with 
carvedilol being an example; its impact is sufficient to warrant 
its therapeutic use for inhibition of drug transport, which oth-
erwise would result in multidrug resistance. 143a The impact of 
disease and its successful treatment may impact response. Pro-
gressive cardiac disease or improvement thereof might pro-
foundly alter clearance; disposition will be markedly altered 
in patients with liver disease associated with portosystemic 
shunting. Pharmacokinetics are further complicated by pro-
duction of metabolites that are variably active. For example, 
for carvedilol, M4 and M5 are equipotent to the parent drug; 
M14 appears to be responsible for greater antioxidant effects 
compared with the parent. The hydroxymetabolite of meto-
prolol has 20% of the parent compound in dogs.144

Finally, most β-adrenergic blockers contain at least one 
chiral carbon, and thus are present as two isomers, each dif-
fering both kinetically and dynamically from the other.141 The 
stereometric character of β-blockers markedly complicates 
their use. Complicating interpretation, the isomers can be 
described according to their spatial orientation (S versus R)  
or the direction in which they rotate light (+ or −); the two are 
not necessarily related. Blockade of β-1 receptors is achieved 
predominantly by the S isomer for most drugs. An exception 
occurs for sotalol, for which the R isomer exhibits more β 
blocker activity. In the dog the (−) isomer (based on rotation 
of polarized light; not related to R or S terminology is almost 
twofold more potent than the (+) isomer of metoprolol.145 In 
contrast, non–β-1-blockade effects (e.g., blockade of α recep-
tors, antiarrhythmic activity) generally are not stereoselective. 
All β blockers are marketed as a racemic mixture; exceptions 
include imolol (marketed as the S isomer), labetolol (which 
contains two chiral carbons), and nadolol (which contains 
three chiral carbons); all these are marketed as a mixture of 
four isomers. Absorption of β blockers does not appear to 
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be stereoselective, although timolol may be stereoselectively 
metabolized by intestinal epithelial cells.141 Binding to proteins 
may be steroselective, with selectivity varying with the binding 
protein. Distribution to tissues does not appear to be stereose-
lective beyond that determined by differences in protein bind-
ing. However, β blockers appear to be stored at terminal nerve 
endings in a stereoselective manner, with preferential storage 
of the (−) isomer, particularly for water-soluble drugs such as 
atenolol. Metabolism of β blockers is very complicated. Each 
isomer may be stereoselectively metabolized to active metabo-
lites, which maintain the chiral carbon; as such, metabolites 
may be stereoselectively active or further metabolized. For 
metoprolol and carvedilol (but not significantly for other 
lipid-soluble drugs), metabolism is stereoselective, resulting in 
stereoselective plasma drug concentrations. In humans con-
centrations of the (+) carvedilol isomer (the less active isomer) 
are approximately twice that of the (−) isomer with regard to 
Cmax and area under the curve; for metoprolol the concentra-
tions of the isomers are almost equivalent, with the (–) iso-
mer up to 30% higher than the (+) isomer. Renal clearance 
of water-soluble drugs (atenolol, nadolol) does not appear to 
be stereoselective. Drug interactions also may be stereoselec-
tive. In humans CCBs (verapamil and diltiazem) decrease 
first-pass metabolism. However, the inhibition is stereoselec-
tive for verapamil (but not diltiazem) toward the (+) R-isomer 
of propranolol. Cimetidine and quinidine also have exhibited 
stereoselective inhibition of β blockers. Finally, genetic poly-
morphism has been demonstrated for enzymes responsible 
for CYP-mediated drug metabolism in humans (and should 
be anticipated in dogs), although differences do not appear to 
be stereoselective.141

Nonselective B Blockers
Propranolol is the prototype β blocker. It is a competitive, 
nonselective β blocker of both β-1 and β-2 receptors. Like all 
β blockers, propranolol is most effective in the presence of 
elevated sympathetic tone. Its negative chronotropic effect is 
less likely in conditions not associated with elevated levels of 
catecholamines (e.g., less effective if associated with hypokale-
mia, fever, some heart diseases). It will slow ventricular rates in 
patients suffering from supraventricular arrhythmias, including 
those induced by digitalis toxicity, but is rarely able to convert 
a supraventricular arrhythmia to a normal sinus rhythm. As a 
β-1 blocker, propranolol is also a negative inotrope. This phar-
macologic effect might be detrimental in the patient with small 
cardiac reserve (e.g., the patient with decompensated CHF) 
during acute treatment. Propranolol has been studied in euth-
ryoid and hyperthyroid cats.146 Changes in disposition induced 
by hyperthyroidism suggest that a lower dose is indicated for 
oral administration because of increased bioavailability. Clini-
cal indications of propranolol (β blockers) as an antiarrhythmic 
include reduction of ventricular rate in cases of supraventricu-
lar tachycardias, hypertrophic and other forms of obstructive 

heart disease, and hyperthyroidism. The effects of propranolol 
are dose, time, duration and route dependent; although oral 
administration may be associated with decreased bioavailabil-
ity of the parent drug, formation of a more effective metabolite 
may cause better response with oral administration.146b

The toxic effects of propranolol are the result of nonselec-
tive β blockade and include bradyarrhythmias, hypotension, 
heart failure, bronchospasm, and hypoglycemia, particularly 
in diabetics. In an intact experimental canine model, insulin (4 
IU/min intravenously with glucose) was shown to be superior 
to epinephrine for treatment of acute propranolol toxicity.147

Nadolol (5 to 10 mg orally every 6 to 12 hours [cat]; 40 to 
60 mg orally every 6 to 12 hours [dog]) also is a nonspecific 
β blocker that is renally excreted. Side effects and contrain-
dications typical of propranolol occur for nadolol.110 Sotalol 
is another non-specific β-blocker that also prolongs the APD 
and ERP of atrial and ventricular fibers (Class III).

Selective Beta Blockers
Metoprolol is a relatively selective, lipophilic β-1 blocker. It is 
marketed as a racemic mixture, although the (−) isomer pro-
vides the predominant β blockade effect. The clinical pharma-
cology of metoprolol exemplifies the complexities associated 
with therapeutic use. Metoprolol undergoes hepatic clearance 
to several metabolites, of which the α-hydroxyl metabolite, 
the product of metabolism steroselective for the S(−) isomer 
is active. However, the proportion of this metabolite formed 
from the parent compound may not be clinically significant. 
O-Demethylation and N-dealkylation appear to be the major 
metabolites formed in dogs.148

The β-blocking effect of α-hydroxymetoprolol has been 
compared with that of metoprolol after intravenous adminis-
tration in the dog. The dose–response relationship was linear 
for both compounds, but the metabolite required 10 times the 
plasma concentration of the metoprolol (5 times the dose) 
for therapeutic equivalence. The volume of distribution for 
the metabolite was 2 liters/kg compared with 3.5 liters/kg for 
metoprolol, whereas clearance was 3.5 mL/kg/min for the 
metabolite compared with 20 mL/kg/min for metoprolol. The 
net effect of these differences resulted in an elimination half-
life for the α-hydroxy metabolite of 7 hours compared with 
2 hours for the parent compound. Approximately 5% of an 
intravenous dose of metoprolol was metabolized to the active 
metabolite.144 In Beagles (n=4, 8 years old, all female) receiv-
ing 1.37 mg/kg metoprolol orally, the area under the curve 
(0-48 hours; μg/mL/hr) was 2 for α-hydroxymetoprolol, com-
pared with 4.39 for metoprolol acid and 1.89 for metoprolol. 
Peak plasma concentrations (estimated from concentration 
versus time curve) of metoprolol and its metabolites were 400 
ng/mL at 0.5 hour for metoprolol, compared with 100 ng/mL 
at 3 hours for α-hydroxymetoprolol. An intravenous dose of 
2 mg/kg resulted in a decrease in heart rate in normal dogs by 
35% at a concentration of 379 ± 24 ng/mL; the concentration 
of the α-hydroxyl metabolite was approximately 38 ng/mL. 
A similar intravenous dose of the metabolite (2 mg/kg) 
resulted in a 25% reduction in heart rate. These studies suggest 
that the active metabolite of metoprolol may not play a major 

KEY POINT 14-35 Like many cardioactive drugs, enantiomers 
and active metabolites contribute to variability in disposi-
tion among patients.
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role in cardiac response, although the impact on other effects 
(i.e., antiarrhythmic, cardioprotective) is not clear.

Stereoselective pharmacodynamic effects of metoprolol 
also have been described in dogs. The concentration (μg/mL) 
 necessary to achieve 50% of the inhibitory effect for each iso-
mer were as follows: for Vmax 250 ± 80 (R) versus 70 ± 30 (S), 
dP/dtmax: 450 ± 210 (R) versus 70 ± 40 (S) and heart rate, 520 ±  
210 (R) versus 82 ± 27 (S). As such, the (S) isomer was more 
potent than the (R) isomer at a ratio of 3.7, 6.8, and 6.3 for 
Vmax, dp/dtmax, and heart rate, respectively.145 Stereoselectiv-
ity has also been reported for the disposition of metoprolol 
in anesthetized dogs, (although applicability to awake dogs 
is not clear). The peak times to maximum inhibitory effect 
of either metoprolol isomer occurred at 90 to 120 minutes-
Because the isomers were not given intravenously, volume of 
distribution(Vd) and CLs could not be corrected for bioavail-
ability (F); however, differences occurred in Vd/F, CLs/F, and 
area under the curve between the isomers;.145 Another inves-
tigator149 documented that hepatic clearance of metoprolol in 
dogs is slightly selective for the (S) isomer.

Metoprolol is prepared as an oral tartrate (Lopressor®), and 
slow-release succinate salt (Toprol XI®); the latter allows once-
daily dosing in humans. The slow-release preparation does not 
appear to have been studied in dogs or cats. Indications of the 
slow-release preparation in humans include hypertension as 
well as treatment of stable CHF.

Verapamil (3 mg/kg) inhibited clearance of metoprolol 
in dogs approximately 50% to 70%. The effect is profound 
after oral administration, abolishing first-pass metabolism, 
with inhibition selective toward O-demethylation of the (S) 
isomer.149

A large multicenter clinical trial studied the use of meto-
prolol for treatment of acquired heart disease and particularly 
DCM compared with a placebo in dog.149a The drug did not 
appear to decrease mortality rates but did improve ventricular 
function as well as quality of life.

Carvedilol represents one of the more recently (third) gen-
eration of β blockers associated with potential antiarrhythmic, 
antihypertensive, and antiremodeling effects.150-152 Carvedilol 
is specifically approved to reduce cardiovascular mortality 
in human patients. Although it is characterized by β1 and β2 
as well as α-adrenergic blockade, it is relatively (mildly) β1-
selective in human patients. Vascular endothelium contains 
β1 and β2 receptors as well as α-1 receptors, each targeted 
by carvedilol. As such, it decreases total peripheral resistance 
and preload without compromise of cardiac output or caus-
ing reflex tachycardia. This advantage however, might be 
minimized by low-dose therapy of other (i.e., not carvedilol) 
β blockers.153Advantages compared with traditional selective 
β blockers such as metoprolol include reduced mortality in 
human patients with left ventricular failure, perhaps result-
ing from a more complete antagonism of sympathetic activa-
tion.140,142,154,155 Carvedilol benefits do not reflect a reduction 
in heart rate as much as improvement in left ventricular func-
tion. Additional advantages may include antioxidant and 
antiproliferative properties and inhibition of apoptosis in the 
heart.150-152,156 Finally, carvedilol may inhibit the synthesis 

of endothelin in coronary arteries.157 Carvedilol appears to 
protect against doxorubicin-induced cardiomyopathy.158 In a 
rabbit model of ischemia, carvedilol provided superior cardio-
protection, probably because of antioxidant and antineutro-
phil effects.159 Similar effects were reported in a human patient 
receiving doxorubicin.160

Carvedilol has been relatively well studied in dogs, It is well 
absorbed and undergoes extensive hepatic metabolism, includ-
ing glucuronidation and subsequent biliary excretion.161 The 
kinetics and selected pharmacodynamics have been studied in 
anesthetized162 and awake163,164 dogs. In anesthetized dogs the 
elimination half-life was 54 minutes (compared with 2.4 hours 
in humans), and the volume of distribution was 2 L/kg. When 
studied at doses ranging from 10 μg to 630 μg/kg, heart rate did 
not decrease, although reports in awake dogs indicate other-
wise. Pulmonary and systemic pressures decreased in treated 
animals but increased in control animals, consistent with the β 
blockade effect of the drug. The authors recommend an opti-
mal plasma drug concentration of 100 ng/mL, achieved after 
intravenous infusion of 150 to 310 μg/mL. Disposition was 
characterized by marked variability. The median peak concen-
tration (extrapolated) of carvedilol after intravenous adminis-
tration of 1.75 μg/mL was 476 ng/mL (range 203 to 1920 ng/
mL), elimination half-life (t1/2) was 282 minutes (range 19 to 
1021 minutes), and MRT was 360 minutes (range 19 to 819 
minutes). Volume of distribution at steady state was 2 L/kg 
(range 0.7 to 4.3 L/kg). After oral administration of 1.5 mg/
kg, the median peak concentration was 24 μg/mL (range 9 to 
173 μg/mL), time to maximum concentration was 90 minutes 
(range 60 to 180 minutes), t1/2 was 82 minutes (range 64 to 
138 minutes), and MRT was 182 minutes (range 112 to 254 
minutes). Median bioavailability after oral administration of 
carvedilol was 2.1% (range 0.4% to 54%). However, the bio-
availability of active metabolites (M4 and M5, which are equi-
potent to parent drug in humans) was not determined, and it 
is not clear whether these metabolites are produced in dogs. 
On the basis of these data, monitoring should be considered 
to adjust dose. The half-life of 3 hours suggests 8-hour dosing. 
However, pharmacodynamic studies were also performed.164 
Normal dogs were studied at baseline and after multiple-
dose (>5 days) oral administration of carvedilol (1.5 mg/kg 
of body weight orally every 12 hours). Dogs were challenged 
with isoproterenol. Carvedilol had no effect on heart rate or 
blood pressure in six of eight dogs at baseline or study end, but 
heart rate reduced after multiple dosing in two of eight dogs. 
Carvedilol attenuated isoproterenol-induced changes in heart 
rate by 54% to 76% through 12 hours and by 30% at 24 hours. 
The effects of isoproterenol on blood pressure was attenuated 
by 80% to 100% through 12 hours. Based on normal dogs, an 
oral dose of 1.5 mg/kg was recommended every 12 hours. The 
magnitude of β-blockade response correlated strongly to peak 
plasma carvedilol concentration, suggesting that therapeutic 

KEY POINT 14-36 An advantage of carvedilol compared with 
other selective β blockers is α-adrenergic blockade, which 
may decrease afterload.
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drug monitoring may be clinically useful. Carvedilol also has 
been compared to bisopropol (see later discussion).

The efficacy of carvedilol and metoprolol for the treatment 
of chronic heart failure has been compared in humans. The 
efficacy of these drugs has also been compared with that of 
standard therapy in humans.154,165 No difference could be 
demonstrated in most outcome measures between  carvedilol 
versus metoprolol treatment, although blood pressures were 
lower in carvedilol compared with metoprolol patients. 
Patients receiving either carvedilol or metoprolol significantly 
improved compared with those receiving standard therapy.154 
More recently, the results of the COMET study, which com-
pared carvedilol with metoprolol, have been reported. The 
COMET study was a randomized, double-blind, parallel 
comparison of carvedilol at approximately 0.3 mg/kg twice 
a day and metoprolol tartrate at approximately 0.7 mg/kg 
twice a day. Patients (n=3000) were studied for 58 weeks and 
had stable chronic heart failure, New York Heart Association 
(NYHA) functional class II to IV, with left ventricular dys-
function. Patients continued ACE inhibition and diuretics. 
Patients were randomly assigned to receive either carvedilol 
or metoprolol and followed for 58 months. Endpoints were 
cardiovascular events (which may be less relevant in dogs or 
cats), and the proportion of such events in each group (584 
for carvedilol versus 667 for metoprolol), although statistically 
significant, may not be as clinically relevant.

In a study of myocardial perfusion in dogs receiving either 
carvedilol (2 mg/kg) or metoprolol (4 mg/kg) orally, carve-
dilol was associated with greater increase in myocardial perfu-
sion and decrease in blood pressure, whereas metoprolol was 
associated with greater decrease in heart rate.166 Carvedilol 
appears to be an inhibitor of P-glycoprotein, at least as was 
demonstrated in vitro in cancer cells: the LD50 of doxorubicin 
in breast cancer cells increased by twentyfold (200 to 10 ng/
mL)167 despite doxorubicin cardioprotection.160

Oyama and coworkers168prospectively failed to find a sig-
nificant impact of carvedilol (0.3 mg/kg twice daily) in dogs 
with DCM (n=16; n=7 placebo) using a placebo-controlled, 
double-blinded randomized design. Endpoints for which sig-
nificant differences were not documented included changes in 
ventricular function, activation of neurohumoral compensa-
tory responses, or owner-perceived quality of life. However, 
animal death reduced sample size and the power of the study 
to detect a significant difference was not reported. Marcondes-
Santos and coworkers169 found some beneficial effect of carve-
dilol when added to traditional therapy (digoxin, benazepril, 
codeine) in dogs (n=13) with chronic mitral valvular disease; 
12 control dogs with disease did not receive carvedilol. Dogs 
were studied using a prospective blinded parallel study. A 
tendency for improvement occurred for quality of life and a 
reduction in SBP, and improved disease classification during 
the 3-month study period.

Atenolol (see Figure 14-9) is a selective β2 blocker. In humans 
its use is associated with greater mortality compared to non-
atenolol β blockers. The difference presumably reflects a risk of 
ventricular fibrillation that is greater with atenolol compared 
to others. Compared to most other clinically used selective  

β blockers, atenolol is much less lipid soluble and thus less 
likely to penetrate the central nervous system; increased mor-
tality may be related to the lack of centrally mediated vagal 
tone, which would otherwise counteract the risk of fibrilla-
tion.170 The implications of this difference among β blockers 
is not clear for dogs or cats. Little information is available 
regarding active metabolites or stereoisomers.

Atenolol is 90% bioavailable after oral administration in 
normal adult cats.171 Elimination half-life in normal adult cats 
is 3.44 ± 0.5 and 3.65 ± 0.39 hours after intravenous and oral 
administration, respectively. A dose of 3 mg/kg orally gener-
ates a peak plasma concentration of 0.48 ± 0.16 μg/mL and 
will block cardioresponsiveness to isoproterenol for 12, but 
not 24, hours, suggesting a 12-hour dosing interval. Using a 
prospective, randomized, crossover, blinded study, ateno-
lol (6.25 mg every 12 hours) was studied in healthy cats as 
either an oral or transdermal preparation.172 Peak (2-hour) 
and trough (12-hour) concentrations were measured after 1 
week of administration.Therapeutic concentrations (250 ng/
mL) were reached in six of seven cats (579 ± 212 ng/mL) 2 
hours after oral administration, but in only two of seven cats 
(177 ± 123  ng/mL) following transdermal administration. 
Trough plasma atenolol concentrations were 258 ± 142 ng/mL 
following oral administration and 62.4 ± 17 ng/mL following 
transdermal administration. The authors concluded Monitor-
ing might be considered in animals that must receive atenolol 
transdermally. Atenolol is indicated for cats with HCM associ-
ated with outflow obstruction and respiratory distress. Henik 
and coworkers173 reported the efficacy of atenolol (1 to 2 mg/
kg PO every 12 hours) for control of hypertension in hyper-
thyroid cats (n=20). Although heart rate was decreased, SPB 
was not well controlled, indicating the need for an additional 
vasodilator. Crandell and Ware174 described the successful use 
of atenolol for treatment of cardiac toxicity associated with 
phenylpropanolamine overdose in a dog.

Esmolol is a β1-selective blocker (S enantiomer) charac-
terized by a very (ultra) short half-life owing to metabolism 
by erythrocyte esterases. Methanol is a metabolite of esmolol 
in humans, but its formation does not appear to be clinically 
relevant. Duration of effect is about 10 minutes; therefore its 
effects will rapidly dissipate once the drug is discontinued.5 
It is administered intravenously and has proved useful in 
dogs for acute ventricular arrhythmias associated with inha-
lation anesthesia and surgical removal of hyperactive thyroid 
glands.110 In anesthetized dogs receiving a constant-rate infu-
sion, steady-state concentrations occurred in 10 minutes, with 
duration of β blockade paralleling drug concentrations.175 
Peak β blockade occurred within 15 seconds after loading 
with a 500 μg/kg constant-rate infusion and at 30 to 45 sec-
onds after switching to a maintenance dose of 12.5, 25, or 50 
μg/kg/min. Duration of β blockade was less than 15 minutes 
once drug was discontinued. Esmolol has been proved to be 

KEY POINT 14-37 Transdermal delivery of atenolol in cats is 
not predictable and should be implemented only if monitor-
ing is available.



516 Drugs Targeting Body Systems SECTION 3

effective for treatment of cats with HCM and left ventricular 
outflow tract obstruction.176

Bisoprolol is among the β-1 selective blockers that have 
prolonged the life span of humans with cardiac disease. 
Among its distinguishing characteristics is less lipophilicity 
than other drugs; consequently, the parent drug is eliminated 
by both hepatic metabolism and renal excretion (approxi-
mately 50% each) in dogs.177 Bisoprolol is less lipophilic than 
other β blockers, including carvedilol; the implication is not 
clear, but pharmacodynamic data for bisoprolol apparently are 
not yet available in dogs. However, Beddies and coworkers177 
compared the pharmacokinetics of carvedilol and bisoprolol 
(1 mg/kg either drug) after both intravenous and oral admin-
istration in 12 Beagles using a parallel nonrandomized study 
design (six dogs per group; oral drug was followed by intrave-
nous drug). Intravenous administration of bisoprolol resulted 
in a Cmax (presumed to be extrapolated) of 408 ± 75 (presumed 
to be ng/mL) with a 3.9 ± 0.3 hour half-life. Volume of distri-
bution was 2.4 ± 0.6 L/Kg, and clearance 0.42 ± 0.08 L/h/kg). 
After oral administration of bisoprolol, the Cmax was 322 ± 
261 at 1.1 ± 0.7 hr. Oral bioavailability of bisoprolol was 91.4% 
compared with 14.3% for carvedilol. For carvedilol, after 
intravenous administration, Cmax (presumed to be extrapo-
lated) for carvedilol was 788 ± 348 (presumed to be ng/mL)  
and half-life 1 ± 0.2 hour. Volume of distribution was 2.9 ± 0.6, 
and clearance 2.1 ± 0.5 L/hr/kg. After oral administration the 
Cmax of carvediolol was 51 ± 42 at 1.1 ± 07 hours.

Class III Antiarrhythmic Drugs
Class III drugs prolong the cardiac action potential and refrac-
tory period by selective potassium channel blockade. As such, 
they have no effect on the fast Na+ conductance and prolong 
APD without slowing conduction velocity. They generally do 
not cause β-blockade; sotalol is an example exception. There 
are two members of this class: bretylium and amiodarone. 
Bretylium is used as an antifibrillatory drug in humans. It 
accumulates in sympathetic nerve terminals, where it blocks 
norepinephrine release, but only after an initial release of 
stored neurotransmitter. Bretylium is minimally effective in 
dogs, in part because it affects primarily the Purkinje fibers 
and ventricles, limiting its spectrum of activity. It is not used 
clinically in veterinary medicine but is used in human medi-
cine for ventricular arrhythmias. It reportedly can cause defi-
brillation in cases of ventricular fibrillation in humans and 
has been investigated for similar effects in dogs.178 Because it 
causes the release of norepinephrine from adrenergic neurons, 
it may be associated with untenable, undesirable side effects.

Amiodarone is a structural analog of thyroid hormone; 
its mechanism may involve interaction with nuclear thyroid 
hormone receptors.5 It blocks activated sodium channels, cal-
cium channels, and multiple potassium channels. Conduction 
velocity is slowed, the action potential duration is prolonged, 
and repolarization is delayed. Further, it noncompetitively 
blocks adrenergic receptors. It also inhibits cell-to-cell cou-
pling, which may be important to its effects in diseased tis-
sues. It is a powerful antiarrhythmic drug useful for both atrial 
and ventricular arrhythmias.179 In the normal canine heart, 

however, amiodarone causes negative inotropic effects.180 
It also causes both α-blocking and nonselective β-blocking 
effects. Proarrhythmogenic effects are more likely in the pres-
ence of hypokalemia. Amiodarone is metabolized via CYP 
3A4 to an active metabolite in dogs. Amiodarone, however, 
shows only moderate efficacy for the treatment of arrhythmias 
(supraventricular or ventricular) in dogs and cats,110 although 
it was more effective than bretylium in preventing sustained 
ventricular tachycardia or fibrillation in a canine model of 
reperfusion arrhythmia.178 Therapeutic concentrations of 0.5 
to 2 μg/mL (1 to 2.5 μg/mL)181 have been recommended.5 
Because it is very lipophilic, with lipid to plasma ratios may 
be as high as 300:1, amiodarone accumulates in cells (myocar-
dial concentrations exceed plasma by 15 fold), and is slowly 
released, resulting in a lag time to onset and long duration of 
maximum effect. Generally, a loading dose is administered for 
several weeks, followed by a maintenance dose. Adverse effects 
tend to persist as the drug is eliminated over a period of weeks 
to months; one half- the peak effect is reached only after 21 
days following drug discontinuation. Lipophilicity also limits 
oral absorption (bioavailability in humans is 30%). Adverse 
effects require long-term therapy, with the most serious being 
pulmonary fibrosis, which can be rapidly fatal. Other side 
effects include corneal deposits, hepatic dysfunction, neuro-
logic dysfunctions (up to 40% in humans), including periph-
eral neuropathy, muscular weakness, and altered thyroid 
function (hyperthyroidism and hypothyroidism). Photosensi-
tivity and blue discoloration of the skin have been reported. 
Amiodarone is associated with drug interactions.

Saunders and coworkers182 retrospectively studied the effect 
of amiodarone (median loading and following maintenance 
doses of 16.5 and 9 mg/kg/day) for treatment of atrial fibril-
lation in dogs (n=17). A variety of cardiac diseases were stud-
ied. Cardioconversion to normal sinus rhythm occurred in six 
dogs, and heart rate was decreased by at least 20% in 13 dogs. 
The drug was discontinued in five dogs because of adversities, 
including bradycardia and increased liver enzymes. Kraus and 
coworkers181 retrospectively studied amiodarone toxicity in 
Doberman Pinschers (n=22) with occult DCM. All dogs were 
simultaneously receiving either tocainamide or  mexiletine; 
some dogs also were receiving other antiarrhythmics. All dogs 
had been dosed with a loading dose (9.0-12.1 mg/kg) followed 
by a maintenance dose (range 4.3 to 6.3 mg/kg). Serum amio-
darone concentrations ranged within and between animals, 
in part because of dose changes, but roughly ranged from 
1.5 to 3.7 μg/mL at doses that ranged from 200 to 400  mg/
kg once (for higher concentrations) to (for lower concentra-
tions) twice daily. Adverse events that emerged during loading 
or maintenance included anorexia and vomiting associated 
with increased liver enzymes in up to 45% of dogs. Dogs often 
responded to temporary discontinuation of the drug, but per-
sistent hepatic involvement necessitated discontinuation of 
therapy for some dogs.

Hepatopathy associated with amiodarone therapy has been 
reported in a series of 4 cases (3 of which were Doberman 
Pinchers).182a Doses ranged from 8 to 10 mg/kg per day with 
duration as short as 6 weeks and as long as 8 months. Patients 
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were receiving other drugs, including melixetine. Concentra-
tions of amiodarone approximated 1.7 mcg/ml at the time of 
toxicity. Hepatopathy included increased serum liver enzymes 
in all dogs, and hyperbilirubinerma in 2 of the dogs. No risk 
factors were identified other than left ventricular dysfunc-
tion. Because the drug had been used by the authors in only 
10 dogs, the incidence of hepatopathy was described as 40% 
in this small population of dogs. Hepatopathy resolved in  
3 cases after amiodarone was discontinued despite continu-
ation of other cardiac drugs (including melixetine); one dog 
died suddently.

Sotalol is a class III potassium blocking antiarrhythmic 
drug with nonselective β-blocking properties. Studies in dogs 
appear to be limited to experimental studies supporting its use 
in humans. For example, sotalol disposition was described in 
dogs (n=3). Oral absorption was rapid and oral bioavaiability 
75 to 90%; elimination half-life was 4.5 ± 1 h.177a the volume 
of distribution is larger (by 4 fold) than total body water. 177b 
Excretion appears to be renal. Plasma concentrations necessary 
to achieve 50% and 100% of β-blockade after isoproterenol 
administration were 1-2 and 2.3 to 3.4 μg/ml, respectively.177b 
In an early canine model, the relative efficacy of β-blockade fol-
lowing isoproterenol stimulation was l-propranolol > propran-
olol >>sotalol >bunolol. 146b Sotalol is largely cleared in dogs 
by renal excretion;  volume of distribution ranges from 1.1 to 
1.6 L/kg. The half-life is shorter in dogs at 4 to 5 hrs compared 
to 7 to 18 hrs in humans. Experimentally, sotalol has been used 
to induce torsades de pointes in hyokalemic dogs (2.5 meg/L).

Class IV Antiarrhythmic Drugs
Class IV antiarrhythmic drugs are the CCBs. Those blockers 
particularly effective on the vasculature are discussed with the 
vasodilator drugs. Diltiazem and verapamil have been used in 
both dogs and cats for their effects on heart rate. Both drugs are 
also, however, characterized by negative inotropic effects, with 
verapamil being a more effective but less safe negative inotrope.

Because calcium entry into myocardial cells is regulated 
primarily by slow channels, the CCBs also affect the heart. 
Specialized tissues capable of automaticity and atrioventricu-
lar conduction tissues are particularly affected by CCBs. The 
differences in pharmacologic effects induced by these drugs 
often reflect their impact on recovery of slow calcium chan-
nel.2 CCBs that do not alter the rate of recovery (e.g., nifedipine 
and its congener amlodipine) will have little effect on conduct-
ing tissues. Drugs that do delay recovery of the channels can 
also delay conduction. For example, verapamil and diltiazem 
decrease the rate of recovery of calcium channels and thus not 
only decrease the magnitude of the cardiac action potential but 
also slow conduction through the atrioventricular node. The 
faster that atrioventricular nodal stimulation occurs, the more 
effective the atrioventricular nodal blockade is. Both drugs are 
useful for supraventricular arrhythmias. However, verapamil 
also has been shown to be useful in the treatment of experi-
mentally induced ventricular tachycardias in dogs.183 Because 
of their effect on slow calcium channels, CCBs also decrease 
myocardial contractility.2 Verapamil also appears to provide 
cardioprotective effects in dogs with acute Chagas disease, 

which is characterized by destruction of sympathetic nerve 
terminals and alterations of β-receptor density.184 A proposed 
mechanism is increased adrenergic adenylyl cyclase activity.

Hypotension, bradycardia, and tachycardia (generally 
reflex) are the predominant clinical indicators of CCB over-
dose. In patients with poor myocardial reserve, exacerbation 
of CHF may result in peripheral or pulmonary edema

Diltiazem
Diltiazem (see Figure 14-9) is the most commonly used CCB 
in veterinary medicine, in part because it has been studied in 
both dogs and cats. It exerts its greatest effects in the sinoatrial 
and atrioventricular nodes, tissues in which slow Ca2+ influx is 
largely responsible for phase 0 depolarization. Diltiazem slows 
sinus rate and atrioventricular conduction. The ventricular 
rate is reduced in patients with atrial fibrillation or flutter, but 
primary ventricular arrhythmias are generally unresponsive to 
diltiazem. Myocardial oxygen demand decreases in response 
to the effects of diltiazem. Cardiac side effects include hypo-
tension, bradycardia, and various degrees of heart block. In 
human patients a therapeutic range of 50 to 300 ng/mL has 
been identified and can be used as a target for clinical response 
in animals.

The magnitude of the hemodynamic affects of the CCB 
reflects the route of administration. Bioavailability is reduced 
as a result of first-pass metabolism for nifedipine > verapamil > 
diltiazem, with bioavailability of diltiazem only 50% after oral 
administration. However, the extent of metabolism decreases 
with chronic administration, facilitating chronic oral therapy. 
Diltiazem is metabolized by acetylation, which is deficient in 
the dog but not in the cat; the impact of acetylation deficien-
cies in the dog on diltiazem disposition has not been studied.

In an attempt to identify a product that allows convenient 
(once to twice daily) dosing intervals, the disposition of sev-
eral diltiazem products has been studied in cats. Comparison 
of intravenous, standard, and slow-release (CD) diltiazem 
preparations reveals a disappearance half-life of 120 minutes 
for the intravenous and oral preparations, but 460 minutes (7 
hours) for the CD preparation. The bioavailabilities of the oral 
preparations are 71% (standard) and 36% (CD). The higher 
bioavailability of the standard preparation for cats compared 
with humans (30%) may reflect less first-pass metabolism, 
despite the fact that cats are efficient acetylators. Peak plasma 
concentrations for the standard preparation occurred at 45 
minutes; peak steady-state concentrations of CD should occur 
at 1 to 2 days. Diltiazem is approximately 55% to 65% bound 
to serum proteins in cats. Maximum prolongation of the PR 
interval is less than 20% for either preparation, occurring at 
approximately 18 hours, when plasma diltiazem concentra-
tions are between 50 and 100 ng/mL. The pharmacodynamic 
effects have not been studied in cats with HCM. However, on 
the basis of the pharmacokinetic data, the standard diltiazem 

KEY POINT 14-38 Calcium channel blockers active in the 
heart target cells normally capable of automaticity and thus 
are more useful for supraventricular arrhythmias.
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product is administered at 1 mg/kg every 8 hours, but the CD 
product (prepared in gelatin as either 60-mg or 90-mg cap-
sules) can be administered at 10 mg/kg every 24 hours. An 
extended-release diltiazem (Dilacor XR) also was studied in 
cats (n=13; 10 normal and 3 with HCM) after oral adminis-
tration of either 30 or 60 mg (9.3 to 14.8 mg/kg, obtained as 
60-mg tablets in 120-mg capsules; tablets were halved [with 
difficulty] to yield 30 mg fractions). Peak serum concentra-
tions following 60 mg (8 cats; concentrations not measured 
until 6 hours) were markedly variable, ranging from approxi-
mately 71 to 1500 ng/mL (mean 787 ± 488 ng/mL); by 24 
hours, concentrations were 196 ± 232 (range 5 to 920) ng/mL. 
At 30 mg (5 cats), peak concentrations were 448 ± 370 (20 to 
800) at 6 hours and 43 ± 24 (20 to 88 ng/mL) at 24 hours. Vari-
ability in absorption indicates that monitoring, if available, 
would be a useful tool for targeting effective concentrations.185 
The recommended dose is one half of one of the pellets given 
once or twice daily.

Diltiazem appears to be relatively safe in cats. A retrospec-
tive study of client-owned cats (n=25) with HCM treated with 
60 mg diltiazem once daily, reported side effects evident at 
60 mg per cat included lethargy, gastrointestinal disturbances 
(vomiting, diarrhea), and weight loss (36%). Clinical signs 
appeared in 1 to 7 days.185 Diltiazem has been studied in cats 
after single-dose transdermal administration. Therapeutic 
concentrations (50 to 200 ng/mL) were not acheived in any cat 
(n = 6).185a Administration as a transdermal gel is not recom-
mended until multiple dosing has been documented to pre-
dictably achieve therapeutic concentrations.

Diltiazem has been studied in dogs.186,187 The PR interval 
is prolonged approximately 20% at plasma concentrations of 
60 ng/mL. In dogs suffering from atrial fibrillation or CHF, 
diltiazem (0.5 to 1 mg/kg every 8 hours) can be used for its 
negative chronotropic effects to reduce heart rate in the pres-
ence of sustained supraventricular arrhythmias. Diltiazem can 
be used either alone or in combination with digoxin. Because 
of its negative inotropic effects, however, it must be used cau-
tiously in patients with myocardial failure, and digitalization 
may be indicated before diltiazem therapy is begun. The drug 
can be used intravenously (0.2 to 0.4 mg/kg, followed by infu-
sion of 4 to 8 μg/kg per minute), although extreme caution is 
recommended.

A single case of diltiazem toxicity has been reported in 
a dog that accidentally ingested between 95 and 109 mg/
kg of a slow-release product.188 Clinical signs included car-
diac arrhythmias, bradycardia, hypotension, mental depres-
sion, and gastrointestinal upset. The patient was treated with 
a temporary pacemaker. Costello and Syring189 reviewed 
the toxicity associated with CCBs in general. Therapeu-
tic strategies discussed for treatment included calcium as 
the initial therapy to increase availability to cells. Response 
should be monitored by electrocardiogram and heart rate. 
Glucagon may improve or reverse bradycardia and hypo-
tension through unclear mechanisms that increase cAMP. 
Experimental doses used in dogs were 0.2 to 0.25 mg/kg 
bolus followed by 150 μg/kg/min constant-rate infusion. 
Because calcium blockade may cause hypoinsulinemia (and 

hyperglycemia) at the level of insulin release from pancreatic 
β cells, insulin and dextrose may be indicated (4 U/min in 
20% dextrose and potassium supplementation as needed), 
as is a pacemaker. Finally, drugs that act as direct agonists 
at calcium channels may be beneficial, although no drug is 
clinically available or described with this effect. Among the 
drugs studied is 4-aminopyridine.

Verapamil
Verapamil is similar to diltiazem in its actions. It undergoes 
first-pass metabolism after oral administration in humans. 
Although it is available in both intravenous and oral prepa-
rations, caution is recommended with intravenous use. It 
has been studied for the treatment of acute supraventricular 
tachycardia in the dog at a dose of 0.05 to 0.15 mg/kg up to 
0.2 to 5 mg/kg.110,190 Supraventricular arrhythmias that do 
not respond to class IA drugs often respond to oral verapamil 
therapy.110 Among the CCBs used in small animals, verapamil 
is associated with the greatest negative inotropic effects and 
as such should be used cautiously in animals with ventricular 
myocardial dysfunction. Further, verapamil may be associated 
with more drug interactions than diltiazem.

Miscellaneous Antiarrhythmic Drugs
Digoxin, a cardiac glycoside traditionally recognized as a posi-
tive inotrope used to improve cardiac muscle contractility in 
the failing heart, is also a negative chronotrope as a result of 
both its direct (inhibition of Na+,K+-ATPase pump) and indi-
rect (cholinergic-like) effects. In fact, its most common use in 
the treatment of canine CHF is probably as a negative chro-
notrope rather than a positive inotrope. Vagomimetic effects 
inhibit atrioventricular nodal calcium currents and activate 
acetylcholine-mediated atrial potassium channels. Cardiac 
glycosides increase the slope of phase 4, particularly in the 
presence of low extracellular potassium. Indirectly, glycosides 
hyperpolarize the RMP and shorten atrial action potential 
durations but increase atrioventricular nodal refractory peri-
ods, thus enhancing activity against atrial reentrant arrhyth-
mias.6 Although digoxin is less effective in slowing the heart 
rate in the presence of high catecholamine output compared 
with nonadrenergic stress conditions, only moderate decreases 
in heart rate are necessary to improve cardiac function. Use of 
digoxin as a negative chronotrope is discussed in greater depth 
along with its positive inotropic effects.

Dofetilide is a pure delayed rectifier K+ channel blocker. As 
such, it has no extracardiac adverse events. Its efficacy is in the 
maintenance of normal sinus rhythm in the patient with atrial 
fibrillation. It is renally excreted, with dose modification nec-
essary with renal disease. The drug is available only through 
limited distribution. Ibutilide also is a pure delayed recti-
fier K+ channel blocker whose use is limited to intravenous 
administration because of extensive first-pass metabolism. It 
is metabolized by the liver, with a duration in humans ranging 
from 2 to 12 hours. Among the more common side effects is 
torsades de pointes.

Moricizine is a phenothiazine analog that blocks Na+ 
channels. It has been used to chronically treat ventricular 
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arrhythmias but has been associated with increased mortality 
when used acutely to treat myocardial infection. Character-
ized by first-pass metabolism, its long duration of action in 
humans (many hours) probably reflects active metabolites.

Atropine is considered an antiarrhythmic by virtue of its 
blockade of vagally mediated cardiac slowing in some brady-
arrhythmias. It is useful, however, only for short-term man-
agement. Longer-acting orally administered anticholinergics 
(e.g., propantheline) are indicated only rarely for bradyar-
rhythmias, with pacemaker placement being the preferred 
treatment.

Adenosine is an endogenous nucleoside. It must be admin-
istered as a rapid intravenous bolus. Adenosine can acutely 
block reentrant supraventricular arrhythmias and (rare) ven-
tricular tachycardia associated with DAD events. Transient 
asystole is a not-uncommon adverse event that lasts less than 
5 seconds because of rapid intracranial domination. Atrial 
fibrillation and bronchospasm are rare events. The effects of 
adenosine are ameliorated by methylxanthine derivatives.

Magnesium is an antiarrhythmic indicated in patients with 
torsades de pointes, probably by inhibition of ion flow respon-
sible for EAD. When given intravenously, it has also been 
used for treating arrhythmias associated with digoxin toxicity. 
Chronic oral magnesium therapy has not been demonstrated 
to decrease arrhythmias.

POSITIVE INOTROPES

A positive inotrope increases and a negative inotrope decreases 
myocardial contractility. Although intuitively, the use of a drug 
that increases cardiac contractility is reasonable in the patient 
with a failing myocardium, proof of clinical efficacy of positive 
inotropes has largely been lacking, and their use is controver-
sial.191 The advent of newer positive inotropes, such as pimo-
bendan (an inodilator), may provide more clear direction.

Positive inotropic agents increase cardiac force by mecha-
nisms involving increased intracellular Ca2+-concentration. 
Most mechanisms increase the quantity of calcium available 
for binding, which in turn augments contractile protein inter-
action in the myocardial cell (see Figure 14-1). Mechanisms 
include increasing cAMP production by stimulating adeny-
lyl cyclase; sensitizing myocardial cells (proteins) to calcium, 
decreasing cAMP degradation by inhibiting PDEs; altering the 
Na+,Ca2+-ATPase exchange pump; and, finally, directly stimu-
lating the proteins in the cell membrane that control calcium 
channels (see Figure 14-1). However, increased intracellular 
calcium is also associated with adverse effects. It increases 
the risk of calcium overload in myocardial cells, which will 
decrease lusitropy (diastolic relaxation). Additional negative 
sequaelae include apoptosis, necrosis, and the development of 
tachycardia and arrhythmia. Further, the increase in contrac-
tility increases energy/ATP and oxygen consumption.192

Digitalis and Other Cardiac Glycosides
Digitalis was used as a cardiac drug as early as the 1200s,3,6,193 
with its beneficial effects in the failing heart recognized by 
1785. That its efficacy reflected increased myocardial contrac-
tility was described in 1958. In addition to improved hemo-
dynamics, digoxin slows atrioventricular conduction and thus 
heart rate, a critical benefit in patients with atrial fibrillation. 
The popularity of digoxin reflected, in part, its use for treat-
ment of tachycardia associated with rheumatic heart disease, 
a common cardiac malady of the mid twentieth century. Car-
diac glycosides currently are used to increase circulation in 
patients with CHF and to slow the ventricular rate in the pres-
ence of supraventricular tachycardia (e.g., atrial fibrillation 
and flutter), with the latter negative chronotropic effect prob-
ably of more benefit. The therapeutic margin of the cardiac 
glycosides is narrow, but to date they have not been effectively 
replaced with an alternative safer drug. This is apt to change in 
the next decade with safer and more effective drugs that are in 
various stages of development (e.g., selective PDE inhibitors 
and calcium sensitizers) being identified and developed.

Structure–Activity Relationship
Digitalis refers to both digoxin and digitoxin. Digitalis is 
obtained from the dried leaf of the foxglove plant (Digitalis 
purpurea). The active component of cardiac glycosides is an 
aglycone, which is released from attached sugars by hydro-
lysis (Figure 14-10).3,6 Cardiac glycosides contain a steroidal 
nucleus containing a lactone ring (at C17) and one or more 
glycosidic residues (C3). Although the term digitalis has been 
used interchangeably with the term cardiac glycosides, current 
use is largely limited to digoxin in humans.

Mechanism of Action and Pharmacodynamic 
Responses
Cardiac glycosides are potent but reversible inhibitors of the 
α subunit of cell membrane–bound Na+,K+-activated adenos-
ine triphosphate (Na+,K+-ATPase) “pump” (see Figures 14-1 
and 14-11). The enzymatic activity is impaired, leading to like 
impairment of active transport, or exchange of sodium for 
potassium and a gradual increase in intracellular sodium. Car-
diac fibers (both cell membrane and sarcoplasmic membrane) 
possess a second ATPase pump that exchanges Na+ for Ca2+; 
this pump is one of two ATP-ase pumps that extrude intra-
cellular calcium after contraction (the second being a Ca2+-
ATPase pump). As sodium increases in the cell in response 
to glycoside inhibition of the Na+,K+-ATPase pump, exchange 
of Na+ for Ca2+ is augmented, increasing calcium influx. Only 
a small increase in intracellular calcium occurs, but it is suf-
ficient to cause a marked increased in Ca2+ release from the 
sarcoplasmic reticulum during systole (see Figures 14-1 and 
14-2). Myocardial contractility improves, resulting in an 
increase in left ventricular function in both the normal and 
failing myocardium.6 In humans the increased contractility 
occurs at serum concentrations of 1.4 ng/mL.6

At 1 to 2 ng/mL, digoxin also indirectly increases efferent 
vagal (cholinergic) tone and decreases sympathetic nervous 
activity. Increased vagal tone is associated with inhibiting Ca2+ 

KEY POINT 14-39 Inherent in the increased contractility asso-
ciated with many positive inotropes is increased myocardial 
oxygen demand.
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currents; decreasing automaticity; increasing the diastolic 
RMP; increasing the ERP, and decreasing conduction veloc-
ity, particularly in atrial and atrioventricular nodal tissues. 
Paradoxically, in nonconducting atrial fibers, acetylcholine-
mediated potassium currents are increased, which shortens 
atrial action potentials. Therefore digoxin may contribute to 
or cause atrial tachycardias, including reentrant arrhythmias 
such as atrial fibrillation. The risk is greater in the diseased 
heart. However, although more impulses are transmitted to 
the AV node by fluttering or fibrillating atrial tissues, the vagal 
effects of digitalis decrease the number of atrial impulses that 
are transmitted by the atrioventricular node to the ventricles. 
Consequently, digoxin is indicated for slowing of ventricular 
rates in patients with supraventricular tachycardias such as 
atrial fibrillation. Electrocardiographically, digoxin prolongs 
the PR interval and depresses the ST segment (the latter mech-
anism is not understood).6

In addition to increased vagal tone, the indirect effects 
of digoxin on heart rate also reflect decreased sympathetic 
nervous system activity.6 Digoxin decreases neurohumoral 
activation associated with heart failure.6 Inhibition of the 
sodium pump in neuronal cells, particularly in the barore-
ceptor, results in stimulation of parasympathetic and inhibi-
tion of sympathetic nerves. Digoxin appears to directly alter 
carotid baroreflex responsiveness to changes in carotid sinus 
pressure in animals with heart failure.6 Digoxin is less effec-
tive as a negative chronotrope for tachycardias associated with 
marked sympathetic drive such as occurs with CHF. However, 
even minor reductions in heart rate may markedly improve 

myocardial function. Heart rate will be slowed, particularly in 
patients with a rapid heart rate, with effects generally occur-
ring at serum digoxin concentrations of 1.3 ng/mL.6 Digitalis 
has only minor indirect effects in ventricular tissue.

The effects of cardiac glycosides on myocardial oxygen 
demand depend on the net effect on cardiac function. Mecha-
nistically, energy utilization shifts from one ATPase pump to 
another, which might minimize the increase in oxygen needs. 
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Figure 14-10 Chemical structure of selected drugs with positive inotropic effects.
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Figure 14-11 Direct effects of digoxin reflect blockade of the 
sodium/potassium ATPase pump. The resulting increase 
in intracellular sodium initiates the sodium/calcium ATPase 
pump. Increased intracellular calcium is sufficient to stimu-
late intracellular release of calcium, increasing contractility. 
Myocardial arrhythmias caused by digoxin reflect, in part, 
disruption in cell membrane fluxes of sodium, potassium, 
and calcium. ADP, Adenosine diphosphate; ATP, adenosine 
triphosphate.

KEY POINT 14-40 The direct effects of digoxin alter potas-
sium, calcium and sodium flux across the myocardial 
cell membrane. The indirect effects increase vagal tone. 
Therefore digoxin is associated with a variety of cardiac 
arrhythmias .
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In normal hearts oxygen demand increases proportionately 
with increased contraction.3 If ventricular volume decreases 
and systolic wall stress declines, however, as would be 
expected in an animal with myocardial failure, improved car-
diac function and subsequent decreased fiber length will com-
pensate for the increased oxygen demand caused by improved 
contractility.3,191

Cardiac glycosides can cause peripheral arterial and venous 
vasoconstriction, but these effects are more likely in the nor-
mal animal.6 Pulmonary vasoconstriction is induced by all 
cardiac glycosides except digoxin. Effects in the vasculature 
are more common after intravenous administration and occur 
in less than 15 minutes; indeed, with oral administration vaso-
dilation predominates. Thus oral digitalization with digoxin 
will minimize the risk of adverse effects caused by cardiac 
glycoside–induced vasoconstriction.191

Detrimental effects on myocardial remodeling are a 
potentially important deterrent to cardiac glycoside therapy. 
Ouabain (a largely experimental cardiac glycoside) induces 
mRNA and subsequent production of IL-1b, IL-6, and TNF-α 
in human peripheral blood mononuclear cells. In an experi-
mental model of myocardial failure, high doses of digoxin 
increased myocardial necrosis, cellular infiltration, intracar-
diac IL-1b, TNF-α, and mortality. However, no death occurred 
among control animals treated with 10 mg/kg.35

Clinical Pharmacology
Digoxin and digitoxin are the two most widely used cardiac gly-
coside preparations. The disposition of both drugs have been 
studied in dogs194-197 and is variable among animals and prepa-
rations. Oral bioavailability of digoxin varies from 40% to 90%, 
depending on the preparation. Up to 90% of the alcohol (i.e., 
elixir) is absorbed, with peak concentrations occurring in 45 
to 60 minutes.3 Variation in bioavailability of tablets is affected 
by differences in dissolution between products. Absorption 
is retarded by food. Compared with digoxin, oral absorp-
tion of the more lipid-soluble glycoside, digitoxin, is much 
more complete and thus predictable. Interestingly, in humans 
Eubacterium lentum, a normal microbial inhabitant, metabo-
lizes digoxin to inactive metabolites in a small percentage of 
the population, leading to unexpected decreased bioavailabil-
ity. Both digoxin and digitoxin are distributed slowly, in part 
because of a large volume of distribution that includes most 
body tissues but also reflects concentration in cardiac tissues. 
Although the volume of distribution of digoxin is large, it is 
distributed primarily to cardiac and skeletal muscle, indicating 
that dosing should be based on lean body weight.6 Only 25% 
of digoxin is protein bound, whereas most of digitoxin (90%) 
is protein bound. Accordingly, response to digoxin should be 
faster and the dose of digitoxin should be higher (to compen-
sate for high protein binding). Digoxin is primarily eliminated 
unchanged in the kidneys. The half-life varies from 21 to 60 

hours,3 with a working average of 1.7 days. Half-life is variable 
in the same animal, ranging from 46 to 154 hours in one study.3 
Elimination half-life is strongly influenced by renal function. 
Because variability increases as renal function changes with the 
progression of cardiac disease or response to therapy, moni-
toring of both a peak and a trough is strongly recommended. 
For example, our laboratory has demonstrated an elimination 
half-life for digoxin to be as short as 9 hours in animals concur-
rently receiving an ACE inhibitor and diuretic therapy but lon-
ger than 48 hours in animals with presumed renal dysfunction.

In contrast to digoxin, digitoxin is metabolized by the liver 
to digoxin and other metabolites. Its metabolism is affected 
by factors that alter the microsomal system but generally not 
hepatic disease. Despite binding to serum proteins and hepatic 
metabolism, a half-life of 8 to 12 hours in dogs (parent com-
pound) is shorter than that of digoxin, which may necessitate 
more frequent dosing. Digitoxin undergoes a small enterohe-
patic cycle.

Population kinetic analysis has been used to describe the 
disposition of digoxin in a population (n=161; 32 studied pro-
spectively) of dogs with naturally occurring heart disease.198 
Covariable data collected included serum creatitine and 
potassium, body weight and body surface area, and formula-
tion of digoxin administered. Dosing regimens (dose, inter-
vals), formulation of digoxin, type and state of cardiac disease, 
and adjuvant medications and method of monitoring (time of 
sample collection, analytic technique) varied among animals. 
The rate of oral absorption was markedly variable. The slow-
est absorbers (n=19) were prospectively studied and as such 
had been admitted 2 hours before dosing, compared with the 
remaining 142 cases, in which dosing occurred at home. Based 
on the reported rate constant, the absorption half-life in the 
slow absorbers approximated 6.1 hours compared with 1 hour 
for the fast absorbers. The type of formulation (Lanoxin tablets 
versus elixir) did not statistically influence the absorption rate 
constant. These data suggest that the stress of admission may 
profoundly affect the rate of absorption and perhaps the peak 
plasma drug concentration of digoxin, indicating that patients 
ideally be dosed at home before monitoring. Elimination rate 
constants (and thus half-life) were not reported. Potassium 
was negatively correlated to volume of distribution corrected 
for oral bioavailability (Vd/F), potentially reflecting displace-
ment of digoxin from its tissue binding sites (Na+/K+ ATPase) 
by potassium, resulting in a smaller volume of distribution. 
Creatinine was a poor predictor of changes in digoxin clear-
ance even when corrected for bioavailability (Cl/F).

Preparations and Dosing Information
Digoxin is available for intravenous or oral administration. 
Intravenous administration results in pharmacologic effects in 
5 to 30 minutes, with a maximal effect in 2 hours. Intravenous 

KEY POINT 14-42 The half-life of digoxin is markedly   variable, 
and monitoring of both peak and trough samples may be 
prudent, particularly in patients that have responded to 
therapy.

KEY POINT 14-41 The efficacy of digoxin probably reflects its 
negative chronotropic effects more than its positive inotro-
pic effects.
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administration might (very cautiously) substitute for oral dos-
ing in animals intolerant to the latter. Digoxin should not be 
given intramuscularly because it is erratically absorbed and 
causes pain and tissue necrosis. Oral administration results in 
pharmacologic effects in 1 to 2 hours, although peak effects 
will not occur until steady state is reached. Digoxin elixir is 
more orally bioavailable, and it may be necessary to decrease 
doses by 15%. If deemed necessary, oral digitalization is best 
accomplished with digoxin tablets. In the absence of a load-
ing dose, steady-state concentrations can be achieved within  
48 hours of oral dosing in most patients. If necessary, a pru-
dent intravenous loading dose is administration of the oral 
daily maintenance dose over a 12-hour period.191 Doses 
should be calculated on lean body weight; toxicosis is likely 
to be minimized if dosing is based on body surface area  
(0.44 mg/m2). Daily doses should be divided if warranted on 
the basis of drug elimination half-life (as calculated from ther-
apeutic drug monitoring) to minimize fluctuation in plasma 
drug concentrations.

Drug Interactions
The concurrent administration of quinidine increases plasma 
concentrations of digoxin; the mechanism may reflect dis-
placement from tissue binding sites, although this mechanism 
is controversial.117,199 Quinidine also appears to decrease renal 
digoxin clearance by decreasing renal blood flow.200 Vera-
pamil also increases concentrations of digoxin.191 Interac-
tions between digitalis and diuretics have been reported and 
stem primarily from the effects on potassium (hypokalemia). 
Diuretics do not seem to alter the disposition of digoxin.201 
Phenobarbital has been reported to increase (rather than 
decrease) digoxin concentrations; the clinical relevance of this 
report is not clear.201,202 Administration of β-adrenergic ago-
nists increases the likelihood of arrhythmias. Amphotericin 
B may also cause hypokalemia and thus potentiate digitalis 
intoxication.

Clinical Efficacy
Inotropic response to digoxin is greatest in the initially 
depressed state of the failing heart. Stroke volume increases 
as ventricular emptying improves, with a reduction in end-
diastolic volume.191 This positive effect is less likely if intrinsic 
compensatory mechanisms are maintaining cardiac output. 
The inotropic response to digoxin occurs before evidence of 
electrophysiologic changes. As a positive inotrope, withdrawal 
of digoxin in human patients with mild to moderate CHF and 
a normal sinus rhythm resulted in a significant (compared to 
placebo) worsening of clinical signs. In patients with severe 
CHF, fewer patients receiving digoxin died or were hospital-
ized as a result of CHF during the study period. Retrospec-
tively, digoxin effects were best when concentrations were 
below 1 ng/mL. However, it is not clear if this effect is due to 

decreased heart rate or a positive inotropic effect: clinically, 
animals may have the greatest improvement immediately 
before accumulated glycoside toxicosis.191 Digoxin may also 
decrease myocardial remodeling: ouabain increased media-
tors associated with ventricular remodeling after myocardial 
infarction.35 Digoxin modulates neurohumoral and auto-
nomic states.35 Currently, in humans digoxin therapy gener-
ally is reserved for patients with heart failure accompanied 
by atrial fibrillation or for patients with a sinus rhythm but 
who have not yet sufficiently responded to ACE inhibitors and 
adrenergic receptor antagonists.

Proof of efficacy of digoxin in the treatment of CHF in 
dogs has been difficult to establish, in part because of poorly 
designed clinical trials.191 Studies are complicated by fail-
ure to control variables and, most notably, adjunct therapy. 
Subclinical measures based on hemodynamic response often 
have not been included, making it more difficult to identify 
efficacy. Different levels of disease also influence outcome; 
response to digoxin may be less obvious in the terminal 
stages of congestive cardiomyopathy (shortening fraction of 
20%).191 Clinical trials based on survival analysis similarly 
have been fraught with poor methodologies. Controversy 
also exists regarding the relative efficacy of digoxin versus 
digitoxin in the treatment of CHF in dogs.191 Early stud-
ies with dogs receiving either drug revealed greater clinical 
improvement in dogs with CHF treated with digoxin (85%) 
than digitoxin (55%) but a greater risk of toxicity (based 
on electrophysiologic changes in the PR interval.203,204 It is 
likely, however, that digitoxin was underdosed in these stud-
ies.191 Current consensus among cardiologists is that digoxin 
is the preferred drug on the basis of both pharmacodynamics 
and pharmacokinetics.

Knight191 offered a description of the canine patient most 
likely to respond to digoxin therapy. Such a patient is asymp-
tomatic, with CHF characterized primarily by systolic ventricu-
lar dysfunction accompanied by supraventricular tachycardia, 
including sinus tachycardia, atrial flutter, and fibrillation. 
Chronic mitral regurgitation is included in the indications, 
although timing of the use of digoxin as treatment in this syn-
drome may be less clear unless myocardial failure is evident. 
Digoxin is not indicated for the compensated patient that is 
asymptomatic (including normal sinus rhythm; plus or minus 
diuretics). Aggressive treatment may be necessary to control 
heart rate. Whereas vagally mediated effects occur at subtoxic 
concentrations (50% of the toxic dose), the direct effects on atrio-
ventricular nodal conduction occur only at full digitalization— 
that is, as toxic concentrations are approached.191 Such con-
centrations may be more necessary in patients with atrial 
flutter or fibrillation for which response might be dependent 
on atrioventricular nodal effects. The negative chronotropic 
effects are decreased in the presence of concurrent sympa-
thetic stimulation, which is more likely as the severity and 
chronicity of heart failure increases. Thus sinus tachycardia 
is most likely to normalize if cardiac function improves suf-
ficiently to minimize sympathetic stimulation. β-adrenergic 
blockers or CCBs may be useful adjunct therapies if heart rate 
remains unacceptably high in patients receiving digoxin.191

KEY POINT 14-43 The therapeutic window of digoxin is 
 narrow, but the risk of adversities might be minimized if 
attention is paid to the risk factors presented by disease- 
and drug-related factors.
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Controversy exists regarding whether digoxin should pre-
cede, accompany, or follow vasodilator therapy and, more 
specifically, ACE inhibitor therapy. Preference generally favors 
the latter. Digoxin is, however, indicated for symptomatic 
patients that cannot tolerate ACE inhibitors and for patients 
that presented with moderate to severe clinical manifestations 
of decompensation, particularly if the patient is no longer 
responsive to diuretic or vasodilator therapy.191

Monitoring
Monitoring recommendations for digoxin are extrapolated 
from human medicine. The traditional recommended thera-
peutic range of 0.8 to 2.0 ng/mL is intended to prevent toxic 
concentrations but not necessarily identify efficacy. Maximal 
contractile activity in humans generally occurs at concentra-
tions between 0.5 and 1.5 ng/mL.205 Neurohormonal benefits 
may occur at concentrations of 0.5 to 1 ng/mL.6 Although 
inotropic effects will continue to increase as drug concentra-
tions increase, peak effects are likely to be limited by toxicity. 
Because the risk of death increases at higher concentrations 
associated with maximal contractility, concentrations below 
1 ng/mL are recommended for humans.

Therapeutic concentrations of digitoxin and digoxin differ. 
For digitoxin recommended concentrations are 1.4 to 2.6 ng/
mL.3 The recommended range for digoxin is likely to vary with 
the laboratory but generally is 1 to 2 ng/mL or 1.5 to 2.5 ng/
mL.195 Because the time needed for Cmax to decline to Cmin 
is one half-life, the dosing interval should not exceed patient 
half-life. The targeted concentration for either cardiac glyco-
side in the individual animal should be based on clinical signs, 
including response to therapy. Traditionally, single samples 
(generally mid trough) have been collected at mid interval for 
monitoring. However, based on 2 hr peak and 12 hr trough 
samples, the author has documented a shortening of digoxin 
half-life in a patient treated with ACE inhibitors (presum-
ably due to increased glomerular filtration rate and thus renal 
digoxin clearance) or other therapy. In such patients plasma 
drug concentrations can fluctuate twofold during a dosing 
interval, causing the patient to become both toxic or subther-
apeutic. For such patients design of a dosing regimen might 
best be based on both peak and trough concentrations (at 2 
and 11.5 hours after oral administration at home). If only a 
single sample is possible, selection of the time of collection 
depends on the intent of monitoring. If toxicity is of concern, 
a peak sample should be collected 1 to 2 hours after adminis-
tration at home; if efficacy is of concern, then a trough sample 
should be collected just before the next dose. However, neither 
situation will provide guidance regarding drug concentrations 
throughout the dosing interval.

Toxicity and Side Effects
Digitalis intoxication is not uncommon, although improper 
use plays a large role in the incidence of adversity. In addi-
tion, signs of toxicity are more easily recognized than are signs 
of efficacy, contributing to the perceived narrow therapeutic 
margin. It is likely that with proper use the risk–benefit ratio 
is not as narrow as perceived. Serious toxic effects of digitalis 

are due to altered electrical activity, which reflects changes in 
intracellular calcium, sodium, and potassium changes and 
thus the electric potential formed across the cell membrane. 
Digitalis causes an increase in automaticity and ectopic beats. 
As concentrations surpass 2 ng/mL, the risk of sinus brady-
cardia or arrest, prolongation of atrioventricular conduction, 
heart block, or increased sympathetic nervous activity with 
increased automaticity increases. The negative chronotropic 
effects of digitalis can be ameliorated with atropine.

Digoxin binds preferentially to the phosphorylated form of 
Na+,K+-ATPase, whose concentration is decreased by extra-
cellular potassium. Thus hypokalemia increases digoxin tox-
icity by facilitating binding to the target protein.6 Increased 
intracellular calcium also contributes to the arrhythmogenic-
ity of digoxin.6 The increased calcium causes the cytoplasmic 
membrane to become unstable immediately after repolariza-
tion and cell membrane permeability to Na+, Ca2+, and K+ 
increases. Ion flow of Na+ and Ca2+ follows the concentration 
gradient, tending to hypopolarize the membrane (i.e., it moves 
toward 0 mV); flow of potassium is less important because 
concentration and electrochemical gradients for potassium 
tend to balance one another. Dysrhythmias tend to worsen as 
calcium increases as the risk of after-depolarization–mediated 
automaticity increases.5

Because the mechanism of arrhythmogenicity for digoxin 
is the same as the mechanism of efficacy (positive inotropic 
and negative chronotropic effects), it is not surprising that 
cardiac glycosides are characterized by a narrow safety mar-
gin. Any cardiac antiarrhythmia may be induced by digitalis. 
An electrocardiogram should be useful in diagnosing digi-
talis toxicity if compared with an electrocardiogram obtained 
before drug administration. Changes in sodium, calcium, or 
potassium increase the risk of arrhythmias associated with 
automaticity. In the atrium digoxin shortens the action poten-
tial, predisposing it to atrial fibrillation.5 The negative chro-
notropic effects of digoxin also can directly slow sinus nodal 
activity, leading to heart blockade. Arrhythmias include sinus 
bradycardia; disturbances of atrial rhythm; atrioventricular 
conduction, including complete atrioventricular block (third-
degree heart block); and disturbances of ventricular rhythm, 
especially premature beats. Ventricular tachycardia and flut-
ter may also occur. The likelihood and severity of toxicity are 
related to the severity of cardiac disease. Toxic effects with dig-
italis are frequent and can be lethal if allowed to persist. Dogs 
with severe cardiomegaly and CHF are probably at greater risk 
of developing ectopic ventricular arrhythmias. Other factors 
predisposing to digoxin toxicity include but are not limited 
to hypokalemia, hypercalcemia, hypomagnesemia, hypothy-
roidism, acid–base imbalances, and abnormal renal function.6 
Combination therapy with selected drugs also predisposes the 

KEY POINT 14-44 The risk of hypokalemia, which increases 
the risk of digoxin toxicity, is increased in the anorectic 
patient receiving potassium-wasting diuretics. Potassium 
supplementation may be indicated.
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patient to toxicity. The cat is more sensitive to digoxin than 
the dog.

Digoxin also causes noncardiac toxicities as a result of 
impaired Na+-K+ pump activity on neuronal and secretory 
organs. Frequently, the earliest indications of digoxin toxic-
ity are gastrointestinal adversities including anorexia; nausea; 
vomiting; and, less frequently, diarrhea. Vomiting also results 
from direct stimulation of the chemoreceptor trigger zone. 
Neurologic effects include malaise and drowsiness.

The most frequent cause of digoxin toxicity is probably 
overdosing, which includes failure to individualize dosing 
regimens. The potential for toxicity is increased with hypoka-
lemia because binding to the Na+-ATPase pump is facilitated. 
This may occur, for example, if the patient is also receiving 
diuretic therapy that causes potassium loss (furosemide, thia-
zides, and other “nonsparing” diuretics). Digitalis toxicity can 
be diagnosed and the risk minimized by plasma drug con-
centration monitoring. Therapeutic concentrations of digi-
toxin and digoxin differ. For digitoxin concentrations greater 
than 3.4 ng/mL are considered toxic.3 For digoxin the risk of 
toxicosis is greater if concentrations exceed 2 to 2.5 ng/mL.195 
Because of overlap between toxicity and efficacy, concentra-
tions should be considered in the context of clinical signs.

The treatment of cardiac glycoside intoxication includes 
(1) discontinuation of digitalis therapy for at least one drug 
elimination half-life; (2) discontinuation of potassium-deplet-
ing diuretics; and (3) administration (as needed) of phenyt-
oin, which blocks atrioventricular nodal effects of digitalis 
(bradyarrhythmias), lidocaine (for ventricular arrhythmias)206 
(1-3 mg/kg intravenously), and oral potassium supplemen-
tation (e.g., potassium chloride), but only if hypokalemia 
exists.3 Atropine may be useful to treat sinus bradycardia and 
second- or third-degree heart block induced by cholinergic 
augmentation. Procainamide also has been shown experimen-
tally to be useful for treatment of digoxin-induced ventricular 
arrhythmias in the canine heart when plasma drug concentra-
tions approximate 8 to 12 ng/mL.207,208 Cholestyramine can be 
used as a binding agent to decrease absorption from the gas-
trointestinal tract (including drug undergoing enterohepatic 
circulation).

The large volume of distribution of digoxin prevents the 
use of techniques for increasing clearance as an approach to 
decreasing the risk of toxicity in the case of overdose. Puri-
fied ovine antibody fractions (Fab) to digoxin (DIGIBIND® 
or DIGIFAB®) have proved to be an effective antidote to life 
threatening digoxin toxicity (e.g, ventricular arrhythmias) 
following massive overdose in humans. Although they have 
been successfully used by the author to treat an accidental 
overdose of digoxin, their cost is likely to be prohibitive. The 
drug costs $700-800 per vial; an adequate dose may result in 
a cost of thousands of dollars. Dosing is complicated, being 
based on the total amount of digoxin in the body. This can be 
estimated on the basis of the amount ingested and the aver-
age bioavailability or on serum digoxin concentrations and the 
average volume of distribution.6 Toxicity can recur once the 
Fab has been eliminated 1 to 2 days after therapy, particularly 
in patients with impaired renal function.

Clinical Use
The recent approval of pimobendan for use in dogs should 
result in a decline in the use of cardiac glycosides as positive 
inotropes. Clinical uses of digitalis have included restoration 
of adequate circulation in patients with CHF and reduction of 
the ventricular rate as a treatment of atrial fibrillation or flut-
ter. Both syndromes require long-term treatment. If there is 
no urgency in treatment, the drug can be administered orally. 
Maximal effect is achieved in four half-lives. Digoxin is the 
cardiac glycoside drug of choice except for the patient with 
renal disease; digitoxin should then be administered. Calcula-
tion of digoxin doses should be based on lean body weight, 
and dosages should be reduced in the obese patient or in the 
presence of ascites. Electrolyte disorders should be corrected 
before dosage.

Calcium Sensitizers
A disadvantage of drugs that increase intracellular calcium are 
the deleterious effects of intracellular Ca2+ overload, includ-
ing cardiac arrhythmias, and cell injury that could ultimately 
lead to myocardial cell death.209 Additionally, positive inotro-
pic effects generally are associated with increased myocardial 
oxygen consumption. Calcium sensitizers are positive inotro-
pic drugs that increase cardiac contractility by direct effects on 
cardiac myofilaments or the cross-bridge interaction, without 
altering intracellular Ca2+-concentration.192 Calcium sensitiz-
ers target “downstream” calcium sites, particularly the cardiac 
excitation–contraction coupling process. Examples of targeted 
sites include Ca2+ binding to troponin C, thin filament regula-
tory sites and/or directly on the cross-bridge cycling. Because 
efficacy is not dependent on an increase in intracellular cal-
cium, they do not induce the negative sequelae generally asso-
ciated with increased intracellular calcium (arrhythmias, cell 
injury, and death) or does energy activation increase. Further, 
calcium sensitizers can potentially reverse myocardial con-
traction dysfunction that accompanies pathologic conditions 
such as acidosis. Three classes of calcium sensitizers have 
been described according to the type of interaction between 
calcium and cellular sites. Class I sensitizers target the inter-
action between troponin C and calcium, thus increasing the 
calcium sensitivity of troponin C (e.g., pimobendan and levo-
simendan). Class II sensitizers directly interact with the thin 
filaments, facilitating actin–myosin interaction such as might 
occur if the troponin C/Ca2+-complex is stabilized without 
altering the Ca2+-affinity of troponin C. Class III sensitizers 
directly interfere with activation steps of the cross-bridge-
cycle.192 Although their efficacy is not certain, Ca2+ sensitiz-
ers are clinically more effective than the agents that are purely 
downstream regulators of calcium.209

Disadvantages of calcium-sensitizing agents may include 
the prolongation of myocardial relaxation and possible exac-
erbation of impaired diastolic function (decreased lusitropy). 
The risk is greatest if calcium sensitivity of myofilaments 
increases at low (diastolic) calcium concentrations. The risk 
is reduced by drugs that increase myofilament calcium sen-
sitivity only during high-calcium conditions (i.e., systole), 
thus enhancing systole without changing diastolic function. 
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Current calcium-sensitizing drugs generally are characterized 
by marked inhibition of PDE.36 For example, the impact of 
levosimendan and pimobendan on lusitropy ranges from no 
impact to improvement.192 The ideal calcium sensitizer would 
not inhibit PDE.

Phosphodiesterase Inhibitors
Selective PDE inhibition has yielded therapeutic options for 
treatment of cardiovascular disorders. At least five PDE isoen-
zymes have been described; affinity for cyclic nucleotides may 
account for differences in activity. For example, the affinity 
of PDE III (located in the heart and systemic smooth muscle 
vasculature) for cAMP is greater than that for cGMP, whereas 
PDE V (limited in location to the retina, corpus cavernosum, 
and cerebral and pulmonary vasculature) has a greater affin-
ity for cGMP.210 PDE inhibitors, including amrinone, pimo-
bendan, and vesnarinone, prevent the breakdown of cAMP, 
increasing intracellular cAMP concentration. In myocardial 
cells, PDE inhibition results in an increase in myocardial 
contractility. PDE inhibitors also inhibit nitrite accumula-
tion, with pimobendan being the most and amrinone the least 
potent inhibitor.35

Methylxanthine Derivatives
Methylxanthine derivatives have been classified as PDE inhib-
itors, but the mechanism of action is controversial. Their posi-
tive inotropic effects may actually reflect altered calcium fluxes 
or other mechanisms. Of the methylxanthines, theophylline is 
the most cardiopotent. The positive inotropic effects of these 
drugs are complex because they have a variety of pharmaco-
logic actions. In addition to their cardiac effects, these drugs 
have significant central nervous system, renal, and smooth 
muscle effects. Thus their use for cardiac disease is limited.

Fatal toxicities can and often do occur during chronic 
oral or rapid intravenous administration of methylxanthines, 
probably as a result of cardiac effects. Tachycardia and cen-
tral nervous system signs (restlessness, hyperexcitability, sen-
sory disturbances) can be correlated with increased plasma 
concentrations. Plasma monitoring may be used to control 
toxicity. Local gastrointestinal irritation and nausea, vomit-
ing, and diarrhea may occur with oral administration. These 
can be prevented by administration of the drugs with food. 
Therapeutic uses for the methylxanthines in cardiac disease 
are limited. In veterinary medicine theophylline has been used 
to treat CHF. Currently, these drugs should be used only in 
cardiac patients with respiratory disease.

Bipyridines
Bipyridines are nonglycosidic, noncatecholamine positive 
inotropes that have cardiac effects similar to catecholamines. 
The mechanism of action of these drugs is probably inhibi-
tion of PDE and increased intracellular cAMP concentra-
tions. However, unlike catecholamines, myocardial oxygen 
consumption does not increase and may actually decrease in 
patients with CHF. Differences in potency and toxicity when 
compared with theophylline may reflect selective PDE iso-
enzyme inhibition for each group of drugs. The bipyridines 

inhibit PDE III only, whereas theophylline may be a nonselec-
tive inhibitor of PDE. Amrinone was the first of this class of 
drugs to be used therapeutically, but side effects limited its 
use. Milrinone is more potent than amrinone (20 to 30 times) 
yet characterized by a toxic to therapeutic ratio of 100 in nor-
mal dogs. Milrinone is a selective PDE III inhibitor. It low-
ers pulmonary vascular resistance in patients with CHF and 
pulmonary hypertension. Peripheral vasodilation is another 
major therapeutic benefit of PDE III inhibitors. Milrinone 
increases renin secretion, presumably by increasing cAMP 
in juxtaglomerular cells.211 Side effects at higher doses limit 
long term use. Intravenous milrinone lowers pulmonary vas-
cular resistance in human patients with CHF and pulmonary 
hypertension.210

Intravenous or oral administration of milrinone results in 
marked positive inotropic effects in patients with CHF. Effects 
are dose dependent. Contractility increases up to 100% at 
plasma concentrations of 200 mm/L after infusion of 10 μg/kg 
per minute in anesthetized dogs versus only 60% in patients 
receiving digitalis. An oral dose of 1 mg/kg increases contrac-
tility by 90% and decreases blood pressure by 10%. As with the 
cardiac glycosides, animals with very poor myocardial func-
tion may not be able to respond to the bipyridines. In contrast 
to cardiac glycosides, heart rate increases 40%. As with drug 
disposition, individual animal response to milrinone appears 
to be quite variable.212 Pilot studies indicate an elimination 
half-life of about 1.4 hours for milrinone in dogs, although this 
is likely to be quite variable.212 Oral bioavailability approxi-
mates 92%. Milrinone does not appear to be as effective a 
positive inotrope for people as it is for dogs. In clinical trials 
in dogs with CHF, approximately 80% of animals reportedly 
respond to milrinone.213 Survival data were not reported for 
dogs. Milrinone appears to be substantially safer than digoxin 
when given at an oral dose of 0.5 to 1 mg/kg twice daily. How-
ever, exacerbations of arrhythmias may occur in some ani-
mals. Ruptured chordae tendineae (4%) and sudden death 
(13%) were other complications reported in clinical trials with 
dogs with CHF.

Pimobendan and levosimendan
Pimobendan is a benzimidazole–pyridazinone derivative 
that acts as a specific type III PDE inhibitor, causing positive 
inotropy. However, its efficacy may reflect actions as a cal-
cium sensitizer. Pimobendan enhances calcium–troponin C 
 interaction. Pimobendan increases sensitivity at low concen-
trations, increasing the risk of diastolic dysfunction resulting 
from decreased lusitropy (relaxation). However, neither pimo-
bendan nor its congener, levosimendan, affect or improve 
myocardial lusitropy. In addition to its positive inotropic 
effects, pimobendan prolongs the action potential duration 
by enhancing calcium current through L-type calcium chan-
nels in the sarcolemma. However, prolonged action potential 
duration may increase the risk of QT syndrome. In contrast to 
the other Ca2+-sensitizers, both pimobendan and levosimen-
dan cause vasodilation of both the arterial and venous ves-
sels, reflecting activation of the Ca2+- dependent K+- channels 
(and ATP-sensitive K+-channels for levosimendan); As such, 
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pimobendan is referred to as an inodilator. Additionally, 
pimobendan is associated with a reduction of proinflamma-
tory cytokines that initiate or perpetuate myocardial remodel-
ing associated with progressive CHF.35 As such, pimobendan 
appears to provide some level of cardioprotection. Finally, 
pimobendan also exerts antithrombotic effects. 192,209 In con-
trast to pimobendan, an advantage of levosimendan is that 
it appears to sensitize to calcium without influencing PDIII 
activity unless higher concentrations are achieved. As such, 
levosimendan may be the perfect “designer” drug for treatment 
of systolic dysfunction in patient with CHF. Treatment with 
levosimendan improved hemodynamics and patient survival 
in one study, although the study groups were too small to allow 
mortality assessment. Improvement occurred even in patients 
treated with beta-adrenoceptor blockers, which currently are 
associated with the best evidence of improved hemodynamics 
and survival in patients with chronic heart failure.209

Pimobendan is prepared as a mixture of stereoisomers. In 
humans, although the pharmacokinetics of the enantiomers 
is the same, the l-isomer is 1.5 times more potent in increas-
ing strength of contraction than the d-isomer. In humans both 
enantiomers accumulate in red blood cells, with the respec-
tive (+)- and (−)-pimobendan ratio (red blood cell: plasma) 
being 5.8 and 8.4. Similar data could not be found in dogs. 
Food may slow or impair oral absorption. Oral bioavailability 
is 60 to 65%, In normal dogs, peak plasma drug concentra-
tion (Cmax) for the parent and metabolite following adminis-
tration of 0.2 mg/kg orally was 3.09 ± 0.76 ng/mL and 3.66 ±  
1.21 ng/mL, respectively. Pimobendan is highly (>90%) pro-
tein bound in dogs. The apparent volume of distribution at 
steady state (presumably of unbound drug) is 2.6 L/kg. In 
dogs pimobendan is demethylated to an active metabolite 
(UDCG-212) that contributes substantially to its pharmaco-
dynamic effects. The metabolite is a more potent inhibitor of 
PDIII; however, its mechanism of calcium sensitization may 
be different from that of the parent compound. Metabolism 
appears to occur primarily by CYP1A2 (in humans), although 
its contribution to metabolism is variable, ranging from 18 to 
76%; CYP3A4 accounts for less than 10% of elimination. The 
active metabolite is then excreted by sulfation or glucuroni-
dation and eliminated through feces. Elimination half-life of 
pimobendan and its metabolite in dogs are 0.5 and 2 hours, 
respectively (which is similar to both isomers in humans).

A delay occurs between peak pimobendan concentra-
tion and peak left ventricular contractility response; further, 
response persists beyond elimination of drug. In both dogs 
and humans, effects are still evident at 8 hours, despite a short 
half-life in either species. In humans pharmacodynamic effects 
include increased ejection fraction, mean shortening velocity, 
cardiac index, and stroke volume index (each increased 50% 
to 60%). Left ventricular end-systolic dimension, SBP, and 

diastolic blood pressure are decreased 8% to 11% in humans. 
However, although pimobendan improves morbidity and the 
physical exercise capacity of human heart failure patients, 
decreased mortality has not yet been demonstrated.

Pimobendan has been used extensively in dogs with 
acquired cardiac disease including mitral valve insufficieny 
and dilated cardiomyopathy; its use should be considered in 
dogs with systolic dysfunction associated with primary myo-
cardial disease or chronic volume loading. The labeled dose 
of pimobendan in dogs is 0.5 mg/kg administered every  
12 hours and given at least 1 hour before food. Dosing is usu-
ally started at the low end of the dose range. Pimobendan can 
be combined with a variety of cardiac drugs, including diuret-
ics, ACE inhibitors, or digoxin. However, the positive inotro-
pic effects may be reduced when given in conjunction with 
calcium channel antagonists or β-adrenergic antagonists.

Pimobendan has been compared to levosimendan and 
milrinone in anesthetized dogs.213a All three drugs increased 
myocardial contractility, venous and arteriolar vasodilation, 
left ventricular -arterial coupling and mechanical efficiency; 
levosimendan increased myocardial efficiency. The clinical use 
of pimobendan in dogs has been reviewed.214-216a

In normal dogs pimobendan moderately reduced systemic 
and pulmonary vascular resistance, markedly reduced left 
ventricular end-diastolic pressure, and moderately increased 
heart rate and cardiac output. Myocardial blood flow also is 
increased. A lusitropic effect also has been demonstrated in 
the left ventricle of normal dogs.54 Efficacy in diseased dogs 
may be superior to that in humans. Summaries of the field 
(clinical) trial (n=355 dogs) supporting approval of pimo-
bendan found efficacy to be equivalent to that of enalapril in 
dogs with grades II to IV CHF associated with either valvular 
disease or DCM. Dogs also received diuretics and, as needed, 
digoxin for supraventricular arrhythmias. Side effects were 
similar in both groups.

Kanno and coworkers219 described the effects of pimo-
bendan (0.25 mg/kg twice daily) on cardiac, hemodynamic, 
and neurohumoral factors in dogs with mild mitral regurgita-
tion. Dogs were treated for 4 weeks. Pimobendan was associ-
ated with a decrease in SBP and the degree of regurgitation, 
an increase in renal blood flow and glomerular filtration rate, 
decreased norepinephrine concentrations, and improved 
heart size. Using a randomized, placebo controlled, double-
blinded study in dogs (10 English Cocker Spaniels, 10 Dober-
man Pinschers) with DCM, when added to standard therapies  
(i.e., furosemide, enalapril, digoxin), pimobendan (0.3 to  
0.6 mg/kg/day) was demonstrated to improve heart failure 
class, and to prolong survival in Doberman Pinschers (mean 
of 329 days compared with 50 in placebo group).216 O’Grady 
and coworkers220 also found that the addition of pimobendan 
(0.25 mg/kg PO every 12 hr) to standard diuretic (furosemide) 
and afterload reduction (benazepril) therapy was associated 
with a longer time (130.5 days) to treatment failure in Dober-
man Pinschers with DCM and CHF compared with the pla-
cebo group (63 ± 14 days).

Pimobendan also has proven useful for treatment of degen-
erative mitral valvular disease. The QUEST study221 compared 

KEY POINT 14-45 The potential efficacy of the inodilator 
pimobendan reflects not only its positive inotropic  
effects but also calcium sensitization, vasodilation, and 
cardioprotection.
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the impact of pimobendan (n=124) versus benazepril (n=128) 
on mortality in dogs from Europe, Canada, and Australia 
afflicted with myxomatous mitral valve disease. Of the dogs 
reaching an endpoint associated with decline the median time 
was 267 days for pimobendan compared to 140 for benazepril. 
Pimobendan (0.2 to 0.3 mg/kg twice daily) did not have a sus-
tained positive effect on echocardiographic values of asymp-
tomatic dogs (some were receiving ACE inhibitors) (n=24) 
with mitral valve disease using a randomized, blinded design. 
An initial increase in systolic function at 30 days did not per-
sist to study end (6 months). However, a major limitation of 
the study was the sample size.222

Other studies have compared pimobendan to ACE inhibi-
tor therapy in an attempt to identify the most effective 
approach. Using a prospective, randomized, single-blinded 
parallel design, the clinical efficacy and safety of pimobendan 
was compared in a 6-month study to ramipril in client-owned 
dogs (n=43) with mild to moderate heart failure associated 
with mitral valve disease. Treatment was well tolerated in both 
groups; pimobendan-treated dogs were only 25% as likely to 
have an adverse outcome related to heart failure (odds ratio 
4.09, 95% confidence interval 1.03 to 16.3, P=0.046). However, 
despite randomization, dogs receiving ramipril began with a 
higher overall score, suggesting this group had more severe 
disease.217 The efficacy of pimobendan (n=41) was also com-
pared to benazepril as a positive control (n=35) in dogs with 
atrioventricular disease using a parallel, randomized, blinded 
multicenter clinical trial (VetSCOPE). Animals were assessed 
at 56 days, and long-term survival was determined.218 Scores 
in dogs receiving pimobendan improved compared with those 
of animals not receiving pimobendan; further, long-term sur-
vival was greater at 415 days compared with 128 for dogs not 
receiving pimobendan.

Timing of pimobendan administration in the progression 
of myocardial disease may be important. Discontinuation of 
pimobendan improved mitral regurgitation in two dogs57 led 
to a double blinded parallel clinical trial comparing the effect 
of either pimobendan or benazepril in dogs (Beagles; n=12; 
6 per group) with asymptomatic, naturally occurring mitral 
valvular disease.223 Increased systolic function associated with 
a longer regurgitant jet characterized by a greater velocity was 
detected in the pimobendan group within 15 days of initia-
tion of therapy. Histologic mitral valvular lesions were worse 
(moderate to severe) in three dogs at the end of the 512-day 
treatment period in the pimobendan group compared with 
the benazepril group (mild to slight in six dogs).

Evidence exists that pimobendan can be combined with 
standard cardiovascular drugs with no apparent adverse 
effects, as has been suggested by clinical trials assessing effi-
cacy. In addition, Fusellier and coworkers224 failed to detect 
significant differences in adversities when pimobendan was 
combined with meloxicam in 10 Beagles using a random-
ized, crossover design. However, dogs were studied 4 times 

(placebo, meloxicam, pimobendan, and the combination), 
and the power to detect a significant difference was not 
addressed, indicating that an adverse reaction cannot be 
ruled out.

Pimobendan has been associated with histologic damage 
to the endocardium, myocardium and valves, particularly at 
high intravenous disease. 224a A randomized, blinded, con-
trolled clinical trail in Beagles (n=12) with mitral valvular dis-
ease comparing the impact of 512 days of therapy with either 
benazepril and pimobendan found that pimobendan was 
associated with an increase in the maximum area and peak 
velocity of the regurgitant jet turbulence. Further, acute focal 
hemorrhages, endothelial papillary hyperplasia, and infiltra-
tion of chordae tendinae with glycosaminoglycans occurred in 
the pimobendan-treated dogs. These studies support avoiding 
pimobendan use unless indicated.

Beta-Adrenergic Agonists
The β-adrenergic agonists include the catecholamines (nor-
epinephrine, epinephrine, isoproterenol, dopamine, and 
dobutamine). Catecholamines increase contractility through 
β-adrenoceptor–mediated accumulation of cyclic AMP and 
subsequent phosphorylation of regulatory proteins, by protein 
kinase A (PKA). Proteins targeted include L-type Ca2+ chan-
nels, phospholamban (regulates the calcium pump), ryano-
dine receptors (a class of intracellular calcium channels), 
TnI and myosin-binding protein C (see Figure 14-1). These 
drugs are the most potent myocardial stimulants, each caus-
ing increased contractility. However, depending on the drug, 
potent peripheral vasomotor responses may limit their use 
clinically as positive inotropes but may also justify their use 
as pressor agents.

Dopamine
Dopamine is an endogenous catecholamine (norepinephrine) 
precursor with selective β1 activity. It is widely used as a cardiac 
stimulant. Because it stimulates the release of norepinephrine, 
however, it has α-receptor-, β2-receptor-, and dopaminergic-
receptor–mediated actions as well. Its inotropic effects are due 
to β1-receptor stimulation in the heart. At low doses (4 μg/kg 
per minute) in dogs, dopamine increases stroke volume and 
cardiac output and stimulates renal dopaminergic receptors, 
causing increased renal blood flow and diuresis. This is use-
ful during situations of systemic vasoconstriction (e.g., shock), 
during which it is important to maintain renal blood flow. At 
high doses, however, it causes α-adrenergic stimulation and 
vasoconstriction. This may potentially reduce renal blood 
flow. Vasoconstriction can be reversed with alpha-adrenergic 
blocking drugs (e.g, phenothiazines). Dopamine appears to 
increase systolic pressure without significantly affecting dia-
stolic pressure.

Dopamine is not effectively absorbed orally. It is rapidly 
metabolized by the body by monoamine oxidize and catechol 
O-methyl transferase (COMT) and has a half-life of less than 
2 minutes. Dopamine is most commonly marketed as a solu-
tion that is further diluted with saline or dextrose. The drug 
is administered intravenously. Because the pharmacologic 

KEY POINT 14-46 Pimobendan can be safely combined with 
other traditional drug therapies for congestive heart failure.
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effects of dopamine are short lived, it is usually administered 
by constant infusion, and rate of administration can be used to 
control the intensity of effects.

Cardiac arrhythmias may occur following dopamine ther-
apy due to α-adrenergic activity. Dopamine should not be used 
in the hypovolemic patient (in part because of the potential for 
enhanced vasoconstriction in response to α-adrenergic activ-
ity). Tissue sloughing may occur in the event of perivascular 
leakage. Indications include cardiogenic, or endotoxic, shock 
and oliguria. Dopamine has been compared to norepinephrine 
as a pressor agent in humans; although statistical difference in 
28 day mortality could not be demonstrated between the two 
groups, dopamine was associated with more life-threatening 
arrhythmias.223a Dopamine can be diluted in a variety of flu-
ids; an exception is fluids containing sodium bicarbonate or 
other alkaline infusions that will inactivate the drug. It will 
remain stable for at least 24 h after dilution.

Dopamine receptors are present in the cat, with D1 recep-
tors identified in the feline renal cortex. The concentration 
appears to be lower than that in rats, dogs, and humans. The 
status of dopamine receptors in the feline renal vasculature is 
not clear. However, fenoldopam, a dopamine agonist, exhibits 
300-fold greater affinity than dopamine for feline dopamine 
receptors, suggesting that failure of feline renal response to 
dopamine reflects a lack of dopamine receptors.225 This sug-
gestion is supported by the observation that low-dose dopa-
mine can provide effective diuresis in the dog but not the cat, 
yet higher doses of dopamine do increase diuresis and natri-
uresis in the cat.225,226 Fenaldopam is used for treatment of 
emergency hypertension and to stimulate systemic vasodila-
tion, natriuresis, and diuresis in human patients with renal dis-
ease.227 Dopamine is likewise indicated in veterinary patients 
to induce diuresis in dogs with oliguric renal failure, in dogs 
and cats as a pressor agent in the presence of hypotension, and 
to provide inotropic support in the failing congestive heart.

Dobutamine
Dobutamine is a synthetic drug that is similar to dopamine 
but with the addition of a large bulky molecule that reduces 
non-β1 effects. Dobutamine is a more effective inotrope than 
dopamine and is not associated with increased cardiac rates at 
lower doses. Therapeutic and pharmacologic ranges, respec-
tively, are 0.1-10 μM; 10-100 μM.228 Dobutamine appears to 
increase cardiac contractility with less cardiac oxygen con-
sumption than other catecholamines. Dobutamine does not 
dilate the renal vascular bed as does dopamine, although in a 
canine model of endotoxic shock it increased urine output and 
mesenteric blood flow at 5 and 10 μg/kg per minute, probably 
resulting from cardiac effects.229 Because of its greater selective 
effect on contractility as opposed to increasing heart rate, it is 
preferred to dopamine as a positive inotrope for treatment of 
CHF that is severe and eminently life threatening. Its arrhyth-
mogenicity is less than that of epinephrine and is not likely to 

occur (in normal dogs or dogs with ventricular ectopic beats) 
until therapeutic doses have been exceeded.

Dobutamine is not effective orally and has a plasma half-
life of approximately 2 minutes because of metabolism by 
COMT. It is therefore usually administered by constant-rate 
intravenous infusion. The drug is metabolized in the liver to 
inactive glucuronide conjugates. Like dopamine, dobutamine 
is prepared as a solution to be diluted with dextrose or variety 
of fluids, but is inactivated by alkaline solutions such as those 
containing sodium bicarbonate. It is stable for only 6 hours 
after dilution. The major indication for dobutamine is short-
term therapy for refractory CHF. It is the preferred drug (e.g., 
compared with digoxin) because its short half-life reduces the 
potential for toxicity and the inotropic effects of dobutamine 
are greater. Treatment beyond 48 hours is discouraged, in part 
because of the development of tolerance. In people, however, 
a residual effect occurs for up to several months. Dobutamine 
and volume replacement are indicated for treatment of hem-
orrhagic shock.230 Likewise, in dogs with septic shock, dobu-
tamine (5 to 10 μg/kg per minute) increases mesenteric blood 
flow and urine output when administered in conjunction with 
fluid therapy.229

The dose generally recommended is 2.5 to 20 μg/kg/min 
in dogs and 0.5-5 μg/kg/min in cats, starting with an initial 
dose of 2.5 to 5 μg/kg/min and increasing 1-2 μg/kg/min every 
5 to 30 minutes. Improvement should occur within 30 min-
utes. The most common side effect is ventricular arrhythmias, 
which are less likely to occur if doses of 15 μg/kg per  minute 
are not exceeded. Arrhythmias should not be treated with 
β-adrenergic blockers; rather, the dose should be decreased 
until arrhythmias resolve. Animals with very severe CHF and 
very poor myocardial function may not be able to respond to 
dobutamine because of little contractile reserve. Tachyphylaxis 
may occur within 72 hours of continuous treatment owing to 
downregulation of β1 - receptors.

Epinephrine
Epinephrine is one of the most potent vasopressor drugs 
known. It causes an immediate rise in blood pressure as a 
result of (1) direct myocardial stimulation and a positive ino-
tropic effect, (2) an increased heart rate or positive chrono-
tropic effect, and (3) vasoconstriction in many vascular beds. 
As with the other catecholamines, its cardiac effects are due 
to direct interaction with β1-receptors and cells of the pace-
maker and conducting tissues. Cardiac systole is shorter and 
more powerful. Because the formation of cAMP requires ATP, 
however, epinephrine causes the greatest increase in the rate of 
energy usage and myocardial oxygen demand. This increase in 
oxygen need may be detrimental to the failing heart. Increased 
work and myocardial oxygen consumption result in reduced 
cardiac efficiency.

Epinephrine is rapidly metabolized in the gastrointestinal 
tract and does not reach therapeutic plasma concentrations 
after oral administration. Absorption is more rapid after intra-
muscular versus subcutaneous administration because of local 
vasoconstriction. Epinephrine is rapidly metabolized by the 
body. The liver plays an important but not essential role in the 

KEY POINT 14-47 Beta agonists markedly increase myocar-
dial oxygen demand and thus are arrythmogenic.
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metabolism of epinephrine. Two enzymes catalyze its degra-
dation: COMT and monoamine oxidase.

Epinephrine is available in several forms of solution that can 
be used for intravenous, inhalation, and nasal administration. 
Because of the decreased efficiency of cardiac work, epineph-
rine is not used simply as a positive inotropic agent. Ventricu-
lar arrhythmias can be expected. In addition, central nervous 
system signs may occur. The primary indication for epineph-
rine in treatment of cardiac disease is acute cardiac life support 
(see the discussion of “crash cart” drugs) or for pressor support 
in patients insufficiently responsive to norepinephrine.

Isoproterenol
Isoproterenol is a nonspecific β-agonist that, like epinephrine, 
increases myocardial oxygen demand. Tachycardia and the 
potential for other arrhythmias tend to exclude its use for the 
cardiac patient.

Miscellaneous Agents
Miscellaneous inotropic agents include calcium when given as 
a slow intravenous injection or infusion. Care must be taken 
with the administration of calcium because it can cause car-
diac rigor and standstill at high doses; attention must be given 
to the amount of calcium per dosing unit (e.g., ml or oral dos-
ing form) among the different oral or injectable salts (see Table 
14-3). The gluconate form is preferred to calcium chloride. 
Glucagon is also a positive inotropic agent.

Phenylpropanolamine is used primarily to treat urinary 
incontinence, but toxicity is manifested predominantly in the 
cardiac system. Toxicity was reported in a 5-year-old, female 
Labrador Retriever receiving 48 mg/kg. Clinical signs included 
tachypnea, tachycardia, and ataxia. Cardiac arrhythmias were 
characterized by multiform ventricular tachycardia, left ven-
tricular dilation with a focal dyskinetic region in the dorsal 
intraventricular septum, and elevations in creatinine kinase 
and cardiac troponin I. Diagnostic tests were attributed to myo-
cardial necrosis following transient infarction or directed myo-
cardial toxicity. All abnormalities resolved within 6 months.174

Coenzyme Q, also called ubiquinone, is a natural fat-soluble 
compound similar to vitamin K in structure and ubiquitous 
in plants and animals. It acts as an antioxidant to protect cell 
membranes from free radical activity. Coenzyme Q plays a 
role in the conversion of 95% of energy needs; organs with the 
highest energy needs have the highest coenzyme Q concen-
trations. The use of the compound has been in patients with 
severe CHF (150 to 225 mg/day), particularly for those whose 
endogenous concentrations fall below 2 μg/mL. The effects of 
coenzyme Q on myocardial cells is controversial. In cultured 
myocardial cells, coenzyme Q stimulates beating activity, prob-
ably by stimulating the formation of mitochondrial ATP.231 In 
humans undergoing valve replacement, coenzyme Q appeared 
to scavenge hydroxyl but not superoxide anions.232 Singh and 
coworkers233 demonstrated a protective effect of coenzyme Q 
in patients receiving the compound within 3 days after acute 
myocardial infarction. However, a lack of effect on ventricular 
function was reported in patients with CHF.234 Coenzyme Q 
may block apoptosis.235 Foods highest in coenzyme Q include 

beef, spinach, sardines, albacore tuna, and peanuts. Beta block-
ers, statin (cholesterol-lowering drugs) and other cardiovascu-
lar drugs can decrease coenzyme Q. Coenzyme Q is available 
as a dietary supplement, generally in capsules ranging in size 
from 10 to 60 mg.

Nutritional intervention with essential nutrients, includ-
ing L-arginine and L-carnitine, also has been recommended 
as effective adjunctive therapy for prevention and control of 
cardiovascular disease.236

NEGATIVE INOTROPES

The negative inotropes most commonly used in clinical prac-
tice are those that block β-receptors (propranolol, which is 
nonselective, or atenolol, which selectively blocks β1-receptors) 
or CCBs (diltiazem). By virtue of their mechanisms of action, 
drugs in either of these categories also tend to act as nega-
tive chronotropes; often this action is desirable. Both groups 
of drugs have been previously discussed as antiarrhythmics. 
These drugs are further discussed under treatment of HCM.

The primary indication for the use of negative chrono-
tropes in veterinary medicine is feline HCM, a cardiac disease 
characterized by a thickened cardiac muscle; poor disten-
sibility and compliance, and thus poor cardiac filling; and, 
depending on the degree of ventricular hypertrophy, obstruc-
tion to cardiac outflow. Atrial fibrillation is not uncommon in 
this syndrome and generally causes a tachycardia that wors-
ens this syndrome. Thus the negative chronotropic effects of 
these drugs are of benefit in cats suffering from hypertrophic 
cardiomegaly.

TREATMENT OF SPECIFIC VASCULAR 
DISORDERS

Acquired Valvular Diseases
Chronic Mitral Valve Insufficiency

Pathophysiology. Chronic mitral valve insufficiency 
(CMVI; chronic valvular disease) results from endocardiosis 
of the mitral valve. It is the most common cardiovascular dis-
order in the dog, leading to death resulting from CHF in 7% 
of all dogs before the age of 10 years. The pathophysiology 
has been well reviewed.237 The initiating cause is unknown. 
However, because the leaflets are stiff and malformed, their 
motion is abnormal. Because they fail to accurately oppose 
one another during systole, blood regurgitates into the left 
atrium. The abnormal motion and regurgitant fraction con-
tribute to sheer stress on the valve leaflets. Endothelial dam-
age may result in an imbalance in local growth factors. The 
progression of disease reflects a number of factors, including 
the volume of forward (reduced) and backward (regurgitant) 
flow, the size of the left atrium, and the compliance of the atria 
and pulmonary arterial tree. The progression of disease and 
the manifestations of clinical signs reflect both the underlying 
disease and compensatory mechanisms. The decrease in for-
ward flow and thus cardiac output activates neural, humoral, 
and renal compensatory mechanisms as well as remodeling 
(hypertrophy and dilation) of the left atrium and ventricles. 
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Increased circulating blood volume and arterial resistance 
generally are sufficient to support cardiac output, even for a 
number of years. The compensatory mechanisms, including 
cardiac remodeling, that maintain forward flow do so, how-
ever, at the cost of worsening the regurgitant fraction. The 
regurgitant fraction that accompanies CMVI is determined 
by the degree of valvular deformity; the amount of afterload 
(systemic impedance) placed on the left ventricle; and, as dis-
ease progresses, the amount of dilation of the valvular annu-
lus and misalignment of papillary muscles as the left ventricle 
enlarges.90 Mitral regurgitation becomes uncompensated 
(symptomatic) when the leaking valves are no longer able 
to keep pulmonary capillary pressures from exceeding the 
threshold associated with pulmonary edema or maintaining 
forward cardiac output.237 Decreased myocardial contractil-
ity will inevitably emerge, although progression will be slow. 
However, the point at which impaired contractility contrib-
utes significantly to pathophysiology and clinical signs is not 
clear.237

Clinical signs indicative of cardiac disease may reflect left 
atrial overfilling and decreased atrial compliance rather than 
myocardial dysfunction. The development of pulmonary con-
gestion and edema reflects pressure in the left atrium, which 
in turn depends on volume of the left atrium and compliance 
in the left atrial wall. If the rate of increase of the regurgitant 
fraction is sufficiently slow, left atrial compliance can gradu-
ally increase, and pulmonary congestion does not develop 
until later in the disease. In contrast, a sudden increase in the 
regurgitant volume such as might occur with a ruptured chor-
dae tendineae will cause a rapid rise in atrial and thus pul-
monary capillary pressure and pulmonary edema.90 Coughing 
associated with pulmonary edema may reflect edema of the 
bronchial walls and the accumulation of excess mucus. Left 
atrial enlargement can be great, with two potential sequelae. 
Pressure on the mainstem bronchus or the recurrent laryn-
geal nerve may stimulate coughing. In addition, the enlarged 
atria are predisposed to atrial tachycardias (premature supra-
ventricular beats, atrial flutter, atrial fibrillation). Ventricular 
dilation also can predispose the development of ventricular 
tachycardia. Any of the arrhythmias can contribute to the pro-
gression of disease. Occasionally, the left atrial wall can rup-
ture, leading to hemopericardium and cardiac tamponade.90 
Although not well described in dogs, remodeling as described 
in multiple animal models should be assumed to contribute to 
the progression of CHF in dogs.

Clinical signs associated with CMVI that require medical 
management are variable, in part because of variable pro-
gression of the disease and the different pathophysiologic 
sequelae, each characterized by its own set of overlapping 
clinical signs. Decreased forward flow may result in weak-
ness, decreased stamina, or syncope; enlarged left atria with 
mainstem compression (or primary bronchomalacia240a) can 
present as coughing (which can be sufficiently paroxysmal as 
to cause syncope); elevated left atrial and pulmonary capillary 
pressures may result in respiratory distress (tachypnea, loss 
of sinus arrhythmia, or dyspnea), coughing (deep and reso-
nant), wheezing, or orthopnea if increase is sufficiently slow 

or fulminating, pulmonary edema, ventricular fibrillation, and 
sudden death if rapid; or right heart failure characterized by 
pleural effusion and ascites.90 Among the difficulties in recog-
nizing the need for treatment is distinguishing clinical signs 
associated with mitral regurgitation and its sequelae from sim-
ilar clinical signs that may be associated with a host of illnesses 
unrelated to myocardial disease. As noted by Haggstrom and 
coworkers,237 the tendency is to overdiagnose pulmonary 
edema–associated CHF. The role of molecular or other mark-
ers of disease (e.g., brain natriuretic peptide [BNP] or canine-
specific N-terminal brain natriuretic peptide [NT-proBNP]) 
in the the diagnosis of disease is being defined and may assist 
in the diagnosis of cardiac disease as a cause of respiratory 
distress.237a Clinical signs, coupled with sequential radiogra-
phy, should help clinicians distinguish early signs of mitral 
regurgitation from other causes.

Drug Therapy. The goals of therapy for CHF associated 
with CMVI are to increase tissue perfusion in order to relieve 
symptoms such that quality of life is improved; stabilize the 
disease, thus reducing hospital admissions; and decrease mor-
tality or prolong survival by either slowing the progression of 
or, ideally, reversing myocardial systolic or diastolic dysfunc-
tion associated with left ventricular myocardial remodeling. 
The severity of symptoms of CHF may vary dramatically, with 
acute episodes of cardiac decompensation often accompany-
ing comorbidity.

The traditional approach to treatment of CHF has been 
in response to resolution of clinical signs. During the last 2 
decades, therapy focused on minimizing the impact of com-
pensatory neurohumoral endocrine mechanisms. These 
included volume overload and increased afterload. Targets of 
therapy include decreasing fluid volume with diuretics (spi-
ronolactone, furosemide) and ACE inhibitors; decreasing 
afterload (ACE inhibitors, arterial dilators); and minimiz-
ing cardiac arrhythmias. Arrhythmias requiring manage-
ment, most commonly are supraventricular tachycardias  
(β blockers, CCBs, or digoxin) but occasionally include ven-
tricular arrhythmias (e.g., procainamide, melixetine, sotalol). 
Because impaired myocardial contractility does not emerge 
until late in the progression, positive inotropes (digoxin, 
pimobendan) generally have been the last class of drugs to be 
added to the armentarium.

However, as in humans, treatment of CHF increasing will 
be oriented toward preventing myocardial remodeling that 
occurs in response to the compensatory changes. These treat-
ments will include new applications of traditional drugs, as 

KEY POINT 14-48 Care must be taken not to overdiagnose 
pulmonary edema and prematurely implement therapy for 
treatment of chronic mitral valve insufficiency.

KEY POINT 14-49 The traditional therapeutic goals of 
 congestive heart failure—targeting compensatory 
 mechanisms—should be expanded to include slowed 
 progression of myocardial damage.
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well as the addition of new drugs for traditional targets and 
new drugs for new targets.

Various pharmacotherapies in humans have been reviewed 
by Lonn et al.238 Those clearly associated with improved sur-
vival are the ACE inhibitors and β-blockers, whereas diuretics 
and digoxin improve clinical signs. In contrast, class I anti-
arrhythmics, CCBs (including class IV antiarrhythmics), and 
digoxin have been associated with increased mortality rates. 
Newer classes of drugs in use (e.g., calcium sensitizers) have 
not been available for a sufficient length of time for data to 
have been generated for review. Future classes of drugs may 
include drugs that target ANP, such as neutral endopeptidase 
inhibitors (e.g., ecadotril), or drugs that target myocardial 
inflammation and remodeling, including antioxidants and 
anticytokines.

Currently, the cornerstones of pharmacotherapy in dogs for 
CHF include diuretics (preload reduction), drugs that impair 
the renin–angiotensin–aldosterone axis, β-adrenoceptor 
antagonists, vasodilators (afterload reduction), and, in some 
cases, positive inotropic drugs. The standard of care for treat-
ment includes, at a minimum, an afterload reducer, ACE 
inhibitor, a β blocker, and the addition of a diuretic as needed 
to treat congestion. Digoxin, an aldosterone antagonist, and 
an angiotensin receptor antagonist are added as indicated in 
selected patients (Table 14-2). Although these therapies are 
based on clinical trials that have demonstrated subsequent 
decreased mortality or morbidity with the addition of each 
agent, the actual proportion of patients responding to therapy 
has been small, indicating a need for improved medical man-
agement.238 Because the progression of CHF in dogs appears 
similar to that in humans, it is reasonable to assume that phar-
macodynamic effects on the slowing of progression of myo-
cardial disease may be similar in both species. 238a-e

Among the factors confounding treatment of CHF in dogs 
(or cats) is the lack of pharmacokinetic studies supporting the 
design of effective and safe dosing regimens. Enatiomers, active 
metabolites, drug interactions, and the impact of disease or its 
treatment on drug disposition are just some of the factors that 
complicate effective use of cardioactive drugs in dogs and cats. 
The lack of pharmacokinetic studies is consistent limitation 
for many human-approved drugs used in dogs or cats. Also 
among the difficulties associated with effective management 
of CHF is the point at which therapy is initiated. This is par-
ticulary problematic for the patient with mitral regurgitation 
which may be characterized by a long preclinical stage.240 Pref-
erences among clinicians may reflect experience rather than 
scientific studies. Several considerations may guide choices. 
Animals with left atrial enlargement and mainstem bronchus 
compression may have normal myocardial function. Reduc-
tion of systemic resistance (afterload) may allow more blood 
to exit the aortic valve, thus decreasing the regurgitant fraction 
through the mitral valve and left atrium such that coughing is 
resolved. The size of the left ventricle also may decrease, which 
may reduce the size of the mitral annulus, further reducing 
the regurgitant fraction. ACE inhibitors initially, followed 
by amlodipine and/or hydralazine, are indicated to decrease 
systemic vascular resistance in early phase II CHF.237,239,240 

Theophylline, hydrocodone, or butorphanol might be consid-
ered for control of cough in early phases of the disease. 237,240 
In addition to their effects on afterload, in the patient with 
evidence of compensatory mechanisms, ACE inhibitors have 
the added advantage of decreasing sodium and water reten-
tion and thus blood volume, helping to reduce the regurgitant 
fraction. As disease progresses, ACE inhibitors may be favored 
over amlopdipine by virtue of their, the beneficial effects on 
myocardial remodeling. Although hydralazine might also sup-
port myocardial revascularization and impart cardioprotec-
tion its positive inotropic effects may not be desireable in early 
stages of insufficiency. However, it may be indicated in dogs 
coughing due to mainstem bronchi compression that do not 
sufficiently respond to ACE inhibitors and may be useful for 
reducing.241 Care should be taken with all afterload reducers 
to avoid hypotension and potential activation of the RAAS.

As clinical signs progress, diuretics are indicated for reduc-
tion of sodium and water retention. Treatment of patients with 
pulmonary (interstitial) congestion does not differ much from 
treatment of atrial enlargement. Pulmonary congestion implies 
that atrial compliance is high, resulting in increased left atrial 
pressures and pulmonary capillary pressure. Afterload reduc-
tion and diuretics are indicated in that order, depending on the 
severity of clinical signs; positive inotropes are indicated in the 
presence of myocardial dysfunction. Diuretics initially may 
play a more active role in the presence of pulmonary edema, 
but a decreasing need may be evident after several weeks of 
therapy. Although diuretics are among the first classes of drugs 
used to treat the sequelae of CMVI, caution is recommended. 
Overuse can lead to reduced cardiac output, hypokalemia, 
acid–base imbalances, and activation of the RAAS and its 
associated negative sequelae. As such, use might be reserved 
for late phase II or early phase III CHF.240 The need for diuret-
ics might be offset by the use of ACE inhibitors; further, and 
once diuretic therapy is begun, ACE inhibitors may allow for 
a substantial (up to 50%) dose reduction.37,240a Spironolac-
tone might be considered first not only because its mechanism 
targets aldosterone but also because it imparts cardioprotec-
tive effects.240a,242 However, its efficacy as a diuretic is prob-
ably least, whereas fursosimide is the most effective. In the 
case of acute cardiogenic pulmonary edema (i.e., that which is 
life threatening), nitroprusside may be indicated for afterload 
reduction and nitroglycerin for pre-load reduction. Morphine 
may be helpful. Its central effects may reduce stress and anxi-
ety and the negative sequelae of vascular responses to stress. 
Respirations may deepen and slow, resulting in improved 
ventilation. In addition, ventilation may result in pooling of 
blood in the splanchnic vasculature, reducing preload. The 
enlargement of the left atrium may be associated with supra-
ventricular tachycardias. Ventricular rates greater than 180 
beats per minute (bpm) may reduce cardiac output; therapy 
should target reduction to 150 to 160 bpm or less. Digoxin has 
been the preferred antiarrhythmic drug because of its impact 
not only on heart rate but also on baroreceptor function. 
Either diltiazem or selective β1-blockers or metoprolol are 
added if response is insufficient. However, recent revelations 
of the impact that β-blockers have on myocardial remodeling 
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may support their initial use for treatment of supraventricu-
lar tachycardia. Cardiac decompensation may occur in some 
patients if the heart rate drops below 150 bpm; animals whose 
heart rate depends on sympathetic activity may be particularly 
sensitive to β-blockade.90

Until recently, digoxin has been the only orally bioavailable 
positive inotrope recommended for improved contractility.90 
In the absence of afterload reducers, increased myocardial 
contractility actually might increase the regurgitant frac-
tion. Thus its use should be limited to animals that have not 
responded to afterload reduction alone or in combination 
with diuretic therapy. The use of pimobendan for treatment 
of CMVI is increasing. Patients benefit from both positive 
inotropic effects of vasodilation; the American College of 
Veterinary Internal Medicine’s “Guidelines for the diagnosis 
and treatment of canine chronic valvular heart disease” rec-
ommends its use for management of both actue and chronic 
heart failure.242a The use of pimobendan in canine patients 
with heart disease was previuosly discussed and has recently 
been reviewed again.242b

Right-sided heart failure is described as a common com-
plication of CMVI.90 Because the right ventricular wall is 
thinner than the left ventricular wall, it is more compliant 
and thus  better able to adjust to the increased volume associ-
ated with tricuspid insufficiency. It does not, however, adjust 
as well to increases in pulmonary pressure. Right ventricular 
stroke volume can  markedly decrease in the face of very small 
increases in pulmonary pressure, resulting in decreased deliv-
ery to the left ventricle and decreased cardiac output. The use 
of systemic vasodilators in the presence of pulmonary hyper-
tension may further decrease cardiac output. Unfortunately, 
pulmonary hypertension often does not respond selectively to 
pharmacologic management (see the section on pulmonary 
hypertension).

Rupture of the chordae tendineae has been described as 
possibly the most frequently encountered complication of 
CMVI.90 The sequelae of rupture appear more dependent 
on the type (i.e., first, second, or third order) rather than the 
number of those that rupture. The negative sequelae gener-
ally reflect the inability of the left atrium to accommodate to 
the rapid increase in left atrial pressure. Patients may present 
in severe respiratory distress as pulmonary capillary pres-
sure and pulmonary (interstitial and alveolar) edema develop. 
Right-sided heart failure (manifested as pleural effusion or 
ascites) also may be present. Treatment includes aggressive 
diuretic therapy (furosemide at 8 mg/kg intravenously every 
6 hours). Rapidly acting positive inotropes (dobutamine or 
dopamine) may facilitate emptying of the left ventricle and 
thus decrease the size of the mitral annulus. Afterload reduc-
ing agents appear to be of no benefit and may be deleterious 
if cardiac output decreases. Preload reducing agents are prob-
ably less beneficial with right-sided failure.

Tricuspid Valvular Insufficiency
Because a normally functioning left ventricle ensures forward 
movement of blood in the right ventricle, incompetence of 
the tricuspid valve generally does not lead to cardiac insuf-
ficiency unless accompanied by an underlying disease (e.g., 
pulmonary hypertension, heartworm disease, CMVI). Iden-
tification of any underlying disorder leading to tricuspid 
valvular insufficiency is critical to successful management of 
cardiac insufficiency. Loop diuretics (furosemide) or aldoste-
rone antagonists (spironolactone) (or a combination thereof) 
may be indicated for management of ascites. Spironoloactone 
may be more effective for right-sided, compared to left-sided 
therapy. Digoxin may be helpful in the presence of myocardial 
failure, and antiarrhythmic drugs may be necessary to control 
tachycardia.90 Treatment of pulmonary hypertension associ-
ated with heart failure is discussed below.

Diseases of the Myocardium
Dilated Cardiomyopathy (DCM)

Pathology. The cause of DCM in dogs is not known, 
although a number of causes have been proposed (e.g., viral, 
nutritional, toxins, hereditary). Often, secondary changes 
cannot be distinguished from primary changes (i.e., which 
is cause and which is effect). Biochemical changes similar to 
those accompanying DCM in humans have been identified in 
dogs, including decreased myocardial carnitine or myoglobin 
concentration, decreased β-receptor–mediated cAMP (e.g., 
downregulation of receptors or decreased intracellular pro-
teins), decreased intracellular regulatory proteins (e.g., light 
chains), or altered calcium release from the sarcoplasmic retic-
ulum. Among these causes, decreased carnitine has received 
the most attention.243 Carnitine is responsible for the trans-
port of fatty acids into mitochondria, where they are subjected 
to β-oxidation; carnitine deficiency then might be character-
ized by altered energy metabolism and lipid accumulation in 
the myocardium. Clinical trials have, however, suggested that 
carnitine deficiency is a secondary rather than a primary dis-
order of DCM. In contrast to the cat, taurine deficiency is not 
a common disorder accompanying DCM in dogs. Although 
decreased plasma concentrations of both taurine and carnitine 
have been reported in American Cocker Spaniels with DCM, 
amino acid supplementation alone does not appear to resolve 
the disease.190,243 A reversible taurine-deficient DCM has 
been described in related Golden Retrievers (n=5). Improve-
ment occurred within 3 to 6 months of taurine supplementa-
tion. Substantial systolic function was maintained with cardiac 
drugs (but not taurine) discontinued in four of five dogs.245

All four cardiac chambers are enlarged in dogs with DCM, 
although left-sided enlargement predominates in some breeds 
(e.g., Boxers, Doberman Pinschers).190 The myocardial mus-
cle generally is pale, thin (compared with chamber size), and 
flabby. The mitral annular ring is dilated, and papillary mus-
cles are often atrophied. The primary physiologic dysfunction 
accompanying the pathologic changes is poor systolic ventric-
ular function characterized by decreased rate of ventricular 
development, reduced fractional shortening, ejection fraction, 
and rate. Diastolic dysfunction is characterized by increased 

KEY POINT 14-50 As with vasodilators, overuse of diuret-
ics may result in activation or worsening of neurohumoral 
compensatory mechanisms.
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end-diastolic pressures in the ventricles, atria, and venous cir-
culation.190 Valvular insufficiency, cardiac arrhythmias, and 
compensatory neurohumoral and renal mechanisms compli-
cate therapy.

As with CMVI, a number of clinical signs develop in 
DCM, depending on the severity of dysfunction and the level 
of compensation by neurohumoral and renal mechanisms. 
In  contrast to CMVI, myocardial dysfunction characterizes 
DCM at the outset, and positive inotropic support is the main-
stay of therapy. In addition, the use of afterload reducers may 
offset the progression of disease, potentially prolonging the life 
of the animal.190 The variable clinical signs are similar among 
breeds, although their frequencies may vary among selected 
breeds. Giant breeds are more likely to present with clinical 
signs reflecting right-sided heart failure (ascites, weight loss, 
fatigue), whereas clinical signs of left-sided heart failure are 
more common in Boxers and Doberman Pinschers.190 In 
working dogs, exercise intolerance may serve as an indicator 
of dysfunction relatively early in the disease compared with 
nonworking dogs for whom the disease might present as a 
rapid progression of deterioration.

Although myocardial dysfunction characterizes DCM, 
many dogs are diagnosed before overt heart failure occurs. 
Syncope or episodic weakness may be the primary clinical sign 
in animals in which disease is characterized by cardiac arrhyth-
mias. Variability in the cardiac dysfunction also occurs among 
breeds, and recognition of these differences may direct drug 
therapy. For example, up to one third of Boxers diagnosed with 
DCM are asymptomatic, with DCM characterized by ventricu-
lar arrhythmias but normal myocardial indices.190 Asymptom-
atic giant breeds may have atrial fibrillation with only mild 
changes in myocardial function. In contrast, disease in asymp-
tomatic Doberman Pinschers generally is characterized by ven-
tricular arrhythmias and marked impairment of myocardial 
function.190 Whereas atrial fibrillation is a common finding in 
giant breeds, sudden death in otherwise asymptomatic Dober-
man Pinschers and Boxers is more common than in other 
breeds because of the advent of fatal ventricular arrhythmias.190

Clinical signs of DCM that may direct drug therapy include 
weak arterial pulses, irregular pulses with pulse deficits (indic-
ative of ventricular or atrial arrhythmias), pulsus alternans 
(alternating arterial pulse in the absence of cardiac arrhyth-
mias, indicative of severe myocardial failure), lung sounds 
indicative of pulmonary interstitial edema, and clinical signs 
associated with right-sided heart failure (previously dis-
cussed). A number of changes in clinical pathologic parame-
ters also may modify drug selection. Of concern is evidence of 
renal dysfunction or, particularly in patients with right-sided 
failure, hepatic dysfunction, which may lead to modification 
of the dosing regimen of cardiac drugs or might predispose 
the patient to worsening renal disease (e.g., use of ACE inhibi-
tors or diuretics). Electrocardiography and echocardiography 
are important tools for the selection of myocardial drugs and 
subsequent monitoring of efficacy in the dog with DCM. An 
electrocardiogram should be used to confirm the type and 
severity of cardiac arrhythmia. Echocardiography can be 
used, in concert with clinical signs and an electrocardiogram, 

to assess prognosis or response to drug therapy. Assessment 
might include the degree of chamber dilation, mitral valve 
configuration and closure, and systolic performance. Ejection 
phase indices including left ventricular fractional shortening, 
ejection fraction, and velocity of circumferential shortening 
decline with decreasing systolic function.190

Drug Therapy. The best-case scenario to be expected when 
treating DCM has been improved quality and length of life. 
Therapy should be selected such that clinical signs are mini-
mized; additionally, use of appropriate therapy may slow the 
progression of myocardial dysfunction. During the progres-
sion of diseases, diuretics, positive inotropes, vasodilators, 
ACE inhibitors, and antiarrhythmics are apt to play a role in 
drug management. They are used in a variety of combinations, 
depending on the nature and severity of clinical signs associ-
ated with the disease in the individual animal. Individualiza-
tion of therapy is paramount to proper use of the drugs and 
thus to achieving the goals of drug management. Therapeutic 
drug monitoring is indicated when drugs are used for which 
monitoring is available (see Chapter 5).

Antiarrhythmic drugs may or may not be indicated for 
the patient with DCM associated with atrial or ventricular 
arrhythmias but without clinical signs of CHF. Despite the fact 
that sudden death may be a sequela of ventricular arrhythmias, 
no evidence exists that their control with antiarrhythmics pro-
longs life. Indeed, in human patients antiarrhythmic drugs 
may be proarrhythmic in some cases, thus increasing the risk 
of sudden death.246a The proarrhythmic effects of these drugs 
occur in dogs as well, although reports largely relate to experi-
mental situations. Well-controlled clinical trials regarding the 
use of antiarrhythmic drugs for dogs with DCM are lacking. 
Among the drugs reported to cause variable levels of suc-
cess in the treatment of ventricular arrhythmias are procain-
amide,246 tocainide,247 and propranolol.246 Historically, Sisson 
and Thomas247a recommend the use of procainamide to treat 
frequent ventricular premature depolarizations or ventricu-
lar tachycardias in dogs with DCM. Refractory arrhythmias 
can be treated with the addition of propranolol or a change to 
quinidine, tocainide, or mexiletine.

Antiarrhythmic therapy when supplemented with con-
ventional therapy for CHF (ACE inhibitors, furosemide, and 
digoxin) is associated with a longer life span in Doberman 
Pinschers (n=19) with DCM and sudden ventricular tachy-
cardia: median (and range) survival from the first episode 
increased from 11 (3 to 38) to 197 (78 to 345) days, respec-
tively. Treatment consisted of tocainide (n=6; 15 to 20 mg/
kg every 8 hours) or mexiletine (n=7; 5 to 8 mg/kg every 8 
hours), with the addition of procainamide (15 to 20 mg every 8 
hours), quinidine gluconate (8 to 9 mg/kg every 8 hours), ami-
odarone (10 mg/kg every 12 hours for 1 to 2 weeks, followed 
by 5 to 10 mg/kg every 24 hours) or β-adrenergic antagonists 

KEY POINT 14-51 When treating dilated cardiomyopathy with 
drugs excreted renally, care must be taken to modify the 
dosing regimen as renal function declines (or improves) 
with cardiac function.
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(propranolol 0.5 mg/kg every 8 hours, or metoprolol or ateno-
lol at 0.5 mg/kg every 12 hours).253

Atrial fibrillation is among the most common atrial 
arrhythmias associated with DCM. Digoxin is the antiar-
rhythmic drug of choice not only for its negative chronotropic 
effect (including atrioventricular nodal impulse suppression) 
but also for its positive inotropic effects (discussed previ-
ously in this chapter). Although only a weak positive inotrope, 
digoxin remains useful because it slows heart rate and normal-
izes baroreceptor function.240 However, the positive inotropic 
effects can be marked in some dogs with DCM.248,249 Nega-
tive chronotropic effects likewise will benefit most patients.250 
Both pharmacologic effects act to reduce activation of the 
RAAS.249 Studies in human patients with DCM have detailed 
the reduction of clinical manifestations, improved capacity for 
exercise, and slowed progression of disease induced by digoxin 
therapy.189 The RADIANCE and DIG trials in humans showed 
that patients in heart failure denied digoxin had worsening of 
signs, quality of life, exercise tolerance, and hemodynamic sta-
tus. Digoxin has been indicated for treatment of heart failure 
in dogs with supraventricular tachycardia. Use in dogs with 
normal myocardial function should be pursued cautiously; 
however, discretion must be used in treatment of these dogs 
because other drugs will control signs with less danger of tox-
icity. In general, digoxin should be instituted in late phase II in 
the presence of myocardial failure (to treat atrial fibrillation) 
and reserved for phase III (as diuretic therapy is initiated) in 
dogs without myocardial failure.240 Its use as a positive ino-
trope has largely been replaced by pimobendan.

Should digoxin fail to control the heart rate, a CCB (e.g., 
diltiazem) or a β-adrenergic blocking drug (propranolol, 
atenolol) is indicated. Either type of drug also can be used 
to treat persistent sinus tachycardias. Although no study has 
documented increased efficacy of one class of drugs over 
another for dogs, β-blockade apparently has improved sur-
vival rates for human patients with cardiac failure. Although 
the risk of sudden detrimental effects on myocardial function 
and cardiovascular effects has lead to a call for caution when 
β-blockers are used in the patient with severe heart failure, 
evidence regarding improvement in human patients suggests 
otherwise. Selected CCBs can have a similar effect; diltiazem 
may be the least likely to detrimentally affect cardiac function 
in patients with severe disease.190

The role of β-blockade in dogs with DCM is controversial. 
The role of β-blockers for treatment of heart failure is currently 
being investigated (see discussion under antiarrhythmics) as 
a means of decreasing the progression of myocardial disease. 
Metoprolol and carvedilol are the most promising.151

ACE inhibitors are indicated for dogs with DCM and 
clinical signs of cardiac failure. In a clinical trial of 110 dogs 
in 15 locations throughout the United States, when enalapril 
was used in combination with other drugs indicated for treat-
ment of DCM, the mean number of days until treatment fail-
ure increased from 56.6 (placebo) to 143 (enalapril).88 Less 
clear is the indication in the absence of clinical signs. Both 
increased afterload and preload (sodium and water retention) 
may be contributing to the progression of disease without 
causing overt clinical signs of decompensation. The presence 
of an ACE inhibitor may reduce the necessary dose of other 
drugs used to control clinical signs (e.g., furosemide). ACE 
inhibitors have been the cornerstone of chronic heart failure 
therapy, being implemented as early as phase II. In addition 
to their effects on afterload reduction and reduction of elec-
trolyte abnormalities, they may blunt pathologic remodel-
ing such that the progression of heart failure is slowed. Both 
duration and quality of life may be improved with their use. 
When used in combination with diuretics, the diuretic dose 
should be reduced; The dose of the ACE inhibitor might 
be increased (doubled for enalapril) in patients that fail to 
respond; it is not clear if dose increase results in enhanced 
response.

Diuretics are indicated for patients with signs of conges-
tion. For severe pulmonary edema, therapy should be aggres-
sive (intravenous, high doses). Oral therapy is indicated for 
control and long-term management. Dogs should be closely 
monitored for the advent of dehydration, excessive preload 
reduction, and subsequent decreases in cardiac output or 
azotemia. Although not common, hypokalemia may occur. 
In patients that are refractory (e.g., pleural effusion or asci-
tes) to furosemide (particularly those with right-sided heart 
failure in which oral absorption may be reduced), parenteral 
rather than oral therapy may improve response. Alterna-
tively, butamide is more orally bioavailable than furosemide 
in humans and may likewise be better absorbed in dogs.190 
Alternative managements include the addition of a thiazide 
diuretic to furosemide therapy, a venodilator, or an ACE 
inhibitor.

Extreme sodium restriction activates the RAAS and may 
contribute to renal dysfunction; use of ACE inhibitors may 
compound renal dysfunction. Thus diuretic therapy (and 
a marked dietary sodium restriction) should not be used 
indiscriminately. Some clinicians suggest that diuretic 
therapy should be implemented only in conjunction with 
ACE inhibitors.237 Combined use should allow the diuretic 
dose to be decreased by 50% or more in earlier phases of 
disease, although higher doses may be necessary to affect 
sufficient diuresis in later stages. Furosemide has been the 
cornerstone of therapy; potassium-sparing diuretics may 
be added for more effective therapy. However, spirono-
lactone increasingly should be considered because of the 
importance of aldosterone-receptor blockade (including 
contributions to altered myocardial remodeling) in cardio-
vascular therapy.

The evidence for use of pimobendan to treat congestive 
heart failure associated with dilated cardiomyopathy was 

KEY POINT 14-52 Control of ventricular arrhythmias in the 
patient with dilated cardiomyopathy with currently avail-
able drugs is controversial and evidence thus far does not 
clearly support benefits.

KEY POINT 14-53 Digoxin may be the drug of choice for treat-
ment of atrial fibrillation associated with myocardial failure.
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previously discussed whether to use it prior to the onset of 
clinical signs associated with heart failure is not clear; the 
PROTECT study currently in process aims to evaluate timing 
of pimobendan treatment in DCV.

Therapy also should target neurohormonal abnormalities.240 
These include ACE inhibitors (as previously described), aldo-
sterone antagonists, β blockers (e.g., carvedilol or metopro-
lol), which blunt adrenergic (sympathetic) responses; neutral 
endopeptidase inhibitors (e.g. ecadotril), which prevents the 
breakdown of ANP (thus moderating activation of the RAAS; 
and AGII receptor blockers (e.g. losartan). Antioxidants and 
anticytokine therapies will increase as more information 
becomes available.

Both milrinone and amrinone are used short term in human 
patients with heart failure. The vasodilating properties of these 
positive inotropic drugs are beneficial. In dogs with DCM, the 
positive inotropic effects of milrinone improve hemodynamic 
function and clinical signs.252 Long-term use of milrinone has 
been limited by evidence of increased mortality rates in human 
patients.190 The absence of coronary arterial disease in dogs 
may, however, minimizes the risk associated with the use of 
milrinone for long-term treatment of DCM. Despite its poten-
tial benefits, milrinone is not generally used to treat DCM. The 
positive inotropes dobutamine, dopamine, and amrinone are 
recommended less frequently than in the past, except for emer-
gency therapy (rescue) of myocardial failure (phase IV). These 
drugs markedly increase oxygen demand, influence ion flow 
and may worsen arrhythmias (including tachycardia). Dobuta-
mine is the preferred drug; vasodilators should be used simulta-
neously. Miscellaneous agents such as morphine (redistribution 
of blood volume), epinephrine, and calcium chloride should be 
used for specific indications in phase IV severe heart failure or 
as rescue drugs for cardiopulmonary rescuscitation.240

Nutritional agents may also have a role in treatment of myo-
cardial disease. Taurine has essentially eliminated DCM in 
cats. The role of carnitine in dogs is less clear. Support for use 
includes treatment of DCM in Cocker Spaniels with taurine 
and carnitine. Other potential nutritional therapy includes 
supplementation with omega fatty acids (oil of fish origin), 
which may improve appetite and blunt cardiac cachexia.

Pentoxifylline therapy in human patients with DCM posi-
tively correlated to improved left ventricular function.24,252 
The use of pentoxifylline as an adjunctive therapy for CHF 
in adult Doberman Pinschers with idiopathic DCM has been 
studied in a double-blinded, placebo-controlled clinical trial 
when added to conventional heart failure therapy (ACE inhib-
itor, diuretics, and digoxin).24

Treatment of catastrophic CHF includes use of sodium 
nitroprusside and dobutamine.

Feline Dilated Cardiomyopathy
The recognition that DCM in cats was largely reversible with 
the administration of taurine has all but eliminated DCM in 
cats.244,254 Most commercial feline diets now contain sufficient 
taurine to prevent the syndrome. A history of unconventional 
foods or homemade diets will help identify the occasional cat 
with cardiac disease associated with taurine deficiency. The 

clinical presentation of DCM in cats is similar to that in dogs, 
although pleural effusions are more common. Systemic throm-
boembolism is another potential complication. Plasma taurine 
concentrations are often but not always low (<30 nM/mL).  
Systemic thromboembolism apparently can increase, and 
fasting can decrease, plasma taurine concentrations. Taurine 
supplementation largely reverses the clinical signs and elec-
trocardiographic abnormalities associated with taurine defi-
ciency. Most animals respond to taurine supplementation (250 
to 300 mg/day orally) within 3 to 6 weeks of therapy. Mortality 
rates are highest, however, during the initial 2 to 3 weeks of ther-
apy. Echocardiography is the preferred method for monitoring 
response to therapy because response times can markedly vary. 
Adjuvant therapy may be necessary until clinical response.

Diuretics (furosemide) can be used to manage pulmonary 
edema and pleural effusions; differences in dosing regimens 
for cats compared with dogs should be observed. Cats may 
appear to be dehydrated (based on skin turgor), but this is 
more likely to represent redistribution of fluids to the pleu-
ral cavity or lungs. Fluid may be necessary in the presence 
of azotemia associated with low-output failure and hypoten-
sion but should only be administered cautiously and slowly. 
Digoxin (0.0035 to 0.0055 mg orally every 12 to 24 hours) may 
be indicated until the response to taurine is evident. The use 
of pimobendan for treatment of poor myocardial contractil-
ity has not been reported in cats. Differences in response 
compared with that of dogs might be anticipated if cats do 
not metabolize pimobendan to an active metabolite. How-
ever, anecdotally, cats appear to respond to the positive ino-
tropic effects. Emergency management of myocardial failure 
may require administration of dobutamine (2 to 5 μg/kg per 
 minute); common side effects of dobutamine administration 
in cats include seizures and vomiting. Vasodilator therapy 
should be implemented. Afterload reduction might be accom-
plished with ACE inhibitors in the presence of compensatory 
neurohumoral mechanisms or amlodipine (or both). Renal 
function should be closely monitored, however, particularly in 
the patient with azotemia.

Alternative therapies include hydralazine (0.5 to 0.8 mg/kg 
every 12 hours) to control systemic resistance and 2% nitro-
glycerin topically (1⁄4 inch topically every 8 to 12 hours) for 
(short-term management) preload reduction. Adjuvant ther-
apy may be required to treat or prevent thromboembolism. 
Provided that a properly prepared diet is fed, most drugs and 
taurine supplementation generally can be discontinued within 
2 to 3 months of therapy. Failure to respond, particularly in the 
presence of normal plasma taurine concentrations, may indi-
cate an idiopathic DCM.

Thromboembolism
Treatment of thromboembolism is addressed in depth in 
Chapter 15.

Feline Aortic Thromboembolism
Feline aortic thromboembolism (FATE) is not an uncommon 
sequela of feline cardiomyopathy. Thrombus formation reflects 
the combined result of altered endocardial surface (exposed 
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collagen, von Willebrand factor or tissue factor, hemostatic/
inflammatory blood components [e.g., hypercoagulability] and 
blood flow). In the cat the underlying defect in blood compo-
nents has not been identified, although vitamin B12 and argi-
nine have been identified as deficient in one study (as reviewed 
by Smith and Tobias).255 Blood flow derangements usually 
accompany and may be correlated with the magnitude of left 
atrial enlargement. Cats with any type of cardiomyopathy are at 
risk to develop FATE. The pathophysiology and treatment were 
reviewed by Smith and Tobias,255 and use of selected antithrom-
botic agents for its treatment also is discussed in Chapter 15.

The goals of therapy include, in addition to rest, control of pain, 
improved systemic perfusion, (including prevention of further 
embolism), and supportive therapy as necessary. The latter should 
address treatment of primary cardiac disease. Newer NSAIDs 
preferentially target COX-2. As such, the inhibitory effects of 
prostacyclin will be subdued while the pro-platelet activity will 
not be. Accordingly, other than the use of aspirin, which is rec-
ognized for its unique antiplatelet effect, NSAIDs — particularly 
those known to be preferential for COX-2, — should be avoided 
in cats with FATE or cardiac disease in general, unless scientific 
studies support their use. The use of alternative antiplatelet drugs 
is discussed in Chapter 16. Opioids and tramadol are reasonable 
drugs for controlling pain. Resolution of embolism and reinsti-
tution of perfusion are difficult. No c ontrolled clinical trials have 
established appropriate therapy. Fluid therapy appropriate for the 
cardiac status is indicated.  Scientific evidence regarding the effi-
cacy of acepromazine (as an arterial dilator) is lacking, and the risk 
of contributing to hypotensive shock warrants avoidance. Smith 
and Tobias255 reviewed the use of tissue type plasminogen acti-
vator (see Chapter 15). The treatment is expensive, and although 
reperfusion may occur, the risk of mortality associated with FATE, 
hyperkalemia, and other complications is 50% to 70%.

Hypertrophic Cardiomyopathy
Pathophysiology. HCM is a disease that principally affects 

cats but occasionally is diagnosed in dogs. It is character-
ized by hypertrophy of the nondilated left ventricular free 
wall not associated with any other disease that can cause 
cardiac hypertrophy. Baty256 and Abbott256a have reviewed 
feline HCM. Several etiologies of HCM are likely in cats, 
including altered muscle proteins, calcium transport, cat-
echolamine physiology, or trophic factors.190 A familial basis 
probably contributes to risk.256 Hyperthyroidism and possi-
bly hypertension are likely causes of HCM that may require 
drug management. The syndrome can be symmetric or asym-
metric (disproportionate hypertrophy of the intraventricu-
lar septum, left ventricular free wall, or papillary muscles). 
Recognition of different forms of HCM may lead to differ-
ent approaches to drug therapy. Regardless of the cause or 
type of HCM, the primary physiologic abnormality of HCM 
is diastolic dysfunction with systolic anterior motion of the 
mitral valve and increasingly recognized component, contrib-
uting to outflow obstruction and often accompanied by mitral 
regurgitation.256a Causes of the dysfunction include increased 
wall thickness, impaired ventricular relaxation, and ischemic 
myocardial fibrosis.190 Obstruction to systolic outflow may 

occur in some cats, but it is not clear if the obstruction is the 
cause or the effect of HCM, nor is the clinical relevance of the 
obstruction well described. Clinical manifestations of HCM 
may include manifestations of the possible sequelae of HCM, 
including pleural effusions and arterial thromboembolism. 
Diagnosis is based on echocardiography, with adjuvant diag-
nostics as indicated to identify the underlying cause. The role 
of increased circulating concentrations of cardiac troponin I 
(CTnI) in diagnosis and response to treatment is evolving.256

Treatment. Treatment for HCM should be based on physi-
cal examination and radiographic, electrocardiographic, 
and echocardiographic findings. The goals of drug therapy, 
depending on the severity of disease, include improvement in 
diastolic ventricular filling and treatment or prevention of pul-
monary edema and thromboembolism. Drug therapy may not 
be indicated in asymptomatic cats. Left atrial enlargement, out-
flow obstruction (left ventricular), or serious cardiac arrhyth-
mias are, however, indications for drug management.190

Acute pulmonary edema requires both oxygen and diuretic 
therapy. Diuresis generally is accomplished with furosemide. 
In severe cases of acute edema, nitroglycerin ointment may 
be indicated. Improvement in diastolic function generally has 
been accomplished with either β-blockade or CCBs. Both act 
to decrease cardiac rate and myocardial contractility. Both 
propranolol (a β blocker) and diltiazem (a CCB) have been 
studied. Propranolol, a nonselective β blocker, was the origi-
nal cornerstone of therapy, although no clinical trial provides 
evidence of its efficacy in cats.257 Selective β blockers are used 
long term to increase ventricular volume, decrease contractil-
ity, and reduce outflow tract obstruction. The most important 
effect of β blockade appears to be antagonism of catechol-
amine effects.257 Benefits in cats include decreased heart rate 
and reduced severity of left ventricular outflow obstruction. In 
human patients myocardial perfusion also is improved. Beta 
blockade may have a minimal effect on systolic function if 
used at proper doses.257 Note that the oral dose of propranolol 
should be reduced by 25% to 50% in cats with hyperthyroid-
ism because of increased bioavailability.146

The choice of treatment for HCM may reflect cardiologist 
preference more than direction by clinical trials. Beta block-
ade may be preferred in the presence of left ventricular out-
flow obstruction. A test dose of esmolol may provide further 
support of a β-blocking drug.190 A disadvantage of nonselec-
tive blockade by propranolol is potential respiratory distress 
secondary to bronchoconstriction that may accompany block-
ade of β2-receptors of the smooth muscle of the bronchial 
tree. Both atenolol (atenolol [cats] 12.5 mg once daily orally, 
increase 50% or administer twice daily if heart rate does not 
slow sufficiently; treat on an individual basis), a selective β1-
receptor blocker, and diltiazem will minimize the risk of bron-
chospasm. β blockers also are preferred by some cardiologists 
if the heart rate is increased. An added advantage of atenolol 
is once-daily therapy, which may improve owner compliance. 
Controversy exists regarding preference of propranolol or 
other β blockers versus diltiazem. Some consideration might 
be given to selection of β-blockers based on penetrability of 
the myocardium; atenolol may be characterized by the least 
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penetrability. The role of carvedilol in treatment of feline 
HCM is currently unclear.

In cats diltiazem has proved efficacious for the treatment 
of HCM because of its both negative inotropic and chrono-
tropic effects. Compared with propranolol, diltiazem may 
have the additional benefit of directly enhancing myocardial 
relaxation and dilating coronary vessels.258,259 Comparisons 
between propranolol and verapamil in human patients with 
HCM support the additional benefits of CCBs compared with 
β-blockade. Propranolol caused deterioration of systolic per-
formance without improving diastolic function.

Compared with verapamil, diltiazem can minimally affect 
the inotropic state of the heart or peripheral vasculature at 
doses that produce coronary vasodilation.258,259 A controlled 
clinical trial in 17 cats with HCM compared responses to dilti-
azem, verapamil, and propranolol. Cats receiving propranolol 
or verapamil in general did poorly, with so few surviving that 
data analysis was precluded. In contrast, all cats (12) receiving 
diltiazem improved to the point of becoming asymptomatic 
with no adverse effects at 1.75 to 2.5 mg/kg orally adminis-
trated every 8 hours. Diuretic and aspirin therapies were dis-
continued without the development of circulatory congestion 
or thromboembolism. The survival rate for the diltiazem-
treated cats was threefold greater than for the propranolol 
cats. Thickness of the left ventricular wall improved in cats 
after therapy with diltiazem. Mean heart rate decreased in 
diltiazem-treated cats; however, heart rate increased during 
stressful conditions. This might be interpreted as reduction in 
the resting rate reflects improved cardiac performance rather 
than depression of electrical activity in the sinoatrial node, 
which is a more physiologically appealing approach to control 
of cardiac rate. The authors found that cats receiving diltiazem 
did not require the addition of propranolol for control of their 
disease. This might suggest that propranolol (or atenolol) be 
reserved for cats whose heart rate exceeds 270 bpm.258,259 Cats 
with HCM secondary to hyperthyroidism also appear to ben-
efit from diltiazem therapy.

Two preparations of diltiazem (0.5 to 1.5 mg/kg orally 
[dog]; 1.75 to 2.45 mg/kg 2 to 3 times daily orally [cat]) are 
available to facilitate ease of administration. Diltiazem CD 
can be given at a rate of 10 mg/kg once daily orally. Diltiazem 
XR is prepared as a capsule that contains four 60-mg pellets 
(total 240-mg capsule). Cats can be dosed by removing one 
of the pellets and administering half of the pellet once daily. 
An intravenous preparation of diltiazem is also available for 
emergency life-threatening supraventricular tachycardias (0.2 
to 0.4 mg/kg administered intravenously, followed by 0.4 mg/
kg per minute). Response to therapy is manifested as clinical 
improvement, including resolution of pulmonary edema and 
reduction in heart rate.

The role of ACE inhibitors in cats with HCM is not clear. 
A retrospective study (as reviewed by Baty)256 found that 

enalapril might improve clinical signs and reduce outflow 
obstruction. In a clinical study in Switzerland, left ventricu-
lar wall thickness was reduced compared with baseline in cats 
with HCM (n=32) receiving standard therapy (diltiazem 9 mg/
kg once daily, at 6 plus-minus aspirin) with benazapril (0.33-
0.75 mg/kg once daily) but did not decrease in cats receiving 
standard therapy alone.100 In another study, as reviewed by 
Abott, outcome measures including echocardiograhic find-
ings and diastolic function were not significantly improved by 
ramipril compared to placebo in Maine coon cats with HCM 
but without heart failure. Likewise, 4 months of spironolac-
tone therapy did not improve echocardiograhic indicators of 
diastolic functioin in a similar colony of Maine coon cats. 100a 
However, limitations in sample size must be considered before 
these negative findings are interpreted as evidence against effi-
cacy; assuming proper precautions are taken with use, either 
an ACE in hibitor or spironolactone might be considered in 
the treatment of HCM. In her review Baty256 also addressed a 
large clinical trial comparing atenolol, diltiazem (long acting), 
and enalapril in addition to furosemide in cats; results were 
not yet available at the time of publication. The use of these 
and other drugs known to reduce the impact of neurohumoral 
signals on myocardial remodeling in the treatment of hyper-
trophic cardiomyopathy is being defined.

In cats with HCM, only those cardiac arrhythmias that are 
symptomatic or life threatening should be treated with anti-
arrhythmic drugs. Examples include sustained or paroxysmal 
ventricular tachycardia.190 Prevention of arterial thromboem-
bolism generally should be implemented as previously dis-
cussed. The use of aspirin for prevention of thromboembolism 
in cats with HCM, however, remains controversial. Aspirin 
does impair feline platelet activity when dosed at 25 mg/kg 
every 3 days. Collateral circulation also may improve.257 Yet 
no controlled studies provide proof of efficacy. One study 
reports a 75% incidence of recurrent thromboembolic disease 
in cats receiving aspirin therapy.257

A small number of cats are afflicted with intermediate or 
intergrade cardiomyopathies. This poorly categorized and 
poorly understood form of myocardial disease (often referred 
to as restrictive cardiomyopathy because of the presence of 
extensive endocardial fibrosis) is characterized by normal to 
modestly decreased systolic function, dilated atria, and normal 
to dilated ventricular chambers. Some cats have mild obstruc-
tion or mitral regurgitation. Diastolic dysfunction is generally 
more detrimental than systolic dysfunction. As with HCM, 
CHF, pleural effusion, pulmonary edema, and arterial throm-
boembolism are potential complications associated with these 
cardiomyopathies. Because of the variable manifestations of 
this form of myocardial disease, treatment likewise is variable 
and not clear. Furosemide is indicated for control of pulmonary 
edema and pleural effusions. Caution is recommended when 
a β-blocker or a CCB is used in the presence of decreased dia-
stolic function. Nitroglycerin or ACE inhibitors may be indi-
cated in some cases. Digoxin is indicated in the presence of 
atrial  tachycardia or fibrillation associated with reduced systolic 
function. Supraventricular tachycardia that does not respond 
to digoxin may respond to propranolol, atenolol, or diltiazem.

KEY POINT 14-54 The choice of diltiazem versus a β blocker 
for treatment of feline hypertrophic cardiomyopathy may 
largely be a matter of clinician preference.
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Myocardial hypertrophy associated with hyperthyroid-
ism reflects high volume overload, increased sympathetic 
tone, systemic hypertension, and the direct effect of thyroid 
hormones on myocardial contractile proteins. Both systolic 
and diastolic pressures are often elevated. Increased systemic 
pressures reflect in part increased vascular resistance caused 
by high sympathetic outflow, vascular remodeling, and poten-
tially renal disease. A variety of cardiac arrhythmias (ranging 
from tachycardia to heart block) are associated with hyperthy-
roidism. Cardiac drugs generally are not necessary, however, if 
hyperthyroidism is not associated with CHF and in the absence 
of marked cardiomegaly. Propranolol and diltiazem are ben-
eficial in the patient with HCM associated with hyperthyroid-
ism; verapamil does not appear to be of benefit.258,259 In the 
presence of cardiac disease, diuretics, antithyroid medications, 
ACE inhibitors or other vasodilators (for hypertension), and 
digoxin (for DCM) should be used as previously described.

Hypertension
Systemic Hypertension
Systemic hypertension occurs in both cats and dogs, although 
more commonly in cats, and is associated with a number of 
underlying causes. The most likely are hyperthyroidism (23% 
to 87% of afflicted cats) and chronic renal disease. The patho-
physiologic cause of hypertension in renal disease is not well 
known but may include abnormal salt excretion, activation of 
the sympathetic nervous system or RAAS, altered renopressor 
mediators, and anemia-induced increased cardiac output.43 
Hyperthyroidism apparently causes hypertension by increas-
ing β-receptor number and activity in the myocardium. A 
thyroid-hormone–specific adenylyl cyclase system mediates 
the cardiovascular response. Other causes of systemic hyper-
tension include diabetes mellitus, acromegaly, and primary 
aldosteronism.190 Occasionally, the recent history may include 
therapy with steroids (glucocorticoids, progestogens, anabolic 
steroids).43 An underlying cause cannot, however, be identi-
fied for all cases of systemic hypertension.

Clinical signs of hypertension in the cat include signs 
related to the underlying disease or signs specific to hyperten-
sion. The most common sign specific to hypertension is blind-
ness (83% in one study) associated with retinal detachment or 
hyphema. Less commonly, signs related to cerebral vascular 
accident (e.g., seizures, ataxia, sudden collapse) may occur. 
Diagnostic tests may reveal the underlying causes or associ-
ated abnormalities that may require medical management.43 
Azotemia may not be evident despite chronic renal disease as 
the precipitating cause. Kidneys may be small. Systolic mur-
murs and gallop rhythms may be auscultated, but tachycar-
dia is not common. Mild to moderate cardiomegaly may be 
evident radiographically, but pleural effusion and pulmonary 
edema are unusual; renal disease will increase the likelihood 
of abnormal fluid retention. Left ventricular hypertrophy is 
likely but should not be confused with HCM. Ocular changes 
are easy to monitor and should be used to establish a baseline 
before implementation of therapy. Hemorrhage may be pres-
ent in any chamber of the eye. Retinal hemorrhage should be 
interpreted as an indication of hypertension. Cats with retinal 

detachment have a higher pressure than cats without detach-
ment.43 Retinal arteries may be tortuous.

Proper measurement of blood pressure is paramount to 
successful management of systemic hypertension. Measure-
ments should be taken after an animal has had proper time 
to acclimate to its surroundings and under conditions of 
minimal stress.43 Among the indirect methods used to mea-
sure systemic blood pressure in cats, the Doppler and pho-
toplethysmographic methods are probably preferred.190 Care 
must be taken to follow proper techniques with the appropri-
ate equipment when blood pressure is indirectly measured.43 
Several readings should be taken over several days unless con-
traindicated by clinical signs of hypertension. With indirect 
methods, normal blood pressure (mm Hg) in the unsedated 
cat is 118 (Doppler leg method) to 123/81.2 (mean arterial 
pressure 96.8)43 and in dogs is 133/76 (Dinamap on the tail). 
Antihypertensive therapy is indicated if the indirect systolic 
pressure or diastolic pressure is greater than 170 or 100 mm 
Hg, respectively.43

Returning systolic pressure to normal (i.e., 120 mm Hg) 
may be an unrealistic goal of therapy; targeting less than 170 
mm Hg in cats is more reasonable.43 Response to therapy 
should be based on appetite and body weight, ophthalmic 
examinations, and monitoring of blood pressure. Management 
of hypertension associated with renal disease should include 
medical management of that disorder. Additional manage-
ment includes dietary manipulation (low sodium); diuretics; 
propranolol; and arterial vasodilators, including α-receptor 
antagonists, CCBs (amlodipine), hydralazine, and ACE inhibi-
tors.190 Dietary changes probably should be postponed until 
drug therapy is stabilized.

Amlodipine is generally the preferred medication for treat-
ment of systemic feline hypertension, followed by a combina-
tion of amlodipine with either an ACE inhibitor or a β-blocker 
in refractory cases. Hydralazine should be reserved for cases 
that continue to fail to respond, in part because of the poten-
tial for activation of the RAAS.43 For cats with severe ocular 
manifestations or neurologic signs, therapy must be more 
aggressive. Sodium nitroprusside can be given as a constant-
rate infusion, but the risk of adverse reactions to this arterial 
and venous dilator requires administration by an infusion 
pump with constant monitoring. Alternatively, hydralazine 
coupled with furosemide can be administered, with the addi-
tion of a β-blocker (propranolol or atenolol) if response is not 
sufficient within 12 hours.43

Long-term management should be based on repetitive 
monitoring of blood pressure (weekly until the animal is stable 
at a sufficiently low pressure) and body weight, as well as the 
underlying disease causing hypertension. If renal disease is the 
underlying cause, monitoring also should include an ocular 
examination and serum potassium concentrations. Once con-
trol is acceptable, monitoring should take place at 3-month 
intervals. Multiple drug combinations are more likely to be 

KEY POINT 14-55 Effective treatment of hypertension is vitally 
dependent on valid measurement of blood pressure.
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associated with adverse effects (including sleeping, ataxia, and 
anorexia).

Emergency treatment of hypertension might be accom-
plished orally, although a loading dose may be necessary for 
amlodipine. Nitroprusside tends to be the preferred treatment 
for intravenous administration because of ease of titration. 
Acepromazine can be used as well, although its longer half-
life precludes titration and hypotension associated with higher 
doses may negatively affect renal function. Sedation may be an 
unwanted side effect.

Use of enalapril and amlodipine has been studied in dogs 
with experimentally induced myocardial infarction. Although 
both drugs preserved left ventricular volume and function 
during the healing process, enalapril more effectively limited 
hypertrophy.260 The role of carvedilol in the management of 
feline hypertension has not yet been well described.

Pulmonary Hypertension
The pulmonary vasculature is a low-resistance, low-pressure, 
high-capacitance system. It is influenced by right ventricu-
lar cardiac output, pulmonary venous pressure, and pulmo-
nary vascular resistance. Pulmonary hypertension (sustained 
mean pulmonary arterial pressure [PAP] >30 mm Hg; normal 
10 to 14 mm Hg) has been categorized by the World Health 
Organization, largely on the basis of underlying disease, into 
five categories: (pulmonary) arterial hypertension (I), (pul-
monary) venous hypertension (II), chronic alveolar hypoxia 
(III), chronic thromboembolic disease (IV), and miscel-
laneous causes (V). Classes II, III, and IV are most relevant 
to dogs or cats. As reviewed by Johnson and coworkers261a 
in a retrospective study of pulmonary hypertension in dogs 
(n=53), increased venous pressure caused by myocardial 
disease, including PDA, represented 46% of cases, followed 
by alveolar hypoxia (pulmonary fibrosis, pneumonia, oth-
ers; 23%), and thromboembolism (including that associated 
with heartworm disease; 20%), with 9% of cases associated 
with miscellaneous causes. Pulmonary vascular changes (in 
addition to thromboembolism) that influence hypertension 
include vasoconstriction, and proliferation of smooth muscle 
and endothelium.

A number of mediators influence pulmonary vascular 
response. Arachidonic acid metabolites balance one another 
by either inhibiting (e.g., prostacyclin, released from endo-
thelial cells in response to prostacyclin synthase) or stimulat-
ing (e.g., thromboxane, mediated by thromboxane synthase) 
vasoconstriction, platelet aggregation, and vascular prolif-
eration. Endothelin and serotonin cause potent vasoconstric-
tion and pulmonary arteriolar smooth muscle proliferation 
and, for endothelin, potentially fibrosis. In contrast, NO and 
vasoactive intestinal peptides cause vasodilation and inhibit 
platelet activation and vascular smooth muscle proliferation. 
In human patients hypertension is associated with a decrease 
of vasodilatory mediators (e.g., prostacyclin, NO) and an 
increase in vasoconstrictive mediators (e.g., thromboxane, 
serotonin, endothelin). The role of mediators in pulmonary 
hypertension of dogs is not well defined, although endothelin 
has been demonstrated to be higher in dogs with heartworm 

disease compared with other diseases that might cause pul-
monary hypertension. However, chronic pulmonary overcir-
culation is associated with pulmonary vascular remodeling 
in the dog characterized by pulmonary arterial hypertrophy 
and increased resistance that may exceed systemic pressure, 
resulting in right to left shunts. In contrast, pulmonary venous 
hypertension such as that associated with myocardial dis-
ease generally is reduced by pulmonary edema with alveolar 
hypoxia as a compensatory response that minimizes pulmo-
nary perfusion to poorly ventilated airways. Chronic hypoxia 
also can lead to pulmonary vascular remodeling.

 Treatment of pulmonary hypertension in dogs was recently 
reviewed.261b Treatment of pulmonary hypertension focuses 
on treatment of underlying disease. Oxygen therapy induces 
vasodilation and is the only therapy associated with decreased 
mortality in humans. Vasodilatory drug therapy is imple-
mented if the underlying cause cannot be identified or effec-
tively treated. Vasodilators associated with variable efficacy 
include hydralazine, CCBs, prostacyclin analogs (e.g., epopro-
stenol), endothelin receptor antagonists (e.g., bosentan) and 
PDE inhibitors (e.g., sildenfil). Response and justification for 
long-term therapy is based on the magnitude by which pulmo-
nary arterial pressure is reduced.

PDE-V is located (in humans) in the pulmonary vasculature 
and the corpus cavernosum. Other locations may occur in dogs. 
Inhibition of PDE-V specifically results in accumulation of 
cGMP. Drugs that specifically targeted PDE-V include, but are 
not limited to, sildenafil and the longer- acting tadalafil. Sildena-
fil (2 mg/kg once or twice daily; range 0.5 to 3mg/kg orally every 
8 to 24 hours) has been studied retrospectively in dogs (n = 13)  
with pulmonary hypertension PAP≥ 25 mm Hg at rest for a 
duration of 3 days to 5 months.262 Underlying causes included 
chronic pulmonary diseases, valvular heart disease, patent duc-
tus arteriosus, and pulmonary thromboembolism; a cause was 
not identified in five dogs. Ten of the dogs were receiving concur-
rent mediations oriented toward treating underlying disease. In 
six of eight dogs for which PAPW as determined before and after 
treatment, PAP decreased from 4 to 37 mm Hg at approximately  
2 days into therapy. However, systolic pressure also decreased a 
median of 33 mm Hg (beginning pressure was 135/90 mm Hg).  
A number of clinical signs resolved among treated dogs, includ-
ing cardiogenic ascites, which resolved in one of two dogs. 
Median survival time was increased 91 days. Complications 
associated with therapy were difficult to discern in part because 
of the number of other drugs dogs were receiving; one dog died 
after discharge when treated with nitroglycerin. The reported 
use of tadalafil in dogs is limited to a case report in a Yorkshire 
Terrier with idiopathic hypertension.263 Treatment (1 mg/kg 
every 48 hours) resulted in a 20% reduction (105 to 80 mm Hg)  
in pulmonary arterial hypertension. However, systemic hypo-
tension occurred, and the dog was euthanized 10 days after 
therapy began.

KEY POINT 14-56 Vasodilators are variably effective in the 
treatment of pulmonary hypertension; treatment is best 
accomplished if the underlying cause is corrected.
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Pimobendan has been effective in reducing (but not sig-
nificantly) the ratio of pulmonary to systemic vascular 
resistance in human patients with chronic emphysema263a 
However, pimobendan was associated with an actue reduc-
tion of tricuspid regurgitation flow velocity and NTproBNP 
in dogs with pulmonary hypertension associated with mitral 
insufficiency.237b

Hydralazine may induce preferential dilation of the pul-
monary arterial tree compared with the systemic vasculature. 
Hydralazine decreases pulmonary vascular resistance in both 
normal lungs and in lungs with experimentally induced embo-
lization.261 Because hypoxia can worsen pulmonary arterial 
vasoconstriction, oxygen therapy is critical to the treatment 
of pulmonary hypertension associated with CMVI. Aggres-
sive diuretic therapy is indicated to reduce pulmonary edema 
as well as pulmonary hypertension. Bronchodilator therapy 
may facilitate bronchiolar smooth muscle spasm, facilitating 
air movement. In humans CCBs (e.g., diltiazem, nifedipine) 
are effective in only 10% of patients and only at high doses. A 
20% reduction in pulmonary arterial hypertension supports 
long-term therapy.

Prostacyclin is both a systemic and pulmonary vasodila-
tor. When administered by continuous intravenous infusion it 
improves mortality and exercise tolerance in human patients 
with primary pulmonary hypertension. Intravenous pros-
tacyclin also improves right-sided heart structure and func-
tion.210 Prostacyclin analogs are characterized by half-lives 
longer than the endogenous compound but sufficiently short 
that constant infusion is necessary. Most problematic is the 
cost, which is likely to be prohibitively expensive. Examples 
include epoprostenol (intravenous) and treprostinil (subcu-
taneous). Two alternative route preparations are available in 
the U.S. Iloprost is an inhalant form that is administered 6 to 
12 times daily; beraprost is an oral preparation administered 
every 6 hours. A low dose of a systemic PDE III inhibitor 
may enhance the cAMP-dependent pulmonary vasodilatory 
response to inhaled prostacyclin.210 Studies do not appear to 
have addressed their use in dogs or cats.

Endothelin-receptor antagonists include bosentan, which 
targets both ET-A and -B and is approved in the United States. 
Cost may be prohibitive. Drugs available outside the United 
States include sitaxentan and ambrisentan, both ET-A antago-
nists. As such, vasoconstriction is minimized (ET-A blockade), 
but ET-B remains responsive to endothelin, thus promoting its 
clearance and contributing to vasodilation.

Theophylline is a nonselective PDE inhibitor. Additional 
benefits include fair bronchodilation, as well as some antiin-
flammatory control. However, is can be associated with ven-
tilation perfusion mismatching, particularly with intravenous 
administration. Therefore oxygenation is important. The 
impact of theophylline in mismatching in patients suffering 
from hypertension is not known.

L-arginine, a substrate of NO synthase, anecdotally has been 
associated with reduction in pulmonary arterial hypertension.

Unless hyperthyroidism is accompanied by renal insuffi-
ciency, the degree of hypertension associated with hyperthy-
roidism generally is mild. Because hyperthyroidism-induced 

hypertension is due to high adrenergic output (causing 
increased cardiac inotropy and rate), β blockers are preferred 
to calcium channel blockers. However, the addition of amlo-
dipine may be indicated in hyperthyroid hypertensive cats 
with renal insufficiency.

Cardiac Arrhythmias
Treatment of cardiac arrhythmias is not innocuous and should 
be pursued with caution. The greater the extent of myocardial 
disease, the greater the risk of cardiac arrhythmias, includ-
ing sudden death. No clear guidelines have emerged among 
cardiologists regarding first-choice antiarrhythmics or which 
arrhythmias should be treated. However, a consensus does 
indicate that not all arrhythmias require treatment. Arrhyth-
mias associated with sudden death (e.g., ventricular arrhyth-
mias, severe bradyarrhythmias including third-degree heart 
block), syncope, or clinical signs reflecting myocardial failure 
such as weakness should be treated.

Supraventricular Arrhythmias
Supraventricular Premature Contractions. Ectopic foci that 

generate premature contractions in the region of the sinoatrial 
node, atria, atrioventricular node, or junctional tissue gener-
ally are not serious enough to cause clinical signs and, as such, 
require no medical therapy. If clinical signs are evident, therapy 
should be directed toward the underlying disease. If antiarrhyth-
mic therapy is deemed necessary, drugs are selected for their 
ability to slow atrioventricular nodal conjunction (e.g., digitalis 
glycosides, β- blockers, or CCBs). Drugs associated with negative 
inotropic effects should be used cautiously if myocardial failure 
is associated with the supraventricular premature contractions.

Supraventricular Tachycardias
Supraventricular tachycardia includes sinus, atrial, or junc-
tional tachycardia; atrial flutter; and atrial fibrillation. Therapy 
should be considered for heart rates above 220 or 260 bpm in 
the dog and cat, respectively. The most likely underlying cause 
is atrial enlargement resulting from dilation. Sinus tachycardia 
is the most common type of supraventricular tachycardia in 
dogs and is generated by increased sympathetic tone. Treat-
ment includes digitalis glycosides (if CHF is present), the β 
blockers (e.g., nonselective propranolol or the preferred selec-
tive blockers atenolol, metoprolol, or carvedilol), the class III 
antiarrhythmic amiodarone (less ideal), or the CCBs (e.g., dil-
tiazem). The most appropriate drug should be based on the 
underlying cause of the tachycardia. Atrial tachycardia may 
reflect an autonomic dysfunction (generally not amenable to 
treatment) or, less commonly, a reentrant circuit. For reen-
trant causes, class IA antiarrhythmics (especially quinidine), 
digitalis, or a β blocker is indicated. Atrioventricular nodal or 
junctional tachycardias can be similarly treated.

Gelzer and Kraus264 reviewed the management of atrial 
fibrillation. Atrial fibrillation occurs in the presence of mul-
tiple reentering wavelets; its development is facilitated by a 
large atrium. The authors264 suggest that treatment is indi-
cated when the average heart rate from a Holter recording 
exceeds 150 bpm in dogs and at any heart rate in cats with 
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atrial fibrillation. The most efficacious antiarrhythmic drugs 
are those that increase the wavelength (distance traveled by 
the depolarization impulse during the refractory period). 
Although this might be accomplished by either increasing the 
speed of conduction or increasing the refractory period, the 
former is not a recognized mechanism of action of antiarrhyth-
mic drugs. Treatment may be unnecessary if the ventricular 
rate is less than 150 bpm in asymptomatic dogs with no evi-
dence of cardiac disease. Treatment of atrial fibrillation should 
focus on slowing the ventricular response such that cardiac 
filling improves and myocardial oxygen demand decreases. 
In symptomatic dogs the atria can be targeted with class IA 
drugs (quinidine or, less preferred, procainamide), or conduc-
tion through the atrioventricular node can be targeted with 
digitalis, glycosides, CCBs, or β blockers. Although quinidine 
prolongs wavelength, its paradoxical acceleration (induced by 
anticholinergic effects) may increase the ventricular response 
rate, leading to worsening clinical signs. Quinidine can be 
used to convert atrial fibrillation to a sinus rhythm in dogs. 
Successful conversion is, however, generally limited to large-
breed dogs with no evidence of underlying cardiac disease and 
is not recommended in dogs with cardiac failure.

Among the drugs, digitalis probably is the preferred treat-
ment for atrial fibrillation despite the fact that it facilitates the 
arrhythmia by decreasing the impulse wavelength.264 Although 
Gelzer and Kraus264 recommend monitoring a trough sample 
3 to 7 days after starting therapy, for reasons previously dis-
cussed, both a peak and trough sample might be prudent to 
determine half-life at baseline and in response to therapy. 
Decreased conduction within the atrioventricular node will 
decrease the ventricular rate. Additionally, positive inotropic 
effects may benefit the patient with myocardial failure. Previ-
ously mentioned precautions should be followed when nega-
tive chronotropes that also are negative inotropes are used; 
CCBs and β blockers may need to be reserved for patients that 
have not sufficiently responded to digoxin. According to Gel-
zer and Kraus,264 a CCB is preferred in animals with a rapid 
ventricular rate resulting from enhanced sympathetic tone. 
An exception can be made for acute management, in which 
case digitalis is begun simultaneously with a CCB; β blockers 
are generally reserved for cases that do not respond to other 
drugs. Because of a potential protective effect on the diseased 
myocardium, however, β blockers might be indicated ear-
lier and perhaps preferentially to diltiazem or other CCBs if 
chronic activation of the sympathetic system is contributing 
to cardiac failure.

Emergency management of supraventricular arrhythmias is 
indicated in the presence of sustained arrhythmias in patients 
that are hemodynamically unstable. Beta blocker therapy 
includes propranolol (0.02-0.06 mg/kg, slow intravenous 
administration every 8 hours) or esmolol. Esmolol (0.05-0.1 

mg/kg intravenously every 5 minutes up to 0.5 mg/kg) has a 
shorter half-life compared to propranolol. Failure to convert 
can be followed with CCB therapy with little risk of negative 
inotropic effects. Diltiazem (0.25 mg/kg intravenously over 
2 minutes followed by 0.25 mg/kg every 15 minutes) can be 
implemented until conversion occurs, up to a maximum dose 
of 0.75 mg/kg. Verapamil also has been used (0.05 mg/kg, slow 
intravenous administration up to 0.15 mg/kg).

Despite the traditional consensus that lidocaine is indicated 
only for ventricular arrhythmias, Johnson and coworkers125 
described the impact of lidocaine at a standard dose in five 
dogs with complex supraventricular arrhythmias. In each case 
normal sinus rhythm was achieved and then maintained with 
mexiletine.

Ventricular Arrhythmias
The importance of any ventricular arrhythmia depends on 
the ventricular rate, duration of the arrhythmia (tachycardia), 
and the severity of underlying cardiac disease. The clinical 
sequelae of a detrimentally rapid ventricular rate and insuf-
ficient ventricular filling include weakness, syncope, seizures, 
collapse, and clinical signs indicative of CHF.

Ventricular tachycardias are caused by a variety of under-
lying disorders, including but not limited to primary cardiac 
disease, metabolic disorders causing acid–base or electrolyte 
imbalances, infectious disorders, neoplasia, and trauma. Reso-
lution of the underlying cause is paramount to successful ther-
apy of ventricular tachycardias. Not all ventricular premature 
contractions require treatment. Generally, ventricular prema-
ture contractions that are multifocal, occur more frequently 
than 25 per minute, or occur in repetitive runs that result in a 
heart rate of 130 bpm or more should be medically managed. 
Those that are associated with clinical signs or those that occur 
in breeds at risk for sudden death (e.g., German Shepherd Dogs, 
Boxers) might also be treated, although this is controversial.

Ventricular arrhythmias that are considered life threat-
ening should be managed with intravenously administered 
lidocaine. Generally, a slow intravenous bolus (4 to 8 mg/kg 
[dogs]; 0.5 to 1 mg/kg [cats]) is followed by a constant infusion 
(22 to 66 μg/kg per minute [dogs]; 10 to 20 μg/kg per minute 
[cats]). Once sufficient response has occurred, oral therapy 
can be phased in. Procainamide can be administered intrave-
nously (2 to 20 mg/kg over 30 minutes followed by a constant 
infusion of 2 to 40 μg/kg per minute [dogs]; 1 to 2 mg/kg intra-
venous bolus followed by 10 to 20 μg/kg per minute infusion 
[cats]) or, in less critical patients, intramuscularly or orally (6.6 
to 22 mg/kg every 2 to 6 hours [dogs]) in patients that do not 
respond to lidocaine. Quinidine also can be used (6.6 to 22 
mg/kg orally, intramuscularly every 6 hours). Eradication of 
the ventricular arrhythmia may not be a reasonable expecta-
tion. Insufficient response should lead to confirmation of the 

KEY POINT 14-57 Digoxin is probably the preferred drug for 
treatment of atrial fibrillation. However, treatment in dogs 
may not be indicated unless the heart rate exceeds 150 
bpm. Atrial fibrillation should be treated in all cats.

KEY POINT 14-58 Emergency management of supraventricu-
lar or ventricular arrhythmias is indicated in the presence of 
sustained arrhythmias in patients that are hemodynamically 
unstable.
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diagnosis; evaluation of acid–base or electrolyte disturbance; 
and, if necessary, addition of a second class IA antiarrhythmic 
or β blocker (see discussion of precautions in myocardial fail-
ure). Ventricular pacing devices may be necessary for animals 
that continue to fail to respond to antiarrhythmic therapy.

Response (hemodynamic, antiarrhythmic, and adverse) to 
a single intravenous bolus dose of procainamide was demon-
strated to not differ from a single intravenous dose of lidocaine 
in dogs with postoperative ventricular arrhythmias.265 Neither 
drug was associated with undesirable hemodynamic changes. 
Specific information regarding the study (e.g., doses) could 
not be found.

Bradyarrhythmias
Bradycardia is defined as a heart rate of less than 70 bpm and 
usually results from sinus nodal or atrioventricular conduction 
disturbances. Both conduction and automaticity (decreased) 
disturbances cause bradycardias. In general, medical manage-
ment of bradyarrhythmias is unreliable, and placement of a 
pacemaker device is the preferred method of management.

Sinus brachycardia usually is clinically asymptomatic, with 
the most common clinical sign being syncope or episodic 
weakness. For animals that are symptomatic, long-acting anti-
cholinergic drugs (e.g., propantheline) might be helpful. Fail-
ure to respond will require pacemaker placement.

Atrioventricular nodal block can be first, second, or third 
degree, depending on the severity. With third-degree block, 
there is no conduction between the atria and the ventricles. 
The ventricular escape rhythm approximates 40 bpm. Pace-
maker placement is the preferred method of treatment, but 
emergency cases can be treated with isoproterenol (constant-
rate infusion). If the ventricular rate increases in response to 
atropine, an orally active long-acting (relative to atropine) 
anticholinergic such as propantheline might be effective. 
Diphenoxylate reportedly also has been useful.

Pericardial Effusion
Pathophysiology
Accumulation of fluid in the pericardial sac most commonly 
reflects a disorder of the pericardium but can also occur as a 
manifestation of myocardial failure.190,266 Causes include but 
are not limited to pericarditis (septic or foreign body), neo-
plasia, and idiopathic hemorrhage. If accumulation is severe, 
cardiac tamponade may develop. Increased intrapericardial 
pressure and diastolic collapse of the right atrium and poten-
tially the right ventricle can result in reduced preload to the left 
ventricle, decreased cardiac output, and hypotension. Systemic 
compensatory mechanisms may be activated in an attempt to 
maintain cardiac output. Chronic disease ultimately can lead 
to pleural effusion and (in extreme cases) pulmonary edema.

Pharmacologic Management
Because pericardial effusion often does not respond suffi-
ciently to pharmacologic management, pericardiocentesis 
and surgical alternatives such as pericardiectomy or balloon 
dilation should be anticipated if the underlying cause cannot 
be rapidly resolved. In cats with feline infectious peritonitis, 

high doses of glucocorticoids may decrease the accumula-
tion of pericardial fluid. Glucocorticoids also have been rec-
ommended for dogs with idiopathic hemorrhagic pericardial 
effusion that has not responded to pericardiocentesis.

HYPERTHERMIA

Hyperthermia requires treatment in dogs and cats when tem-
peratures exceed 106° F. Temperatures below 106° F may be ben-
eficial (e.g., inhibition of viral replication, stimulation of white 
blood cell function). In contrast, temperatures of 107° F are life 
threatening and may lead to permanent organ damage, alkalo-
sis or superimposed acidosis, electrolyte derangements (hyper-
natremia or hyponatremia, hypokalemia, hypophosphatemia, 
and hypocalcemia), disseminated intravascular coagulopathy, 
and acute renal failure (particularly with exertional heat stroke). 
Hyperthermia can occur for a variety of reasons, most classi-
fied as either true fever (endogenous or exogenous pyrogens 
directly alter the hypothalamic thermostat) or inadequate heat 
dissipation (e.g., classic heat stroke or exertional heat stroke 
associated with excessive exercise). Pathologic hyperthermia is 
less common and includes malignant hyperthermia, a muscular 
disorder that appears to reflect drug- (e.g., halothane) induced 
alterations in calcium kinetics. In all cases treatment begins by 
removing the inciting cause. Antipyretics (e.g., dipyrone or other 
NSAIDs) are indicated in situations involving a reset thermo-
stat (i.e., a true fever) but only if the body temperature is 106° F  
or higher. Injectable preparations are preferred. Relatively 
selective COX inhibitors (e.g., carprofen) may be equally or 
more effective than nonselective drugs because prostaglandins 
formed by COX-2 are responsible for mediating fever.

Phenothiazines may also be beneficial, in part by inducing 
peripheral vasodilation. Use of α-agonists or other drugs that 
induce peripheral vasoconstriction is discouraged. Treatment 
of hyperthermia associated with inadequate heat dissipation 
focuses on rapid cooling of the body, correction of electrolyte 
and fluid imbalances, and prevention of complications. Cold 
water should be avoided for cooling because it may induce 
vasoconstriction, decrease heat dissipation, and rebound 
hyperthermia.267 Spraying the patient with cool water in the 
presence of fans is the preferred method of cooling. Crystalloid 
therapy should be aggressive; colloidal therapy may be indi-
cated. The use of NSAIDs in treatment of hyperthermia result-
ing from inadequate heat dissipation should not be ruled out, 
in part because of the inhibitory effects timely administration 
of these drugs can have on multiorgan failure associated with 
cytokine and other mediator release. Malignant hyperthermia 
is less likely to respond to external cooling, although this should 
be implemented; bromocriptine and neuromuscular paralysis 
(e.g., pancuronium) may help control muscle rigidity.267

SHOCK

Shock reflects a state in which tissue perfusion is inadequate to 
meet tissue metabolic needs.268 Tissue perfusion may be inad-
equate because of low or unevenly distributed blood flow.269 
Selection of the most appropriate therapy is facilitated by 
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 categorizing shock first as to the functional disturbance and 
second as to primary cause.

Classification Of Shock
Hypovolemic Shock
Hypovolemic shock is one of the more common causes of 
shock in small animals.268 Causes include but are not lim-
ited to hemorrhage, trauma, and severe dehydration such 
as that which accompanies renal dysfunction, vomiting, or 
hypoadrenocorticism.269 Physiologically, hypovolemic shock 
can present in three stages. The earliest stage is accompanied 
by compensatory mechanisms (e.g., increased heart rate, 
increased vascular resistance) designed to maintain blood 
pressure. As volume loss progresses, the second or middle stage 
is characterized by tachycardia with low systemic blood pres-
sure and hypothermia. Capillary refill time is prolonged, and 
pulse pressure is poor. Blood is shunted away from less vital 
organs to the brain and heart, and blood clotting abnormali-
ties may be accompanied by increased capillary permeability. 
Urine output decreases. If hypovolemia persists, the final stage 
of decompensation occurs. This stage is largely irreversible268 
and is characterized by vascular dilation and pooling of blood 
in peripheral tissues. Poor cardiac filling leads to insufficient 
cardiac and brain perfusion. Death reflects myocardial failure, 
cardiac arrhythmias, respiratory failure associated with pul-
monary edema, and cardiopulmonary arrest.268

Cardiogenic Shock
Cardiogenic shock is a state of low cardiac output associated 
with diastolic or systolic dysfunction. The heart is unable to 
function as a pump, and blood delivery to organs is insuffi-
cient. Causes include myocardial failure (acquired or congeni-
tal) and cardiac arrhythmias. Iatrogenic cardiogenic shock 
also can be drug induced.269 Clinically, because the underly-
ing cause of shock is inadequate blood flow, cardiogenic shock 
presents similarly to hypovolemic shock, with the primary 
difference of increased atrial filling pressures accompanied by 
pulmonary edema.269

Distributive Shock
Distributive shock occurs when blood flow is distributed 
improperly to tissues. Improper distribution reflects a rapid, 
marked increase in peripheral vasodilation, vascular capaci-
tance, and peripheral pooling of blood.269 Causes generally 
include those associated with the release of vasoactive media-
tors, most notably endotoxemia (see Chapter 8) or other causes 
of sepsis and anaphylaxis or anaphylactoid reactions. Injured 
and ischemic tissues (e.g., due to hypovolemic or cardiogenic 
shock) also lead to the release of vasoactive and procoagulant 
mediators. Vascular occlusive diseases such as saddle thrombi 
and pulmonary thromboembolism (e.g., dirofilariasis) also 
cause distributive shock.269 For example, with sepsis dis-
tributive shock might initially be “warm” in that blood flow 
is increased in peripheral tissues. As shock progresses and 
venous pooling continues, fluid is lost from the vascular space, 
venous return decreases, cardiac output decreases, and tissues 
become underperfused or “cool.”

Pathophysiology
Ideally, treatment of shock should focus on early reversal based 
on the underlying cause. As shock progresses, the underlying 
pathophysiology is the same, and treatment is oriented toward 
prevention and reversal of inadequate tissue perfusion. Some 
type of damage is likely to occur in any tissue subjected to a 
period of hypotension (mean arterial blood pressure <50 mm 
Hg). These include cell ischemia, inadequate oxygen deliv-
ery, and the generation of proinflammatory/procoagulant 
mediators.269

Sequelae of cellular ischemia. Tissues suffer damage from 
inadequate tissue oxygenation in 5 to 10 minutes, and the 
damage is irreversible at 15 to 20 minutes.269 Mitochondrial 
dysfunction accompanies ATP depletion, leading to anaero-
bic metabolism and lactic acid accumulation. Cell membrane 
(ATPase) pumps become disrupted, and intracellular destruc-
tive enzymes are released. Accumulation of intracellular cal-
cium leads to the activation of enzymes that disrupt cellular 
homeostasis. Intracellular sodium and chloride increase, and 
magnesium and potassium decrease. ATP breakdown yields 
hypoxanthine and generation of xanthine oxidase (converted 
from xanthine dehydrogenase), which produces oxygen free 
radicals.269 With reperfusion, hyperemia occurs once blood 
flow is reestablished if the period of impaired oxygenation 
or poor tissue perfusion is short. The duration of hyperemia 
is determined by the extent of mediator release (potassium, 
hydrogen, NO, adenosine, adrenomedullin, the latter a hypo-
tensive peptide first discovered in pheochromocytomas). On 
the other hand, if blood flow is less than 20% of normal for 
longer than 5 minutes, reperfusion after perfusion failure leads 
to reoxygenation injury. Injury reflects the production of self-
destructive enzymes and metabolites and derangements in 
blood clotting.269 Together the consequences of reperfusion 
injury include uneven distribution of blood flow and focal 
ischemia (perhaps exacerbated by inappropriate thrombosis), 
swelling of capillary endothelial cells and subsequent plugging 
by leukocytes migrating to the area, and increased microvas-
cular viscosity and interstitial edema.269

Oxygen free radicals. The generation of oxygen free radicals 
by mitochondria, macrophages, and neutrophils sets the stage 
for reperfusion injury should blood flow be reestablished after 
a sufficiently long period of poor perfusion, causing perhaps 
the most detrimental sequelae of shock.269 Xanthine oxidase 
metabolizes molecular oxygen into radicals such as superox-
ide anion, hydrogen peroxide, and the hydroxyl radical (see 
Chapter 29). Enzymes that normally scavenge oxygen free 
radicals (e.g., superoxide dismutase, catalase, and glutathione) 
are overwhelmed as tissues reperfuse. Production of oxygen 
free radicals is exacerbated by mediators released in response 
to oxygen free radicals, including cytokines (including TNF), 
interleukins (which also induce procoagulant activity), and 
prostaglandins.269

Role of nitric oxide. NO can be either protective or detri-
mental in the patient with sepsis and endotoxemia. Under 
basal physiologic conditions, NO serves as a free oxygen radi-
cal scavenger, limiting toxicity associated with superoxide and 
other radicals. Inhibition of platelet aggregation and leukocyte 
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adhesion limits ischemia–reperfusion injuries.21 During shock 
large amounts of iNOS are formed; as such, NO becomes a 
major contributor to the pathophysiology of shock.21,269 Per-
oxynitrous acid, generated from the reaction of NO with oxy-
gen free radicals, destroys cellular macromolecules, causing 
mitochondrial and cell membrane dysfunction, production 
of prostaglandins, and programmed cell death (apoptosis). 
The coagulation cascade is activated, ultimately leading to dis-
seminated intravascular coagulation. Arteriovenous shunting 
(possibly caused by iNOS) contributes to maldistribution of 
blood flow, particularly in endotoxic and other septic shock, 
and may be a cause of irreversibility.269

Thus, although the initial responses of the body to iNOS 
might lead to important compensatory responses, ultimately 
the responses may prove to be detrimental. Nevertheless, inhi-
bition of NOS is undesirable because systemic vascular resis-
tance is improved only at the cost of loss of blood flow to vital 
organs. Platelet aggregation increases, along with the risk of 
thrombus formation and disseminated intravascular coagula-
tion.269 Analogs of L-arginine, such as L-NAME (N-nitro-L-
arginine methyl ester) competitively inhibit NO production by 
either cNOS or iNOS from L-arginine. Treatment of human 
patients in septic shock with L-NAME, however, led to pulmo-
nary hypertension and reduced cardiac output.270 Drugs that 
selectively inhibit iNOS but not cNOS may be a more appro-
priate focus of investigation.

Gastrointestinal barrier. The sequelae of ischemia and 
hypoxia in the gut have profound clinical implications for 
the patient undergoing shock. Potent vasoconstrictors (endo-
thelins), cytokines, and other mediators act in concert with 
leukocyte migration and epithelial necrosis to increase capil-
lary permeability, transcapillary fluid filtration, and interstitial 
edema. Diarrhea is a common clinical complication of resus-
citation from shock and may indicate the loss of the protec-
tive mucosal barrier in the gastrointestinal tract. Bacterial 
translocation and endotoxin absorption result in release of 
massive quantities of proinflammatory mediators, predispos-
ing the patient to septicemia and, ultimately, to the systemic 
inflammatory response syndrome (see Chapter 29).269 This 
syndrome is characterized by multiorgan dysfunction.

The compensatory mechanisms implemented to counter 
the pathophysiologic sequelae (decreased tissue perfusion and 
oxygen delivery) of shock involve the neural, hormonal, and 
renal reflexes previously described for cardiovascular diseases. 
Vasoconstriction maintains arterial blood pressure and redis-
tributes blood flow to vital organs (cerebral and coronary ves-
sels). Cardiac output is increased by increasing heart rate and 
a fluid shift from interstitial to intravascular sites. Although 
compensatory mechanisms support the patient during the ini-
tial stages of shock, increased vascular resistance and myocar-
dial oxygen demand ultimately will contribute to the demise 
of the patient.

Treatment
Successful therapy for shock focuses on reestablishing blood 
flow, blood pressure, and blood volume to normal or above 
normal (see Table 14-4).269 Monitoring response to therapy 

can, however, be difficult. Muir269 recommends that response 
to therapy and a good prognosis be based on frequent moni-
toring of behavior, level of consciousness, arterial blood 
pressure, tissue oxygenation, heart and respiratory rate and 
rhythm, mucous membrane color, capillary refill time, and 
urine output. Clinical pathology data should focus on packed 
cell volume, total protein, and serum lactate.

Treatment of shock should maximize tissue perfusion and 
oxygen delivery to and consumption by peripheral tissues and 
minimize the effects of proinflammatory and procoagulant 
mediators. For septic shock (discussed more extensively in 
Chapter 8) therapy also focuses more aggressively on preven-
tion of endotoxin release and its effects. Regardless of the cause 
of shock, appropriate therapy is summarized by the acronym 
VIP: Ventilation to facilitate blood oxygenation, Infusion of 
fluids to restore blood volume, and support of the myocardial 
Pump to facilitate blood delivery (flow) to tissues.269

Fluid therapy. Fluid therapy should be aggressive but not 
overzealous. Care should be taken not to reduce packed cell 
volume and total protein to less than 20% and 3.5 g/dL, respec-
tively, to minimize the risk of pulmonary or interstitial edema. 
Administration of hypertonic saline provides rapid but short-
term (30 to 120 minutes) hemodynamic improvement in hypo-
volemic or endotoxic shock; duration of improvement can be 
extended if hypertonic saline is combined with a colloid.

Blood and blood substitutes. Treatment of hypotensive 
shock secondary to hemorrhage in which 25 mL/kg or more of 
blood is lost should include whole blood or packed red blood 
cells. Blood substitutes should be used when blood products 
are not available or for animals for which the risk of a transfu-
sion reaction is too great.

Pressor drugs. Positive inotropic drugs are indicated to 
maintain arterial blood pressure and regional blood flow in 
patients whose myocardial function does not improve suffi-
ciently after administration of fluids. Pressor drugs also are 
indicated for patients whose cardiac contractile activity is 
compromised. Dopamine and dobutamine have been the pre-
ferred pressor drugs; dopamine may be preferred for brady-
cardic animals. 229 Improved blood flow to the gastrointestinal 
tract will help minimize the risk of gastrointestinal mucosal 
damage and subsequent multiorgan failure.229 Volume replace-
ment must occur before either drug can be used successfully. 
Refractory hypotension is often associated with septic shock. 
Underlying mechanisms include vasopressin deficiency, acti-
vation of ATP-sensitive K+ channels (in response to accumu-
lation of lactate and hydrogen), and overproduction of NO 
(which precludes vascular smooth muscle contraction). Acti-
vation of K+ channels causes hyperpolarization, precluding 
interaction of vasoconstrictors with smooth muscle receptors. 
Among the current therapies is treatment with vasopressin. 269a 
In patients with septic or hypovolemic shock, vasopressin is 
released biphasically. Osmotic overstimulation may cause 

KEY POINT 14-59 Successful therapy for shock focuses on 
reestablishing blood flow, blood pressure, and blood vol-
ume to normal or above normal.



545CHAPTER 14 Therapy of Cardiovascular Diseases

rapid release of endogenous vasopressin. However, only 20% 
of the total pool is available for rapid release. Slower release 
results in relative deficiency by 1 hour of sustained hypovole-
mic shock in humans. Whereas arterial pressure is minimally 
affected in healthy subjects, patients in vasodilatory shock 
express an exaggerated response to exogenous vasopressin 
therapy. Mechanisms include replacement of endogenous 
stores, inhibition of K+ channels, and decreased synthesis of 
nitric acid. Treatment at physiologic doses (0.01-0.04 units 
[70-kg human adult]) has been described as the best vasopres-
sor drug; doses of first-line vasoproessors can be reduced, thus 
reducing the risk of adverse effects with these drugs. The drug 
can be given intratracheally.269b Yoo269c described a vasopres-
sin dose determination study in dogs with experimentally-
induced hemorrhagic shock. A dose of 0.4 IU/kg was the 
most effective dose, providing more hemodynamic response 
in decompensated shock compred to 1.6 IU/kg. Treatment 
ideally occurs when endogenous concentrations are lowest. 
Other benefits of vasopressin include increase urine output; 
improved cerebral, coronary, and pulmonary blood flow; and 
increased serum cortisol. Side effects occurring at nonphysi-
ologic doses include platelet aggregation and renal, mesen-
teric, pulmonary, and coronary vasoconstriction. Vasopressin 
should be used only with caution in patients with cardiovas-
cular disease. The use of glucocorticoids may be indicated in 
patients non-responsive to pressor agents as a result of func-
tional adrenocorticodeficiency (See Chapter 30).

Miscellaneous drugs. The use of drugs intended to minimize 
the damage of oxygen free radicals has not been well established 
in animals such that a standard protocol can be followed. The 
use of glucocorticoids is controversial (see Chapter 30). Their 
potential benefits to the endotoxic shock patient have been 
delineated. In general, the efficacy of these products to limit 
vascular response to vasoactive compounds depends on the 
time of administration. Efficacy is greatest when administered 
before or within several hours of the onset of the pathophysi-
ologic response to shock. Although survival (several hours) 
has been documented after use of glucocorticoids (compared 
with placebo) in human and animal clinical trials, long-term 
survival (beyond several days) has not been documented. Use 
of glucocorticoids in human patients with endotoxic or septic 
shock has been associated with an increased risk of infection 
in some studies but no increased risk in others. The use of glu-
cocorticoids in veterinary medicine remains controversial. Of 
the drugs to be used, methylprednisolone may be preferred in 
most causes of shock because of its potential ability to scavenge 
oxygen free radicals. Administration should be short term.

A number of NSAIDs have been studied for their ability to 
block response to mediators of endotoxic shock. Indometha-
cin and ibuprofen have shown efficacy in human patients. 
Flunixin meglumine has been studied in dogs. As with glu-
cocorticoids, however, the effects of NSAIDs must be realized 

within the first 2 hours of the onset of endotoxic shock (i.e., 
before mediators have been able to stimulate response). Pro-
longed therapy with NSAIDs is not advised because of toxic 
effects. Although gastrointestinal toxicity is the major concern 
in most animals, the patient suffering from endotoxic shock 
may be more predisposed.

Despite the lack of scientific data to support clinical 
response to drugs that scavenge oxygen free radicals, their use 
should be strongly considered, particularly if there is little risk 
of toxicity (See Chapter 29).

The use of antimicrobials in patients suffering from or pre-
disposed to endotoxic or septic shock is discussed elsewhere 
(see Chapter 8). Patients that have suffered vascular compro-
mise are at risk of suffering the consequences of translocation 
of enteric pathogens. Prophylactic therapy should be oriented 
toward minimization of gastric erosion or ulceration (see 
Chapter 19) and selective decontamination of the digestive 
tract (targeting gram-negative aerobic pathogens). In humans 
oral antimicrobials that are not absorbed are recommended: 
a paste containing 2% polymyxin, 2% tobramycin, and 2% 
amphotericin (to target fungal organisms) for the oral cavity 
and a solution of polymixin (100 mg), tobramycin (80 mg), 
and amphotericin B (500 mg) for the gastrointestinal tract 
(about 0.1 mL/kg every 6 hours) have been recommended.271 
However, this therapy is intended to reduce the incidence of 
nosocomial infections in the intensive care environment. The 
incidence of pneumonia, urinary tract infections, and cathe-
ter-related septicemia can be decreased. The role of selective 
digestive decontamination in patients subject to shock (with 
the exception of endotoxic shock) is less clear.

Cardiopulmonary Cerebrovascular 
Resuscitation
Generally, the goal of cardiopulmonary cerebrovascular resus-
citation (CPCR) is to maintain or preserve neurologic func-
tion. It is beyond the scope of this chapter to discuss the causes 
of and recognition of the need for CPCR. Obviously, preven-
tion is the key to success, and treatment of underlying diseases 
likely to cause cardiopulmonary arrest should be reviewed. 
Success is more likely if the cardiopulmonary arrest is asso-
ciated with reversible conditions (e.g., anesthetic overdose, 
upper airway obstruction, hemorrhage, electrolyte imbal-
ances). The focus of this discussion is on drugs used in CPCR. 
Which drugs are proper and when their use is indicated in 
the patient are controversial. Cardiac rather than respiratory 
arrest is discussed. The pharmacologic effects, side effects, and 
other pertinent clinical pharmacologic data for each of the 
drugs have been discussed elsewhere; discussion here is lim-
ited to the use of the drugs during or immediately after CPCR.

“Crash Cart” Drugs
Drugs that should be carried in a crash cart include epineph-
rine, atropine, magnesium chloride, naloxone, lidocaine, 
sodium bicarbonate, and bretylium tosylate.272

Epinephrine remains the mainstay of acute cardiac life 
support. It is intended to promote systemic vasoconstriction 
such that blood flow is diverted to the coronary and cerebral 

KEY POINT 14-60 The use of drugs intended to minimize the 
damage of oxygen free radicals has not been well estab-
lished in animals.
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circulation. It is indicated for pulseless ventricular tachycardia, 
ventricular fibrillation, electromechanical dissociation (pulse-
less electrical activity), and ventricular asystole. The standard 
dose is 10 to 20 μg/kg (1 mg in humans) or 10 mL of a 1:10,000 
solution repeated every 3 to 5 minutes. The optimal dose may 
be very high, ranging from 0.45 to 2 mg/kg (Table 14-4). For 
humans the American Heart Association has recommended a 
fivefold increase in the dose to 5 mg if there is no response to 
the initial 1 mg dose.267

Atropine has little indication in CPCR with the exception 
of bradycardia, pulseless electrical activity, and ventricular 
asystole. The dose for electromechanical dissociation and 
asystole is 1 mg intravenously, repeated every 3 to 5 minutes. 
In humans complete vagal blockade occurs at 0.04 mg/kg  
(3 mg); this dose is discouraged. Likewise, a total dose below 
0.5 mg can cause parasympathomimetic effects and also is 
discouraged.267

Isoproterenol is a pure, nonselective β-agonist drug. As 
such, it is a positive inotrope but can also cause peripheral 
vasodilation. It will increase myocardial oxygen demand. 
Currently, its use is limited to bradyarrhythmias that do not 
respond to atropine.272

Bicarbonate provides little benefit and may in fact harm 
patients in metabolic acidosis. Acidosis associated with cardiac 
arrest is best treated with ventilatory and circulatory support. 
Potentially harmful effects of bicarbonate include arrhythmo-
genic alkalemia; increased generation of CO2; hyperosmo-
larity; hypokalemia; paradoxical central nervous system and 
myocardial intracellular acidosis; and a leftward shift in the 
oxyhemoglobin dissociation curve, limiting delivery of O2 
to tissues.267 When used, bicarbonate therapy ideally should 
be guided by blood gas analysis (pH <7.15 to 7.2).267 Indica-
tions or situations in which bicarbonate may prove beneficial 
for humans requiring CPCR include hyperkalemia; tricyclic 
antidepressant overdose; prolonged cardiac arrest (protracted 
hypoperfusion-induced acidosis); and postresuscitation, 
bicarbonate-responsive, and anaerobic lactic acidoses.267 
Sodium bicarbonate (1 mEq/kg intravenously) may be used 
after epinephrine in patients suffering from a prolonged car-
diac arrest who have shown improvement in cardiovascular 
or cerebral recovery. It should be followed by correction of 
any deficit (monitored) that is greater than 5 mEq/kg. The 
bicarbonate-induced hypercarbia tends to be transient and 
generally harmless to the heart if used in conjunction with 
epinephrine.272

Calcium administration does not appear to enhance cardiac 
performance during CPCR. Ischemia associated with cardiac 
arrest causes intracellular accumulation of calcium, which can 
disrupt membranes and uncouple oxidative phosphorylation. 

Calcium can cause coronary vasospasm and will exacerbate 
the arrhythmic tendency of the unstable myocardium and 
impair relaxation.267,272 It will also exacerbate digoxin toxic-
ity. Calcium causes precipitation when combined with sodium 
bicarbonate. Calcium is not recommended except in cases of 
prolonged cardiac arrest or absent or ineffective pump activity. 
Calcium chloride (10% solution contains 100 mg/mL Ca2+) is 
associated with the longest and most predictable increase in 
plasma ionized calcium.272 In human patients 1 g of calcium 
chloride (approximately 15 mg/kg) is generally sufficient, 
although toxicity may occur at this dose. Other indications 
for calcium include hyperkalemia, ionized hypocalcemia, and 
CCB overdose.267

Crystalloids (including hypertonic resuscitation and bal-
anced electrolyte solutions) are indicated if the cause of cardiac 
arrest is hypovolemia. Inappropriate fluid load can, however, 
contribute to decreased cerebral blood flow and decreased 
coronary blood flow.272 The production of lactic acid will be 
enhanced in critically ill hyperglycemic patients, which can 
lead to or contribute to cell injury. Dextrose infusions are 
considered by the American Heart Association to be harmful 
to humans.267 As such, dextrose-containing fluids should be 
avoided. Isotonic saline or Ringer’s lactate is preferred as the 
resuscitation fluid.

Several routes of drug administration can be used to sup-
port resuscitation. Central venous catheter placement is ideal 
for immediate drug delivery to the heart. A sufficient bolus of a 
compatible isotonic fluid should follow any drug administered 
through peripheral tubing. Intracardiac injections probably 
offer no increased benefit compared with central intravenous 
administration. Potential complications include cardiac tam-
ponade, coronary vessel laceration, and pneumothorax. Intra-
cardiac bolus may destabilize the electrical properties of the 
heart.

Alternative routes of administration can be considered in 
the absence of venous access. Intratracheal administration is 
an effective alternative route to central intravenous admin-
istration for selected drugs during CPCR.272 In general, the 
dose is doubled and the drug is administered through a cath-
eter in 10 to 20 mL of liquid for the drugs to reach the alveoli, 
where they will be subsequently absorbed. Insufflation will 
facilitate drug absorption. Doses of all drugs administered 
intratracheally should be increased by twofold to 2.5-fold. The 
duration of action of the drugs may be longer after intratra-
cheal administration than after intravenous administration. 
Drugs shown to be effective after intratracheal administra-
tion include epinephrine, lidocaine, atropine, and naloxone. 
There are several drugs that should not be given via intra-
tracheal administration because of the risk of tissue damage. 
Examples include sodium bicarbonate (depletes surfactant), 
norepinephrine, and calcium chloride.267 Drugs should not be 
mixed in the same syringe before intratracheal administration. 

KEY POINT 14-61 Epinephrine remains the mainstay of acute 
cardiac life support.

KEY POINT 14-62 Bicarbonate provides little benefit and may 
in fact harm patients in metabolic acidosis.

KEY POINT 14-63 If crystalloid therapy is indicated in the 
shock patient, isotonic saline containing fluids free of 
 dextrose is indicated.
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Table 14-4  Crash Cart Drugs
Drug Indication Dose Comments
Amiodarone Defibrillation *5-10 mg/kg IV
Atropine Bradycardia, asystole, PEA 0.022-0.04 mg/kg IV Repeat at 3 to 5 intervals as needed. 

Avoid more than 0.04 mg/kg 
and less than 0.5 mg total dose; 
exception may be PEA, which may 
require 0.4 mg/kg IV

Bicarbonate Hyperkalemia, prolonged cardiac arrest 1 meq/kg IV Therapy should be guided by blood 
gases and generally is reserved for 
resuscitative attempts lasting longer 
than 20 minutes. Ventilatory sup-
port critical.

Bretylium Ventricular flutter 5-10 mg/kg IV
Calcium chloride Prolonged cardiac arrest with ineffective 

activity, severe hypocalcemia, severe 
hyperkalemia

15 mg/kg slow IV Monitor electrocardiogram. 10% solu-
tion of calcium chloride contains 
more calcium per mL than other 
calcium salts

Calcium gluconate Prolonged cardiac arrest with ineffective 
activity, severe hypocalcemia, severe 
hyperkalemia

10 mg/kg/hr in any fluid Monitor electrocardiogram. 10% solu-
tion of calcium gluconate contains 
less calcium per mL than calcium 
chloride.

Dexamethasone Pulseless idioventricular arrhythmia 2-4 mg/kg IV
Dobutamine Positive chronotrope, positive inotrope 2.5-10 μg/kg/min (D) Any IV fluid
Dopamine hydrochloride Positive chronotrope, positive inotrope 5-20 μg/kg/min, to effect Any nonalkaline IV fluid

Low dose (renal vasodilation) 1-4 μg/kg/min
Mid dose 5-10 μg/kg/min
High dose 10-20 μg/kg/min

Epinephrine Fine ventricular fibrillation, PEA, asys-
tole, positive inotropic and vascular 
support, status asthmaticus

10-20 μg/kg (0.02 mg/kg) Repeat at 3- to 5-minute intervals as 
needed. Up to 0.2 mg/kg total dose 
may be indicated. IV(double dose 
if IT)

10 mL of 1:10,000 sol Repeat at 3- to 5-minute intervals as 
needed

0.005-1.5 μg/kg/min, to 
effect CRI

Flumezanil Diazepam reversal 0.02 mg/kg, IV
Isoproterenol Bradyarrhythmias Limit to atropine nonresponders
Lidocaine Ventricular tachycardia, flutter Initial dose: 2-6 mg/kg May be of more benefit post-resuscita-

tion; use in 5% dextrose. 0.9% NaCl 
less preferred

Followed by: 25-80 μg/kg
Magnesium chloride Ventricular tachycardia 5-10 ml of 2% solution, IV

Ventricular flutter 25 to 40 mg/kg, IV IV over 5 minutes followed by CRI
Magnesium sulfate 25% None Up to 1 mEq/kg/day 5% dextrose, diluted to <20%
Naloxone Narcotic reversal, PEA 0.02-0.04 mg/kg, IV
Nitroprusside Hypertensive crisis 1-10 μg/kg/min 5% dextrose

Pulmonary edema 0.5-5 μg/kg/min. Start low, and increase slowly. Monitor 
blood pressure

Procainamide Ventricular tachycardia, flutter 4-8 mg/kg IV 40-60 μg/kg/min
Vasopressin Vascular support, asystole 0.04 to 0.8 units/kg, IV

Post-resuscitation vascular support 0.001 units/kg/hr
Yohimbine Anesthetic reversal 0.1 to 0.2 mg/kg, IV

IV, Intravenous; PEA, pulseless electrical activity; IT, intratracheal; CRI, constant-rate infusion.
*Chemical defibrillation (in absence of electrical defibrillation): 1 mg potassium chloride and 6 mg acetylcholine/kg, followed by 1 mL/10 kg 10% calcium chloride. Amiodarone also 
has been suggested at 5-10 mg/kg IV. Chemical defibrillation is rarely effective.
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Intraosseous administration is another alternative to intrave-
nous use in small animals. The bone marrow provides a large 
venous access; the most common sites during CPCR are either 
the trochanteric fossa of the femur or distal cranial femur.272

Specific Conditions
Cardiac asystole refers to the complete absence of electrical 
activity. Therapy is oriented toward stimulating any electrical 
activity and then modifying the activity to generate a rhythm 
with a pulse.267 Epinephrine generally remains the drug of 
choice for cardiac arrest. Doses should be sufficient (> 0.01 mg/
kg) to cause positive inotropic and peripheral vasoconstrictive 
effects yet low enough (<0.2 mg/kg) to avoid ventricular fibrilla-
tion. In an experimental model of cardiac arrest in dogs, declin-
ing renal function was positively correlated with the amount of 
epinephrine administered and the energy required for defibril-
lation.273 Because of its short duration of action, epinephrine 
should be administered every 3 minutes. Longer-term inotro-
pic support should be provided with a less effective pressor 
drug such as dopamine or dobutamine. Electrolyte imbalance 
should be treated with the appropriate electrolyte. Bicarbonate 
is useful only in the previously described indications.

Ventricular fibrillation is best converted to a normal rhythm 
by electrical defibrillation. Potassium chloride, bretylium, and 
magnesium chloride have been used to pharmacologically 
treat defibrillation in the dog. Among these, magnesium chlo-
ride (5 to 10 mL of a 2% solution administered intravenously) 
may be best. Once an organized rhythm has been established, 
epinephrine may be beneficial for increasing vascular tone and 
improving blood flow to the brain. The initial dose should be 
low (0.02 mg/kg) and increased tenfold (0.2 mg/kg) in nonre-
sponsive patients. Very high doses may, however, excessively 
increase myocardial oxygen demand. Lidocaine may prove 
useful for “coarsening” fibrillation, rendering it more amena-
ble to electroconversion. In addition, it may increase vascular 
tone response to epinephrine.267 Bretylium has proved useful 
in some human cases of refractory ventricular fibrillation. The 
drug is administered immediately (1 minute) before electrical 
defibrillation. Refractory cases also may require correction of 
severe acidosis. Precaution is, however, taken to ensure that 
the pH is increased to no higher than 7.5 because of increased 
resistance to defibrillation.267

Ventricular tachycardia also is most amenable to electrical 
shock. Lidocaine is the drug of choice for control of ventricu-
lar tachycardia. Alternatives include procainamide (and, for 
humans, bretylium). Magnesium sulfate (25 to 40 mg/kg intra-
venously over 5 minutes) may be useful in refractory cases or 
in cases of ventricular flutter; constant-rate infusion over 4 to 
8 hours is indicated if the patient responds.

Electromechanical dissociation (EMD; pulseless electrical 
activity) generally is fatal when caused by myocardial dis-
eases. Treatable causes in humans include hypovolemia (e.g., 
acute blood loss, which should be treated with volume replac-
ers), pericardial tamponade, and tension pneumothorax.267 
Epinephrine or atropine (0.04 to 0.08 mg/kg intravenously) 
may be useful when EMD is associated with hypotension or 
pleural or pericardial disorders. Pulseless electrical activity 

is likewise accompanied by a poor prognosis, although nal-
oxone, dexamethasone sodium phosphate, and calcium have 
been recommended. Calcium is most likely to be of benefit 
with hypocalcemia or extreme hyperkalemia.267

Bradyarrhythmias are most amenable to nondrug therapy. 
The slower the rate and the wider the ventricular complex 
on the electrocardiogram, the more ineffective will be the 
cardiac contractility.267 Atropine is most useful with narrow 
complex bradyarrhythmias. However, atropine should be used 
cautiously such that potentially lethal tachycardia might be 
prevented in hypoxic patients. A low dose (0.022 mg/kg) is 
indicated unless vagolytic arrest is present. Dopamine and epi-
nephrine may be helpful for inotropic support. Isoproterenol 
is controversial because of peripheral vasodilation.

Anesthetic or narcotic overdoses should be reversed if pos-
ssible. Naloxone (0.02-0.04 mg/kg intravenously) is indicated 
for any narcotic. Yohimbine or atipamezole (0.1 to 0.2 mg/kg 
intravenously) is indicated in the presence of α-2 antagonists 
and may be effective for other chemical restraining agent, 
including ketamine or barbiturates.267a,b Flumazenil (0.02 mg/
kg intravenously) is indicated for reversal of diazepine depres-
sant effects.

Postresuscitation monitoring and care are critical to success-
ful CPCR. Dobutamine is preferred to dopamine by many cli-
nicians for postresuscitation inotropic support. SBP should be 
maintained above 90 mm Hg. Urine formation should be main-
tained at 1 to 2 mL/kg per hour. Furosemide may be indicated in 
the face of decreasing urine output. Neurologic function should 
be assessed along with the need for iron chelators, CCBs, or 
oxygen free radical scavengers. Vasopressin (0.04 to 0.8 units/kg 
intravenously or 0.001 units/kg/hr) may be indicated in patients 
whose vasculature remains nonresponsive to epinephrine.

HYPERLIPIDEMIA

The metabolic pathway of lipid formation and metabolism 
is complex,274,275 offering several targets of pharmacologic 
control. Although coronary artery disease associated with 
atherosclerotic plaques is not a disease of dogs and cats, drug 
therapies for the disease play role in the treatment of hyper-
lipidemias in animals. As such, an in-depth discussion of lipid 
metabolism is warranted. Lipoproteins are macromolecules 
consisting of lipids (cholesterols, triglycerides, phospholip-
ids) and proteins (apolipoproteins or apoproteins; e.g., apo-A 
[I-V], apo-B, apo-C [II and III], and apo-E). Together, cho-
lesterol and triglycerides comprise the major lipid particles in 
the body, with each having important functions. Cholesterol 
provides stability to cell membranes, facilitates membrane 
transport, and serves as a basis for the synthesis of steroids 
and bile acids. Triglycerides serve as a source of energy stor-
age, being lightweight compared to glycogen. Cardiac and 
skeletal muscle extract triglycerides from circulating proteins 
and, through lipolysis, convert them to fatty acids as an energy 
source (Kreb’s cycle for ATP production and gluconeogenesis 
in selected tissues) and glycerol.

Both cholesterol and triglycerides are insoluble in water, 
and as such they circulate as lipoproteins, with apoproteins 
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providing structural rigidity to lipoproteins. However, the pro-
teins also serve as ligands or cofactors in lipoprotein metabo-
lism. Spherical lipoproteins are structured such that the most 
water-soluble components (apoproteins, phospholipids, and 
unesterified cholesterol) face outward and surround the most 
lipid-soluble core components (cholesterol esters, triglycer-
ides). In addition to transport, apoproteins facilitate recogni-
tion of enzymes that remove or process the lipids within the 
lipoprotein. Several classes of lipoproteins have been classified 
according to their density, lipid content, and surface protein.  
These include in order of density chylomicrons (least dense 
at ≤ 0.95g/mL), very low-density lipoprotein (VLDL) choles-
terol, intermediate-density lipoprotein (IDL) cholesterol, low-
density lipoprotein (LDL) cholesterol (“bad” cholesterol), and 
high-density lipoprotein (HDL) cholesterol (“good choles-
terol”) (most dense at 1.06g/mL). Generally, total cholesterol, 
triglycerides, and HDL are measured directly, with VLDL and 
LDL estimated though calculation.

Three pathways exist for formation of lipoproteins. The 
exogenous pathway of lipoprotein formation begins with 
digestion and absorption of dietary fat. Dietary cholesterol 
must be esterified, a process mediated by acyl coenzyme A 
cholesterol acyltransferase (ACAT-2,) located in both the 
intestinal epithelial cell and liver. In the epithelial cell, choles-
terol and triglyceride are packaged into chylomicrons. Chylo-
microns contain the largest proportion of triglycerides (fat) of 
any of the lipoproteins, with a triglyceride to cholesterol ratio 
of 10:1 (i.e., more than 90% triglycerides). Therefore, although 
chylomicrons are very large, their fat content renders them 
the least dense of the lipoproteins. The high fat content of 
chylomicrons also provides the buoyancy necessary for their 
accumulation at the top of undisturbed (>12 hours) plasma. 
Formation of chylomicrons depends on microsomal triglycer-
ide transfer protein (MTP), which acts to transfer the triglyc-
eride to an apolipoprotein. The apolipoproteins will form the 
outside surface of chylomicrons and are synthesized in intesti-
nal epithelial cells or are acquired from HDLs once the chylo-
micron is secreted into lymph. Chylomicrons enter plasma at 
the thoracic duct. Once in circulation, fatty acids are released 
from the triglycerides in chylomicrons in tissue that produce 
lipoprotein lipase (LPL); insulin provides a permissive effect. 
Its absence in humans is associated with severe hypertriglyc-
eridemia and pancreatitis. Tissues that contain LPL are exem-
plified by adipose tissue and skeletal and cardiac muscles. 
Fatty acids released from triglycerides are either immediately 
used as a source of energy by surrounding tissues or stored 
for future energy needs in adipocytes. The chylomicron rem-
nants that remain once triglycerides have been removed con-
tain dietary cholesterol and they are rapidly metabolized by 
the liver.

The endogenous pathway for generation of lipoproteins 
reflects hepatic synthesis of VLDLs and subsequent uptake of 
circulating VLDLs by tissues. Triglyceride synthesis is regu-
lated in the liver and other tissues through coenzyme A (CoA) 
diacylglycerol acyltransferase enzymes that catalyze the final 
step. Triglycerides intended for lipoprotein synthesis are trans-
ferred (along with other lipids) to the endoplasmic reticulum, 

where they, along with cholesterol, will combine with newly 
synthesized apoB-100 to form VLDLs. Transfer cannot occur 
without MTP, and its absence (or the absence of triglycerides) 
prevents formation of VLDLs and subsequent lipoproteins. 
Like chylomicrons, VLDLs are very large, containing a large 
amount of core triglyceride (ratio of triglycerides: cholesterol 
of 5:1). Although VLDLs contribute to plasma turbidity, they 
do not float with chylomicrons on the surface of undisturbed 
plasma. The VLDLs are synthesized in the liver endoplasmic 
reticulum in response to increased free fatty acids.

The VLDLs are released into circulation, taken up by tis-
sues that produce LPL, and processed by LPL to yield fatty 
acids, glycerol, and a VLDL remnant or IDLs. The free fatty 
acids are either used as an energy source or stored in the cell 
as fat (Box 14-1). 

The IDLs either are removed by the liver in response to LPL 
or are metabolized by way of hepatic triglyceride lipase to form 
LDLs. The LDLs are composed primarily of cholesterol esters 
and contain essentially no triglycerides. Because they have a 
longer half-life than other lipoproteins, LDLs accumulate to a 
higher plasma concentration compared with either VLDLs or 
IDLs. Hence the LDLs carry the majority of cholesterol (the 
“bad” cholesterol) in the body. The LDLs also are removed 
from circulation primarily by the liver in proportion to LDL 
receptor expression, with a smaller amount taken up by LDL 
receptors in tissues. Tissue uptake results in the release of free 
cholesterol, which is subsequently esterified such that it accu-
mulates in cells. Most clearance occurs in the liver. Increased 
expression of LDL receptor expression is a major means by 
which cells regulate free cholesterol content. A number of 
signals increase LDL receptor expression, thereby decreasing 
circulating LDL, including thyroxin and estrogen, decreased 
consumption of saturated fats and cholesterol, and pharmaco-
logic anticholesterol drugs (statins).

Among LDLs, densities vary, with the smaller, denser, 
less buoyant particles potentially more amenable to oxida-
tion.274 Oxidized (radical) lipoproteins damage vascular 
endothelium and are scavenged by a receptor mediated pro-
cess in macrophages (forming foam cells). It is the inflam-
matory and immunologic response to oxidized LDL and at 
the vascular endothelium of coronary vessels that contributes 
to atherosclerosis and its subsequent morbidity in humans. 
Although it is cholesterol that is considered “bad”, it appears 
that it is the fatty acids, not cholesterol, that are oxidized to 
atherogenic metabolites. As such, triglycerides, not choles-
terol, are the source of atherosclerotic mediators, and thus 
the lipoproteins containing the largest component of triglyc-
erides should be considered the greatest risk. What is not 
clear is why transport of cholesterol by HDL would decrease 
this risk.

HDLs facilitate the transport of cholesterol from periph-
eral tissues (including atherogenic plaques) to the liver. As 
such, HDLs contain more cholesterol (as ester) than triglyc-
eride in their core compared with other lipoproteins and are 
of higher density than the other lipoproteins. This mechanism 
of “reverse cholesterol transport,” the third pathway of lipid 
metabolism, is complex and not well understood.274
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Pathophysiology of Dislipidemias
Hyperlipidemia is defined as increased concentrations of tri-
glycerides or cholesterol. In humans hyperlipidemia results 
from a combination of dietary, genetic, and metabolic fac-
tors.275 In veterinary medicine, primary idiopathic hyperlip-
idemia appears to be familiar in Miniature Schnauzers and 
Beagles but has been reported in other breeds and occasion-
ally in cats. Secondary hyperlipiemia is associated with other 
disorders, such as diabetes mellitus, hyperadrenocorticism, 
pancreatitis, and hypothyroidism.

Treatment of Hyperlipidemia
In humans the choices for treatment of hypertriglyceridemia 
vary with the category, three of which are defined according to 
concentration (mg/dL) of triglycerides (borderline high [150-
199], high [200-499], or very high [≥500]), with a focus on 
the risk of coronary heart disease. Pharmacotherapy targets 
synthesis of cholesterol and includes the statins, niacin, bile 
acid sequestrants, and fibric acid derivatives.

Statins. Statins competitively inhibit (hepatic) HMG-CoA 
reductase and thus block the rate-limiting step in cholesterol 
synthesis. At higher doses the more potent drugs (e.g., atorv-
astatin, simvastatin) also reduce triglycerides associated with 
increased VLDL. In humans statins have proved effective in 
reducing morbidity and mortality associated with hyperlipid-
emia and coronary heart disease.275 Six products are approved 
for use in the United States, with lovastatin, simvastatin, and 

pravastatin the most commonly prescribed. Each statin is 
structurally similar to HMG-CoA. LDL receptor expression 
increases, causing LDL-C concentrations to decrease. Humans 
taking the highest doses of the most potent statins realize up 
to a 45% reduction in triglycerides. A similar reduction can 
be achieved with niacin and fibric acid derivatives, but fibric 
acid may not decrease LDL-C. The statins have a number of 
nonlipid-lowering cardioprotective effects, although mecha-
nisms are not known. These include inhibition of enhanced 
vascular endothelial nitric oxide production, inhibition of 
vascular smooth muscle proliferation, facilitation of apop-
tosis, and stabilization of vascular atherosclerotic plaques. 
Platelet aggregation is decreased. Oral bioavailability is vari-
able among drugs (30% to 85%); simvastatin and lovastatin 
are administered as prodrugs.275 All undergo extensive first-
pass metabolism, resulting in systemic bioavailability of 5% 
to 30%. Atorvastatin, lovastatin, simvastatin, and others (but 
not pravastatin, fluvastatin, and rosuvastatin) are metabolized 
by CYP 3A4, increasing the risk of drug interactions. Entry 
into the liver for several statins is mediated by transport pro-
teins, which may compete with other drugs. Most metabolites 
have some degree of activity. Those products that make it to 
systemic circulation are highly bound to proteins. Elimina-
tion half-lives are generally less than 4 hours (exceptions are 
20-hour atorvastatin and rosuvastatin), and effect appears to 
be time dependent in that lovastatin is slightly more effec-
tive when given as 40 mg twice daily, as opposed to 80 mg 

Fatty acids contain variable lengths of carbons that may or may not 
include double bonds. Nomenclature of fatty acids involves an end-
ing with “oic” [or simply “ic”] acid [the acid referring to the carbox-
ylic acid that each contains] with the number of carbons followed by 
the number of double bonds [e.g., arachidonic acid, C 20:0, contains 
20 carbons and no double bonds, whereas arachidonic acid C20:4 
contains 4 double bonds]. A saturated fat contains carbons with as 
many hydrogens as possible, meaning it contains no double bonds or 
functional groups. Such fats are straight and as such, can be packed 
very tightly, thus allowing storage of a lot of energy in a small space. 
Such fats also offer no opportunity for lipid peroxidation. Unsatu-
rated fats contain variable numbers of functional groups or, more 
commonly, (alkene) carbon double bonds. The more double bonds, 
the greater the risk of oxygen radical formation (peroxidation). The 
fatty acid that extends on either side of each double bond can exist 
in one of two configurations: cis, for which both ends are on the 
same side of the double bond, or trans, for which each end is on a 
different side. Steric hindrance presented with fatty acid ends being 
on the same side of the bond as in cis fatty acids causes the molecule 
to bend or kink. However, the ends of a trans fat are on opposite 
sides, do not compete for space and thus remain largely straight, 
such as might occur with saturated fats. Most naturally occurring 
unsaturated fatty acids contain only three double bonds, each in the 
cis position. The few naturally occurring trans fatty acids are gen-
erally found in the meat and dairy products of ruminant animals 
(originating from the rumen). Saturated fats and trans unsaturated 
fats tend to be solid at room temperature and are less amenable to 

oxidation. The term trans is used when referring to fats because it is 
the common name used to refer to all unsaturated fats. This prob-
ably reflects the fact that most fats that are consumed are unsatu-
rated plant fats that are artificially partially hydrogenated such that 
a trans configuration is produced. Because they are more saturated, 
they are less conducive to oxidation (degradation) into smaller fatty 
acids, ketones, and aldehydes, and because they are less likely to 
become rancid, their shelf-life is prolonged. Presumably, fats that 
contain unsaturated (oxidizable) double bonds should be less safe 
than the fats whose carbon bonds are “saturated” with hydrogen. 
However, because unsaturated fats might also be considered more 
fluid, thus allowing flexibility in cell membranes, polyunsaturated 
fats have also been considered safer, although absorption of unsatu-
rated dietary fats that are oxidized during the cooking of food may 
increase their atherogenecity. Despite the fact that trans, partially 
hydrogenated (unsaturated) fats are less oxidizable, the amount of 
trans fats in the diet correlates with the advent of atherosclerosis. 
Although the mechanism is not well understood, it may simply 
reflect increased total unsaturated fat content. Coronary heart dis-
ease in humans correlates with the amount of both saturated and 
unsaturated fat; however, saturated fats appear to be less atherogenic 
than disproportionate carbohydrates in the diet [the latter perhaps 
contributing to increased formation of saturated fat formation in 
the body]; fish also decreases the risk of alherosclerosis. Trans fats 
in particular seem to reduce the amount of HDL, thus increasing 
the risk of coronary artery disease. Thus consumption of trans fats 
is recommended to be as low as possible. 

Box 14-1
Fatty Acids
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once daily. Elimination of parent and metabolites is largely 
biliary. Two potentially serious side effects of statins have 
been reported: hepatotoxicity and myopathy. Statins cause 
increased liver enzymes in 3% of human patients. However, 
the incidence of serious hepatotoxicity is rare (1 case per mil-
lion users annually). Hepatic enzymes should be measured at 
baseline and repeated at 3 to 6 months, then yearly thereafter 
if normal. Myopathy (rhabdomyolysis; approximately 0.01% 
and monitored by serum creatine kinase) appears to be dose 
dependent and is most commonly associated with gemfibrozil. 
Myopathy can be associated with myoglobinuria and, rarely, 
death. Niacin will increase the risk (discussed later), as will 
macrolide antimicrobials, cyclosporine, imidazole antifungals, 
and inhibitors of CYP3A4. Creatine kinase might be moni-
tored in at-risk patients (e.g., drug interactions).275 Combined 
use of statins with other drugs can reduce either LDLC-C or 
triglycerides greater than statin use alone; current treatment of 
dyslipidemias (such as that which characterizes prediabetes) 
increasingly is based on combination therapy. Combination 
with bile acid sequestrants can reduce LDL-C by another 20% 
to 30%; the addition of niacin will reduce concentrations even 
further (up to 70% in humans), although the risk of myopathy 
increases with high statin and niacin doses. Combination with 
fibrates is particularly effective when treating hypertriglyceri-
demia.275

Niacin. Niacin (nicotinic acid) is a water-soluble compound 
that in its amide form (nicotinamide) acts as a B vitamin com-
plex. However, only niacin lowers lipids (although nicotin-
amide can act as a source of niacin) and only at doses higher 
than that associated with B vitamin activity.275  Triglycerides 
may reduce up to 45%; LDL-Cholesterol (LDL-C) decreases 
up to 30%, and HDL-C increases up to 40% (humans). The 
mechanism reflects inhibition of hormone-sensitive lipase-
induced lipolysis in adipose tissue. The transport and esteri-
fication of free fatty acids to the liver is inhibited, and hepatic 
triglyceride synthesis is decreased. Adipocyte adenylyl cyclase 
may be the ultimate enzyme inhibited. Niacin may also inhibit 
diacylglycerol acyltransferase 2, the rate-limiting enzyme of 
triglyceride synthesis. Niacin also enhances LPL activity, thus 
promoting the clearance of chylomicrons and VLDL triglycer-
ides. The identification of a niacin receptor may ultimately lead 
to development of drugs that target the receptor.275 In humans 
administration of regular or crystalline niacin (2 to 6 g divided 
into 2 to 3 daily doses) causes maximal effects within 4 to 7 
days. The high dose is necessary to ensure sufficient niacin; at 
lower doses most is converted to nicotinamide. The half-life 
of niacin is only 30 to 60 minutes in humans, necessitating 
at least twice-daily dosing; an extended-release preparation 
allows once-daily dosing. Use in humans is limited by cuta-
neous flushing, skin rashes, and dyspepsia. Flushing, inter-
estingly, resolves after 1 to 2 weeks of stable dosing but will 
return if several doses are missed and is minimized by start-
ing at a low dose (e.g., 100 mg twice daily in humans) that is 
gradually increased (weekly) to a maximum total daily dose of 
2 g. Co-administration of aspirin also will reduce flushing.275 
Dyspepsia is reduced if administered with a meal. Niacin is 
contraindicated in patients with gastrointestinal ulceration. 

Hepatotoxicity is a serious but rare adverse reaction to niacin. 
All sustained-release niacin (over-the-counter) preparations 
have been associated with hepatotoxicity (including fulmi-
nating hepatic necrosis), particularly at high doses; the risk 
may be less with Niaspin an FDA-approved extended release 
coated tablet. Toxicity may take several years to develop and 
has occurred in human patients who tolerated crystalline nia-
cin. Niacin increases the risk of statin-induced myopathy; the 
statin dose should be reduced to approximately 25% when 
used in combination.275 Niacin should either be avoided or 
used cautiously in diabetics (types I or II); any change in insu-
lin need should be anticipated for insulin-dependent diabetics. 
The risk of niacin-induced hyperglycemia might be reduced 
(but probably not avoided) in the diabetic patient with use of 
sustained-release niacin.275

Bile acid (resin) sequestrants. Cholestyramine and colestipol 
are anion-exchange resins prepared as hygroscopic powders 
and administered as chloride salts.275 The highly positively 
charged particles bind to the negatively charged bile acids, 
precluding their absorption. Hepatic synthesis consequently 
increases, resulting in lowered cholesterol. As with statins, 
LDL receptors increase and LDL-C decreases. However, 
because statins are more effective, generally resins are used as 
second-line treatment. Unfortunately, resin-induced increase 
in bile-acid production causes an increase in hepatic triglycer-
ide synthesis, leading to potentially marked increases in serum 
triglyceride concentrations, and severe hypertriglyceridemia 
is a contraindication for use; an exception is colesevelam, 
which does not appear to significantly increase triglycerides. 
Resins are not orally absorbed. Rarely, hyperchloremic aci-
dosis may occur. Cholestyramine and colestipol are admin-
istered as a slurry, which is associated with gastrointestinal 
upset (including dyspepsia and bloating); again, the exception 
is colesevelam, which is administered as a soft-gel capsule. 
Cholesteramine and colestipol will impair the absorption of 
many drugs. Resins generally are administered before or with 
a meal. Although colesevelam is less likely to affect absorption 
of other drugs, it nonetheless should be administered 1 hour 
after or 3 to 4 hours before any other orally administered drug. 
Additional flavoring may facilitate administration of choles-
teryamine and colestipol.275

Fibric acid. The ester form of ethyl chlorophenoxyisobu-
tyric (clofibrate) was the first to be approved in the United 
States, but its use was not associated with a reduction in mor-
tality associated with coronary heart disease. Gemfibrozil is 
a nonhalogenated phenoxypentanoic acid and as such is not 
halogenated fibrates. Its use has been demonstrated to reduce 
mortality rates in men. The mechanism by which fibric acid 
derivatives decrease cholesterol is not certain, but they appear 
to interact with and stimulate peroxisome proliferator-acti-
vated receptors. Fatty acid oxidation is stimulated, LPL syn-
thesis and apoA-I and II expression increase, and apoC-III (an 
inhibitor of lipolytic processing) expression is reduced. Most 
fibric acids also are antithrombotic, inhibiting coagulation and 
enhancing fibrinolysis. Those (human) patients most likely 
to respond are those with dysβlipoproteinemia (type III). In 
human patients with mild hypertriglyceridemia, gemfibrozil 
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may cause triglyceride to decrease up to 50% without a change 
in LDL-C. In contrast, with second-generation drugs (fenofi-
brate, bezafibrate, ciprofibrate) LDL may decrease up to 20% 
and up to 30% in patients with marked hypertriglyceridemia 
(400-1000 mg/dL). Fibric acids have been the drugs of choice 
for treatment of severe triglyceridemia and chylomicrone-
mia. Fibric acid compounds usually are well tolerated. Side 
effects are not uncommon, occurring in 5% to 10% of human 
patients; however, discontinuation of the drug is generally 
unnecessary. Side effects reflect the gastrointestinal tract, 
cutaneous lesions (rash, urticaria, alopecia), increased liver 
enzymes, and myalgias. Myopathies may occur in patients 
receiving clofibrate, gemfibrozil, or fenofibrate, including 
up to 5% of patients receiving a combination of statins with 
gemfibrozil. Minor increases in liver transaminases and alka-
line  phosphatase have been reported. Gemfibrozil will inhibit 
transport-mediated hepatic uptake of statins and compete 
with statins for glucuronidation (an exception being fenofi-
brate), potentially increasing concentrations of both drugs. 
Effects of oral anticoagulants are potentiated, and the risk of 
choleliths may increase. Both renal and hepatic diseases are 
contraindications to fibric acid administration.

Inhibition of dietary cholesterol absorption. Ezetimibe appears 
to inhibit a transport protein specific to cholesterol (and plant 
sterol) absorption. Whereas cholesterol absorption may be 
markedly decreased, triglyceride absorption will not be affected; 
serum cholesterol concentrations may decrease up to 50%, 
whereas triglyceride may decrease only up to 5%. Cholesterol 
synthesis generally increases; hence ezetimibe is often coupled 
with a statin. Increased LDL receptor expression is accompa-
nied by decreased LDL-C. Because ezetimibe is insoluble in 
water, it has not been studied intravenously, and bioavailability 
is not known. However, after intestinal epithelial glucuronida-
tion, it is absorbed to undergo enterohepatic recirculation, with 
70% excreted in the feces and about 10% in the urine. Ezeti-
mibe has been associated with rare allergic reactions.

Dirlotapide is a selective inhibitor of MTP. MTP is required 
for the assembly and secretion of apolipoprotein B (apoB)-
containing lipoproteins, the primary structural protein of 
plasma VLDLs. Consequently, MTP inhibitors block the 
assembly and release of lipoproteins into the blood stream. In 
field trials, serum lipids were decreased in obese dogs treated 
with dirlotapide, but changes were not clinically significant. 
However, depending on the pathophysiology of hypertriglyc-
eridemia, consideration might be given to the potential for 
dirlotapide, particularly in combination with other therapies 
(e.g., gemfibrozil), for treatment.

HEARTWORM DISEASE (DIROFILARIASIS)

Physiology and Pathophysiology
Both the adult worms and the microfilariae of Dirofilaria 
immitis are responsible for the clinical signs associated with 
heartworm disease. Heartworms live 5 to 7 years in dogs (2 to 
3 years in cats) but are most susceptible to adulticide therapy 
while young. Maximal microfilaria production occurs after 8 
to 18 months of adult worm development, and microfilariae 

live about 18 to 24 months. The adults are covered with a 
canine antigen that provides an immunologic sanctuary, pro-
tecting the worm against immunologic rejection. However, 
its subsequent absence contributes to a marked inflammatory 
host response on worm death. The severity of heartworm dis-
ease and the onset of clinical signs reflect, in part, the number 
of infecting worms. Large numbers of worms are more likely 
to cause greater pulmonary hypertension, thromboembolism, 
and risk of vena cava syndrome. Experimentally, the endo-
thelium of the pulmonary artery responds to the presence 
of heartworms within 3 days. Endothelial damage leads to 
edema associated with vascular permeability. Trophic factors 
released by platelets and leukocytes stimulate the multiplica-
tion of smooth muscle cells, which subsequently migrate from 
the interna to media, where they continue to rapidly multiply. 
Cells continue to divide and produce collagen.

Arteries dilate, become tortuous, and develop aneurysms. 
Obstructed blood flow is rerouted to regions of normal lungs. 
Interstitial pulmonary edema worsens. Pulmonary disease 
further worsens as fragments of dead worms are carried dis-
tally into the smaller pulmonary arteries. Villous prolifera-
tion is coupled with thrombi formation and a granulomatous 
response to the dead heartworms. Pulmonary blood flow may 
be totally obstructed, and the caudal pulmonary lung lobes 
may become consolidated. Decreased endothelium-depen-
dent relaxation can be correlated with pulmonary arterial 
blood pressure in dogs with heartworms, suggesting that this 
may be an important factor in the development of dirofilaria-
sis-induced pulmonary hypertension.276,277,277a Increased pul-
monary vascular resistance can cause acute right-sided heart 
failure.

The clinical signs associated with heartworm disease and 
its treatment again depend on the number of worms present 
but also on the duration of infection and the host response, 
which can be quite variable. Coughing and dyspnea, the most 
common clinical signs, reflect disease of the caudal lung lobe 
arteries. Pulmonary edema and inflammatory response to 
dead heartworms are the most likely inciting causes. Dyspnea 
also might reflect ventilation perfusion mismatching as blood 
flow is diverted to patent arteries. Exercise intolerance is most 
likely to be associated with right ventricular hypertrophy and 
dilation resulting from severe arterial disease and impaired 
pulmonary blood flow. Mild to moderate hypoxemia worsens 
pulmonary hypertension. Right-sided CHF increases the mag-
nitude of exercise intolerance and may lead to overt signs of 
right-sided heart failure such as ascites and an enlarged liver. 
Thromboembolism worsened by the inflammatory response 
to dead heartworms often is accompanied by hemoptysis; this 
was particularly true after treatment with thiacetarsamide. 
Blood loss resulting from vascular and airway rupture is most 
likely to occur after coughing in areas of severe vascular and 
parenchymal disease.

Occult Heartworm Disease
The incidence of occult disease can vary (from 5% to 67% 
of infected dogs) depending on geographic region. Occult 
infections may be caused by infection of one sex only  
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(57% to 85% of occult infections), prepatent infections (par-
ticularly in colder months), drug-induced adult worm sterility, 
or immune-mediated elimination of microfilariae. Immune-
mediated destruction of microfilariae occurs in the presence 
of excessive IgG production directed toward the microfilariae. 
A granulomatous reaction may follow phagocytosis of anti-
body–microfilaria–leukocyte complexes. Up to 15% of dogs 
with occult heartworm disease can be expected to develop 
immune-mediated pneumonitis characterized by coughing 
and dyspnea. Radiographically, the reaction causes diffuse 
interstitial and alveolar infiltrates. Tracheal lavage may reveal 
an eosinophilic exudate, and clinical laboratory tests reveal 
eosinophilia, basophilia, and hypergammaglobulinemia. 
Other potential sequelae of immune-mediated destruction of 
microfilariae include CHF, vena cava syndrome, and severely 
enlarged pulmonary arteries.

Therapy
Current recommendations for treatment and prevention of heart-
worm disease as recommended by the American Heartworm  
Society can be reviewed at http://www.heartwormsociety.org.277a

Pretreatment Assessment
Pretreatment evaluation should focus on assessment of the 
risk of complications after adulticide therapy. In general, the 
risk of treatment was greater for thiacetarsemide compared 
to melarsomine, the currently approved canine adulticide. 
Diagnostic measures weigh the likelihood of success against 
the risk of side effects or complications. The extent and type 
of supportive therapy should be determined on the basis of 
the severity of infection before treatment. The development of 
thromboembolism is the complication most amenable to pre-
treatment assessment.

Up to 70% of dogs with severe heartworm disease may 
have an occult infection; as the number of adult heartworms 
increases, the number of microfilariae produced by each 
female decreases.277 The presence of occult disease also may 
indicate a greater likelihood of immune-mediated microfi-
larial disease. Infection indicated by positive tests should be 
confirmed before adulticide therapy is implemented. Antigen 
tests that quantitate antigen indirectly provide information 
regarding the adult heartworm load and can be of benefit in 
the assessment of the severity of infection. Radiographs are 
an important baseline test for assessing the severity of disease, 
with a focus on the caudal pulmonary lung field. Right ventric-
ular enlargement should be assessed carefully by radiographic 
means. Cardiac ultrasonography is the preferred method of 
assessing right ventricular function and the extent and impact 
of pulmonary hypertension. Ultrasonography also might be 
helpful in identifying those animals with a high worm burden.

Ideally, a minimum database consisting of a complete 
blood count, routine serum chemistries, and urinalysis should 
be collected as part of the pretreatment evaluation. Findings of 
hypoalbuminemia, increased liver enzyme activity, azotemia, 
and proteinuria should lead to more intensive assessment of 
renal and hepatic function. Although renal dysfunction should 
be interpreted as a cause for concern, evidence of hepatic 

dysfunction should be expected in some animals, particularly 
those with evidence of right-sided CHF, and is not necessarily 
indicative of a decision not to treat. Up to a tenfold increase 
in liver enzyme activity can be tolerated before treatment. 
Leukocytosis is indicative of an inflammatory response in the 
lung parenchyma. Evidence of thrombocytopenia should lead 
to more aggressive evaluation of thromboembolic disease, 
including the presence of low-grade disseminated intravascu-
lar coagulopathy. Overt signs of bleeding and abnormal coag-
ulation parameters may be absent in patients with low-grade 
disseminated intravascular coagulopathy; however, thrombo-
cytopenia should persist.

Severe Pulmonary Arterial Disease 
and Pretreatment Therapy
Severe pulmonary arterial disease is indicated by the tortuos-
ity and enlargement of the pulmonary lobar arteries, which 
in normal animals should not exceed in diameter the width 
of the ninth rib. Approximately 10% of infected dogs can 
be expected to have severe disease. Evidence of pulmonary 
thromboembolism before treatment should lead to a pre-
treatment course of glucocorticoids (1 to 2 mg/kg per day) 
until clinical and radiographic indicators of thromboembo-
lism begin to resolve (generally 3 to 7 days). Glucocorticoids 
should not, however, be used routinely because of their ability 
to increase survival of adult heartworms. Because of the role 
that platelets have in causing the thromboembolic (including 
inflammatory) response, drugs such as aspirin, which impair 
platelet activity, may be beneficial. However, care should be 
taken to avoid COX-2 preferential drugs that may increase the 
risk of thromboembolism.

Anticoagulants such as heparin can increase pulmonary 
blood flow and reduce the severity and incidence of thrombo-
embolic disease, including associated signs such as coughing 
and hemoptysis. Antithrombotic therapy generally consists of 
aspirin (4 to 6 mg/kg per day) for 2 to 3 weeks before treat-
ment. Aspirin therapy is continued during and 3 to 4 weeks 
after adulticide therapy. Attention should be paid to the devel-
opment of gastrointestinal side effects with protracted aspirin 
use, although they are less likely to occur with the low dose 
used for thromboembolic disease. Aspirin should not be 
used in the presence of hemoptysis. Evidence of gastrointes-
tinal side effects should lead to therapy with sucralfate and 
H2-receptor blockers; misoprostol might be avoided because 
of the unknown impact of this prostaglandin on pulmonary 
blood flow in the face of pulmonary arterial disease. Low-dose 
heparin (50 to 70 U/kg subcutaneously every 8 hours) may 
further increase survivability after therapy278 and is particu-
larly crucial if there is evidence of disseminated intravascular 
coagulopathy (decreasing platelet count). For such patients 
heparin therapy should be continued for at least 7 days, and 
until the platelet count exceeds 150,000/μL, therapy can be 
continued for several weeks if needed.

If the severity of pulmonary arterial disease reflects a large 
burden of adult worms, the likelihood of fatal complica-
tions after adulticide therapy can be decreased by reducing 
the adult heartworm burden surgically (by way of the jugular 
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vein), partial adulticide therapy (with melarsomine dihydro-
chloride), or cage confinement and antithrombotic therapy. 
Partial adulticide therapy (see package insert) involves inject-
ing only the first of the two adulticide injections of drug, fol-
lowed by a 30-day hiatus in patient activity. At the end of 1 
month, the full treatment protocol is implemented. Because 
up to 50% of animals with severe pulmonary arterial disease 
can be expected to have signs associated with right-sided 
CHF, therapy with diuretics and a low-sodium diet may be 
indicated.

Pneumonitis
Glucocorticoids (prednisone 1 to 2 mg/kg per day or dexa-
methasone 0.2 to 0.4 mg/kg per day) are indicated to control 
the inflammatory response of pneumonitis. A parenteral route 
can be used for severely affected animals. Clinical improve-
ment should occur within the first 24 hours, with radiographic 
resolution of pulmonary infiltrates associated with the pneu-
monitis in 3 to 5 days. Glucocorticoids should be discontinued 
when radiographic lesions are maximally resolved. Adulticide 
therapy should begin as soon as possible.

Prophylactic Therapy
Prophylaxis may be seasonal or throughout the year, depend-
ing on geographic location. Prophylaxis between May and 
October may be sufficient in the northern half of the country. 
Prophylaxis may contribute to collateral protection of unpro-
tected dogs by decreasing the reservoir population, particu-
larly in areas where mosquito and dog populations are low. 
Therapy should begin at 6 to 8 weeks of age if the season is 
appropriate. Once-daily administration of diethylcarbamazine 
(DEC) has been replaced with a macrolide antibiotic. Diethyl-
carbamazine (2.5 to 3 mg/kg orally once daily) affected L3 to 
L5 molting stage; however, efficacy may be lost with as little as 
three missed doses. DEC was safe when given to heartworm-
negative dogs. But when administered to a dog infected with 
as few as 50 microfilariae/mL blood, DEC causes a severe ana-
phylactic-like reaction in up to 85% of animals. The reaction 
is characterized by depression, lethargy, vomiting, diarrhea, 
bradycardia, and shock, followed by death. Hepatomegaly and 
thrombocytopenia occur. Treatment is supportive (e.g., fluids, 
shock doses of glucocorticoids).

The macrolide antimicrobials are effective for the preven-
tion of heartworm disease when given monthly, a distinct 
advantage to DEC therapy, particularly for owners whose 
compliance with daily therapy is poor. Macrolides are effective 
against microfiariae, third- and fourth-stage larvae, and poten-
tially adult worms, with younger worms most susceptible to 

their effects. Efficacy is greatest for 1 month, but an additional 
month generally can be expected. Moxidectin is unique in its 
longer half-life of 20 days, its chemical side chains (compared 
with other avermectins), and its availability in slow-release 
microspheres. Oral choices of macrolide antibiotics include 
ivermectin (2-day half-life) (Heartgard; Merck; 6 to 12 μg/kg 
by mouth monthly at 6 weeks or older; 24 μg/kg by mouth 
monthly in cats), milbemycin oxime (Interceptor; Novartis; 0.5 
to 1 mg/kg or 500 to 1000 μg/kg monthly by mouth) in dogs at 
8 weeks or older; and moxidectin ( ProHeart, Fort Dodge; 3 to 6 
μg/kg by mouth monthly). Topical options include  selamectin 
(Revolution, Pfizer; 6 to 12 mg/kg,  topical in dogs 6 weeks or 
older), and moxidectin topical (with imidacloprid; Advantage  
Multi for dogs).279 Moxidectin also is available as an inject-
able slow-release product (ProHeart, Fort Dodge, 170 μg/
kg as microspheres subcutaneously every 6 months in dogs 
6 months or older) in several countries.280 It was voluntarily 
withdrawn in the United States (but not other countries) in 
2004 for potential and controversial safety issues but was 
reintroduced in 2008. An advantage of this product is retro- 
protection of 4 months and full protection that extends beyond 
its 6-month labeled claim. Ivermectin is highly effective in 
preventing heartworm infections in dogs when given monthly 
(5.98 μg/kg). It does not control other helminthes but is avail-
able in a combination product with pyrantel, which controls 
hookworms and roundworms. Milbemycin controls round-
worms, hookworms, and whipworms. Selamectin is effective 
against hookworms and roundworms, as well as fleas (adults), 
ear and sarcoptic mange mites, and selected ticks.

The duration of retroactive protection varies with the mac-
rolide. Ivermectin, but not milbemycin, appears to retroactively 
protect against infection if given as long as 4 months after infec-
tion. Both drugs are effective at 3 months after infection. Ret-
roactive efficacy (and partial adulticide effects of ivermectin)  
may warrant prophylactic therapy during the off season, par-
ticularly in light of a recent survey finding that 80% of respon-
dents failed to give their dogs monthly heartworm preventive 
on the due date. Unlike DEC, the avermectins do not appear 
to cause adversity when given as preventives to heartworm- 
positive dogs. In a review, McCall281 summarizes the “safety-
net” (reachback) and adulticide effects of macrocyclic 
lactones. Up to 95% efficacy against adults may be realized, but 
treatment requires 9 to 30 months, with continuous monthly 
therapy resulting in better efficacy. Increased dose and shorter 
intervals do not appear to affect efficacy. The effect is greater 
on younger worms than on older worms, supporting better 
efficacy with earlier as opposed to later treatment. Among the 
drugs, efficacy in killing mature worms is ranked ivermectin > 
selamectin and moxidectin injectable > milbemycin.

The microfilaricidal effect of macrolides at prophylactic 
doses has several implications. First, adulticide therapy need 
not be followed by microfilaricide therapy; prophylactic ther-
apy will lead to resolution of microfilaria. Second, microfilaria 
testing should precede initiation of prophylaxis therapy to 
prevent mistaking pretreatment infection for therapeutic fail-
ure and to minimize the risk of the sequelae of rapid micro-
filaria kill. Third, administration of a macrolide antibiotic  

KEY POINT 14-64 To prevent fatal complications in patients 
with dirofilariasis, large worm burdens should be decreased 
before full adulticide therapy.

KEY POINT 14-65 The duration of retroprotection of macro-
lides varies with the drug but generally ranges from 3 to 4 
months.
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(except moxidectin) at prophylactic doses is the most frequent 
cause of iatrogenic occult infections resulting from either 
microfilaricidal effects or sterilization of the female adult 
worm. Most adult infections become occult within 6 (2 to 9) 
months after beginning therapy. It is important that antigen 
testing rather than concentration tests be used as screening 
procedures in animals to be treated prophylactically.

The American Heartworm Society suggests that effi-
cacy of prophylactic products should be tested at 3 months  
(4 for injectable 6-month product), after the start of the new 
product, or at the restart of lapsed prophylaxis. A negative 
status should be confirmed by testing before the change 
(i.e., change in drugs or re-initiation of lapsed prophylaxis). 
A positive test before the change or at 3 months indicates 
failure of the original drug or infection during the lapse in 
therapy. A negative test at 3 months should be followed by 
retesting at 8 to 9 months; a positive result at that time indi-
cates that infection may have occurred before or during tran-
sition to the new drug, or failure of the new drug. A positive 
test after 9 months indicates failure of the new product or 
noncompliance.

Adverse reactions associated with macrocyclic lactones 
were addressed in Chapter 4. Adversities generally involve 
the central nervous system. Mealey282 reviewed the impact of 
the MDR1 (currently ABCB1) gene product P-glycoprotein 
on the safe use of macrocyclic lactones in dogs. Mealey282 
underscores the fact that all macrocyclic lactones are safe 
in all dogs, regardless of the presence of the deletion, when 
used at the approved preventive dose (Table 14-5). Adver-
sities occur when used off label (e.g., treatment of mange 
at daily doses of 300 to 600 μg/kg). Accidental overdose is 
more likely with large animal preparations because of unin-
tentional exposure283 or intentional exposure with a mis-
calculated compounded product.282 Internet-based recipes 
offered by lay users will contribute to increased risk of tox-
icity with off-label use of large animal products.282 Known 
safe and toxic doses (in μg/kg) in gene-deficient dogs are 
provided in Table 14-5. Because the proposed mechanism 

of central nervous system adversities (disorientation to sei-
zures) reflects enhanced chloride ion flow through gaba- 
channels, anticonvulsant drugs that do not target the GABA 
receptor (e.g., levetiracetam, zonisamide to a lesser degree) 
might be preferred over those that do (e.g., benzodiazepines, 
phenobarbital).

In 2004 Proheart (injectable moxidectin) was voluntarily 
withdrawn from the U.S. market; no other country with-
drew the product. In support of its reintroduction in 2008, 
Fort Dodge provided to the Center for Veterinary Medicine 
a review of adverse events associated with its injectable prod-
uct and two other unnamed oral monthly products. The data, 
which were collected from medical records of animals receiv-
ing the drugs or vaccines (alone or in combination), have been 
published.284 In addition to the adverse events, the report 
offers a reasonable perspective on the difficulties associated 
with assessing adverse events as they currently are reported 
in veterinary medicine. Among the adverse events examined 
was association of treatment with cancers. Differences were 
limited to the incidence per 10,000 days at risk for mast cell 
tumors (0.024 for animals treated with one of the heartworm 
preparations, 0.043 for animals receiving vaccinations only, 
and 0.072 for Proheart 6 only), with no relationship demon-
strated regarding the number of doses received (from 1 to 5). 
Allergic rates and all other safety profiles were similar among 
the three preventives studied. Interestingly, all heartworm pre-
ventives studied were associated with an increased incidence 
of allergic reactions. The apparent lack of substantial differ-
ences in adverse events for Proheart 6 compared with monthly 
preventives should be weighed against the risk of the sequelae 
of therapeutic failure as a result of poor compliance.

Adulticide Therapy
Melarsomine
Melarsomine is a trivalent arsenical that offers several advan-
tages to the older arsenical, thiacetarsamide.285 Because it is 
unstable in an aqueous solution, it is manufactured as a lyoph-
ilized powder that must be reconstituted immediately before 
use. Although its mechanism of action is not clear, it is equal 
to or better in efficacy for treatment of dirofilariasis based on 
controlled clinical trial in dogs with class 2 (moderate) heart-
worm disease. Melarsomine also is characterized by a wider 
therapeutic index than thiacetarsamide, although the mar-
gin is still considered low. Death associated with pulmonary 
inflammation can occur with as little as three times the recom-
mended dose. However, melarsomine may be less likely than 
thiacetarsamide to cause pulmonary arterial vasoconstric-
tion.286 Melarsomine is administered deeply through an intra-
muscular route (2.5 mg/kg twice at 24-hour intervals) in dogs 
with mild to moderate disease. One half of worms, primarily 
males, die after the first injection; the remaining die with sec-
ond treatments. According to the package insert, a 10% death 

KEY POINT 14-66 P-glyocoprotein deficiency leading to mac-
rocyclic lactone toxicity in Collies and working breeds of 
dogs can be detected on the basis of a molecular test.

Table 14-5  Safe and Toxic Doses of 
Macrocyclic Lactones in ABCB1 
Deficient Dogs282

Labeled (Safe) Doses Toxic Doses

mg/kg/month mg/kg

Drug Oral Topical ABCB1 (-) Wild type
Ivermectin 6 >120 PO >2500 PO
Milbemycin 50 to 1000 12,500 PO 200,000 PO
Moxidectin 3 2500 90 PO (oral 

form) 1000 
PO (topical 
form)*

>900 PO

Selemectin 6000 60,000 topical
15,000 PO

PO, By mouth.
*As might occur with accidental ingestion.
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rate is expected in dogs with class III disease when two doses 
are given initially. As such, in dogs with severe heartworm dis-
ease (see package insert for characteristics), an alternative dos-
ing regimen consisting of one 2.5 mg/kg injection, followed 1 
month later by the full regimen, is recommended. However, 
the alternative regimen increasingly is being implemented as 
the rule rather than the exception, regardless of the state of 
disease. The American Heartworm Society cites the alternative 
regimen as being not only safer but also more effective, result-
ing in fewer treatment failures. Reaction to the intramuscu-
lar injection can be expected in at least 30% of animals being 
treated and is minimized by making sure that the injection is 
deep. Care should be taken to ensure that the needle is appro-
priate for the depth of muscle, that injection is complete before 
needle withdrawal, and that sites of injection are alternated. 
Local reaction should be limited to edema and slight pain. 
Other side effects to mesarlomine reflect reaction to the dead 
heartworms or the drug (hepatotoxicity).

Clinically ill patients should be stabilized before treatment. 
Instead of melarsomine, macrocyclic lactones delivered at 
prophylactic doses may be administered with the intent to kill 
adult worms. The American Heartworm Society recommends 
treatment with a macrocyclic lactone for 6 months if imme-
diate therapeutic intervention is not necessary. Treatment 
also will decrease circulating microfilariae and kill migrating 
larvae. Reduction in antigenic mass may reduce the risk of 
thromboembolism. In worms less than 4 months in develop-
ment, ivermectin will also stunt immature worms and reduce 
female worms. Finally, administration for at least 3 months (or 
injection of slow-release moxidectin) will allow development 
of immature worms to a stage susceptible to melarsomine 
killing.

Efficacy varies with the drug and duration. Efficacy gen-
erally requires at least 1 year of therapy, with older worms 
requiring up to 2 years of therapy. When administered as 
prophylactic doses, ivermectin and selamectin reduce adult 
numbers by 56% after 16 months of therapy; abnormalities 
in surviving worms may decrease their life span. Precardiac 
larvae and young (less than 7 months) worms are most sus-
ceptible to ivermectin, with susceptibility inversely correlated 
with worm age. Treatment of older worms may require melar-
somine to prevent continued development of disease as worms 
slowly die. Moxidectin (parenteral) and milbemycin are asso-
ciated with rapid microfilaria killing and therefore should 
be used cautiously. Further, milbemycin does not appear to 
reduce worm counts, although it may sterilize female worms. 
The slow death of adults associated with macrocycline lac-
tones may decrease the risk of thromboembolic disease; how-
ever, animals should be monitored at least every 4 to 6 months 
until worms are dead.

Complete killing of adult worms may not be necessary for 
clinical improvement. Further, clinical signs may not improve 
if residual worms are killed (i.e., through retreatment). 
Because surviving worms may not produce microfilariae, anti-
gen testing is the most accurate method of evaluating success-
ful therapy. Worms continue to die for up to 1 month after 
therapy; therefore antigen testing generally should occur at 5 

to 6 months after therapy. Worms that survive adulticide ther-
apy tend to be antigen-producing females; accordingly, the 
absence of antigen at 6 months indicates successful therapy. 
The presence of antigens at a later date (after a negative test) is 
indicative of reinfection rather than therapeutic failure.

Alternative Adulticides
The impact of preventives on maturing or adult heartworms 
was addressed under prophylaxis. Alternative adulticides 
do not appear to be effective. Levamisole efficacy is variable 
and unpredictable and generates iatrogenic occult infections. 
Side effects, including emesis, nervousness, ataxia, halluci-
nations, and seizures, are not unusual. Interestingly, tetra-
cycline antimicrobials decrease microfilaria production and 
some adulticide effects in Onchocerca spp. owing to death of 
a symbiotic gut microbe (Wolbachia spp. of the order Rick-
ettsiales). A surface protein on the organisms may contribute 
to pulmonary and renal inflammation. Tetracyclines also may 
cause infertility in female worms. McCall287 reported that the 
combination of doxycycline (10 μg/kg) with ivermectin (6 μg/
kg) for several months will eliminate heartworms. The study 
involved six groups of five dogs experimentally infected with 
adult heartworms. Groups received either placebo, ivermectin 
(6 μg/kg for 36 weeks), doxycycline (10 μg/kg/day for 18/36 
weeks), or both drugs with or without melarsomine. All dogs 
treated with the combination were amicrofilaremic after week 
9, and antigen test scores gradually decreased in these animals. 
In dogs treated with either ivermectin or doxycycline, counts 
decreased but some microfilariae were still present at 36 weeks. 
With regard to the adult worms, the percentage of reduction 
was 20% for ivermectin, 9% for doxycycline, and 78% for 
the combination. In dogs also treated with melarsomine, the 
percentage of reduction was 100% for melarsomine alone 
compared with 93% for melarsomine, ivermectin, and doxy-
cycline. On the basis of these findings, further clinical stud-
ies are warranted to assess the use of tetracyclines  (specifically 
doxycycline) in the treatment of heartworms.

The risk of pulmonary embolism is greater with a larger 
worm load and rapid kill and in dogs with moderate to severe 
radiographic changes. Small dogs (<15 kg) may be at greater 
risk. Clinical signs of embolism (fever, cough, hempotysis, 
right-sided heart failure) generally occur within 7 to 10 days 
but may occur at any time up to 4 to 6 weeks after treatment; 
exercise often is not restricted in afflicted animals. The most 
critical therapy for preventing thromboembolism is exercise 
restrictions for at least 1 month after therapy. Glucocorticoids 
have been recommended (0.5 mg/kg alternate days) for clini-
cally affected animals; impact on efficacy of melarsomine has 
not been determined. Routine use of aspirin for prevention 
of pulmonary thromboembolism is not recommended and, 
according to the American Heartworm Society, may be con-
traindicated. Other potential reactions to dead or dying worms 
include exsanguination because of disseminated intravascular 
coagulopathy. Treatment of pulmonary thromboembolism is 
controversial and includes careful fluid therapy; use of hepa-
rin (75 IU/kg subcutaneously thrice daily until platelet count 
has normalized [5-7 days]) and aspirin (5 to 7 mg/kg/day)  
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has been advocated by some but remains controversial. Cough 
suppressants should be used as indicated; antimicrobial use 
should be implemented only in the face of nonresponsive 
fever. The role of vasodilator therapy in management of pul-
monary thromboembolism is controversial. Hydralazine has 
shown some efficacy in improved cardiac output in dogs with 
heart failure associated with heartworm disease. Alternative 
therapies recommended by Atkins and coworkers53 include 
amlodipine or diltiazem.

Right-sided heart failure may accompany pulmonary 
thromboembolism or postcaval syndrome. Treatment may 
include diuretics (furosemide, spironolactone), ACE inhibi-
tors (targeting fluid retention and myocardial remodeling), 
and aspirin (targeting thromboembolic disease). Digoxin has 
not proved effective and is not generally recommended unless 
treatment focuses on supraventricular arrhythmias or refrac-
tory heart failure.

Microfilaricide Therapy
Because of the microfilaricide effect of macrocyclic lactones, 
the need for microfilaricide therapy is increasingly considered 
unnecessary as a follow-up to adulticide therapy. Regardless 
of the drug used, microfilariae generally resolve after several 
months of prophylactic therapy in the treated or untreated 
heartworm-infested dog. No drug is approved for use as a 
microfilaricide in the United States. However, if rapid removal 
of microfilariae is warranted, the macrocyclic lactones can be 
used, although duration of efficacy varies. A single dose may 
be insufficient to clear microfilariae; subsequent doses can be 
administered as needed. Ivermectin (unapproved as a micro-
filaricide) is 90% effective after a single dose (0.05 mg/kg or 
50 μg/kg orally; approximately 8 times the preventive dose) 
4 weeks after adulticide therapy is complete. Large animal 
preparations have been diluted 1 to 9 mL with propylene gly-
col (Ivomec) or water (Eqvalan) and administered at a rate of  
1 mL/20 kg; however, this may increase the risk of adverse 
reactions. Administration in the morning is recommended to 
allow observation for the day. Care should be taken to avoid 
overdosing, particularly in Collie or related breeds that might 
be predisposed to toxicity (discussed later). Because milbemy-
cin is the most potent and potentially more consistently effec-
tive microfilaricide, it can be used for rapid kill (0.5 mg/kg). 
Alternatively, prophylactic doses of any macrolide could be 
reduced to a 2-week interval. Animals should be hospitalized 
for the first 8 hours after therapy, particularly if rapid-kill doses 
are administered. Rapid kill of large numbers of microfilariae 
4 to 8 hours after the first dose rarely is accompanied by acute 
circulatory collapse. Predisposed animals include dogs weigh-
ing less than 16 kg or harboring more than 10,000 microfi-
lariae per mL of blood, although reactions have occurred in 
animals with as few as 5000 microfilariae per mL of blood. 
Pretreatment with antihistamines and glucocortocoids should 
be considered in predisposed animals. Therapy includes fluid 
support and shock doses of short-acting glucocorticoids. Pre-
treatment with prednisolone may decrease adverse effects 
in dogs with a high microfilarial load. Clinical signs are not 
likely with subsequent microfilaricide treatment. Predisposed 

animals might also be treated with prophylactic doses of iver-
mectin. Moxidectin and selamectin also are microfilaricidal, 
although an appropriate dose has not been recommended.

Avermectin Toxicities
Adverse reactions to ivermectin and milbemycin microfi-
laricide therapy are more likely in Collies and Collielike dogs, 
including Border Collies and Old English Sheepdogs, than in 
the general population. Toxicity reflects a gene mutation in the 
p-glycoprotein efflux pump (homozygous or affected present in 
35% of studied collies). Toxicity is characterized by acute ataxia, 
mydriasis, weakness, and seizures. Coma and death may follow. 
Toxicity predictably occurs at 10 times the recommended dose 
(50 μg/kg) for ivermectin and 5 times for milbemycin. Mox-
idectin and selamectin appear to be safe in collies at 10 times 
and 5 times, respectively, the prophylactic dose. Less common 
(<5%) toxicities occur in other dogs and are limited to lethargy 
and vomiting, which generally occur within 2 hours after drug 
administration. Occasionally, tachycardia, tachypnea, weak-
ness, and pale mucous membranes accompany therapy. Treat-
ment of toxicity includes fluid administration, glucocorticoids, 
and other supportive therapy. Animals with a very high micro-
filarial load may be more likely to have an adverse reaction to 
microfilaricide doses; adversity might be reduced in such ani-
mals by reduction of the dose of ivermectin by one third.

A concentration microfilarial test should be performed 
3 to 4 weeks after microfilaricide treatment with ivermectin. 
Persistence of microfilariae after adulticide treatment (within 
the past year) may reflect failure of microfilaricide therapy 
(approximately 10% of animals) or a surviving gravid female. 
Microfilaricide therapy should be repeated, and, should micro-
filaria still persist, an adult antigen test should be repeated 60 to 
90 days after adulticide. If the test is positive, the adult worms 
most likely are young females, and repeated adulticide therapy 
may not be effective. Therapy should be withheld for 1 year, but 
microfilaricide therapy should begin. When given at doses that 
are microfilaricidal, ivermectin also will prevent infection. Iver-
mectin can be used as a preventive in older or severely affected 
animals that are heartworm positive but for which adulticide 
therapy is not immediately or ever anticipated. Ivermectin not 
only will prevent further infection in these animals but also will 
reduce the microfilarial load, thus decreasing the risk of future 
adulticide complications. When a microfilaricide is adminis-
tered, any animal will be protected against reinfection that may 
have occurred during the 1 to 2 months that elapsed between 
adulticide and microfilaricide therapy. Because the prophylac-
tic doses of ivermectin can reduce microfilariae, causing an 
occult disease (generally within 6 months of prophylactic ther-
apy), antigen testing rather than microfilarial concentration is 
the recommended method of screening for heartworm disease 
in animals on a monthly preventive program.

A number of other drugs are microfilaricidal, including 
fenthion, diethylcarbamazine, levamisole (11 mg/kg orally 
once daily for 7 to 10 days), and dithiazanine iodide (4.4 to 
8.8 mg/kg orally once daily for 7 to 10 days); the latter drug 
is approved by the Food and Drug Administration for this 
use in dogs. The safety and efficacy of these products are not, 



558 Drugs Targeting Body Systems SECTION 3

however, predictable.288 Treatment usually requires multiple 
days of therapy.

Feline Heartworm Disease
Differences exist in the pathyophysiology of heartworm infec-
tion as it occurs in the cat compared with the dog. Cats are 
more resistant to infection; accordingly, the rate of infection is 
lower277 both in incidence and worm count (generally less than 
6 and often only 2 or 3); further, the life expectancy of adult 
worms is shorter (2 to 3 years). Diagnostic limitations caused 
by low antigen load may underestimate the true prevalence of 
infection in cats. Despite the low worm load, the pathophysiol-
ogy of the disease is similar in cats but more exaggerated, and 
sudden death is more frequent. Proliferation and inflamma-
tion are marked in the cat, and trophic factors from leukocytes 
may largely be responsible for the differences in the magnitude 
of response.277 However, worm-mediated immune suppres-
sion may preclude emergence of clinical signs. The magnitude 
of thromboembolism apparently does not correlate with the 
number of infecting worms. Pulmonary infiltrates with eosin-
ophils may develop. Paroxysmal coughing and dyspnea are 
the most common presenting signs, yet vomiting may be the 
only sign in some cats. Acute pulmonary thromboembolism 
is not unusual. Other clinical signs that may require pharma-
cologic management include tachycardia or bradycardia and 
neurologic disturbances (e.g., ataxia, blindness, seizures). 
Right-sided heart failure may occur with chronic disease, as 
might pleural effusions. Diagnosis of heartworm disease in the 
cat is more difficult than in the dog. Microfilariae usually are 
absent, and antigen testing tends to be less sensitive than in 
the dog because of the low worm burden. Even very sensitive 
tests, capable of detecting one female worm, may fail as a result 
of the frequency of unisex (male) infections in cats. Although 
antibody tests can detect either sex of larva or adult, they can-
not discriminate active from past infection. Further, tests vary 
with the age of larvae. Nonselective angiography and echo-
cardiography can be helpful in diagnosing feline heartworm 
diseases, although serologic testing based on adult antigens 
should be used to confirm the diagnosis.

Several preventives are currently approved in the United 
States for use in cats, including ivermectin (Heartgard for 
Cats: 55 μg/cat up to 2.3 kg or 5 lb; 165 μg/cat up to 7 kg or 15 
lb, oral;), selamectin (Revolution for cats; 15 mg/cat if 2.3 kg 
or less, 45 mg for cats > 2.3 kg, topical) and moxidectin topi-
cal (with imidacloprid; Advantage Multiplex for Cats, 2.3, 4, 
and 8 mg topical for <2.3 kg (5 lb), 2.3 to 4.1 kg and > 4.1 kg  
(9 lb) cats, respectively).289,290 The need for adulticide therapy 
in cats is controversial. Infection may be self-limiting in asymp-
tomatic cats or in cats with mild pulmonary infiltrates with 
eosinophils. Cats may respond to low doses of glucocorticoids. 
Adulticide should be reserved for cats that maintain clinical 
signs despite glucocorticoid therapy. Cats with low worm bur-
den are more amenable to treatment. The worm burden might 
be surgically reduced in cats with a larger worm number. Thiac-
etarsemide has been studied in uninfected cats (n=14), and all 
but one cat reacted adversely; 66% developed lethargy, depres-
sion, and anorexia, and at least one third vomited.291 Three of 

14 cats undergoing the treatment protocol developed clinical 
signs consistent with fulminating pulmonary edema typical 
of anaphylaxis or an anaphylactoid reaction. All three of the 
cats died. Nine other cats developed acute respiratory signs. 
A follow-up study292 with 23 cats (17 with heartworms) found 
no adversity to thiacetarsamide therapy. Yet Rawlings and 
Calvert277 report findings similar to those of Turner et al.291 
when treating cats with spontaneous infections. Melarsomine 
appears to be more toxic to cats than dogs; the American 
Heartworm Society notes that doses as low as 3.5 mg/kg may 
be toxic. Of the macrolide antimicrobials, ivermectin (24 μg/
kg every 30 days for 2 years) has been demonstrated to reduce 
worm burden by 65% compared to untreated cats.

Cats also are at risk of developing acute pulmonary throm-
boembolism within the first 3 weeks of adulticide therapy. Glu-
cocorticoids and heparin (50 to 70 U/kg subcutaneously every 8 
hours) with or without aspirin therapy should be administered 
in the face of thromboembolism. Platelet counts should be 
monitored and antithrombotic therapy implemented if counts 
decrease below 100,000/mL. The presence of allergic pneumo-
nitis may delay adulticide therapy. Treatment with prednisolone 
(1 to 2 mg/kg per day) for several days should resolve clinical 
signs, but clinical signs may return during adulticide therapy.

Microfilaricide therapy is largely unnecessary for cats 
because of the low incidence of microfilariae-positive disease. 
If microfilariae are present, ivermectin is an effective microfi-
laricide. Prophylaxis can be implemented with ivermectin (24 
μg/kg), milbemycin oxime (2 mg/kg), or selamectin (6 to 12 
mg/kg).

Geographic differences in infection incidence is marked, 
with differences reflecting weather, economic foundation, and 
so forth. Clinicians should be aware that disease can occur at 3 
months. Heartworms secrete substances that prevent vascular 
responses, and stimulate (possibly protective) inflammation. 
Note that the disease includes several processes. These include 
fibrosis, scarring, and similar lesions at the microcapillary 
level; alveolar capillary fibrosis; lesions up to the fourth or fifth 
obstruction of cross-sectional area of right or left caudal lobar 
arteries, and reduced blood flow. Occult disease with adult 
worms producing microfilariae worsens the disease (eosino-
philic infiltrates or pneumonitis).
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DRUGS STIMULATING MEDULLARY 
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Bone Marrow Regulation
The bone marrow contains nonhematopoietic (osteoblasts, 
of pluripotential stromal origin) and hematopoietic (osteo-
clasts, of macrophage/monocyte origin) stem cells as well 
as nonosteogenic cells such as platelets and lymphocytes. 
Interaction is critical to hematopoiesis, with both nonhema-
topoietic and nonosteogenic cells contributing to regulation 
of hematopoietic cells and medullary poiesis. Multiple fac-
tors control the commitment, proliferation, and differentia-
tion of bone cell precursors. These include but are not limited 
to cytokines, growth factors, systemic hormones, and tran-
scriptional regulators. Cell–cell and cell–matrix interactions 
maintain contact between osteoblastic cells and osteoclast 
marrow precursors and between the stroma and hemato-
poietic cells. Among the interacting signals are adhesion 
molecules, including but not limited to integrins, selectins, 
and cadherins. Osteoclastogenesis is stimulated by inter-
leukin (IL)-1 and tumor necrosis factor (TNF). The latter 
is released from marrow mononuclear cell lines in response 
to NFκB ligand (RANKL), IL-6, IL-11, macrophage colony-
stimulating factor (M-CSF) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) released from the 
stroma. Megakaryocytes appear to play a major role in the 
regulation of hematopoiesis through expression of a num-
ber of mediators such as RANKL, n-methyl d aspartate-type 
glutamate receptors, calcium-sensing receptors, osteonectin, 
and osteocalcin. Another example is thrombopoietin, which 
simultaneously regulates megakaryopoeisis and inhibits 
osteoclastogenesis.1

Red Blood Cell Formation
Hematopoiesis
Hematopoiesis occurs through differentiation of stem cells 
that are formed early in embryonic life. Differentiation occurs 
in a series of steps in which burst-forming units (BFUs) and 
colony-forming units (CFUs) are formed for each of the major 
cell lines. These undifferentiated cells continue to proliferate 
and differentiate under the influence of a number of cellular 
and humoral factors that are produced by bone marrow and 
peripheral tissues.

Erythropoietin (EPO) is the most important regulator 
of the proliferation of committed erythroid cells (see the 
discussion of erythropoiesis-stimulating agents [ESAs]) 
(Figure 15-1).2 The kidney is the major site of EPO produc-
tion, where it is released in response to anemia or hypoxia. 
Among the more important regulators of the myeloid 
series are granulocyte colony-stimulating factor (G-CSF) 
and granulocyte/macrophage colony-stimulating factor 
(GM-CSF). Several vitamins are needed for red and white 
blood cell formation (hematopoiesis and granulopoiesis, 
respectively).2,3

Drugs Affecting Red Blood Cell Formation
Pharmacologic therapy (Table 15-1) for anemia is oriented 
toward (1) providing components needed for red blood cell 
(RBC) production (e.g., proteins, vitamin B12, and folic acid), 
including hemoglobin synthesis (iron and other minerals); 
and (2) stimulating bone marrow formation of RBCs.

KEY POINT 15-1 Blood cell formation cannot occur without 
adequate nutritional support, regardless of the effective-
ness of drug therapy.
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Components Needed for Red Blood Cell 
Production
Vitamin B12
Vitamin B12 (cyanocobalamin), the “maturation factor,” is 
essential for DNA synthesis, and its deficiency inhibits nuclear 
maturation and division. Because cells that rapidly multiply 
are affected first, reduced RBC proliferation and a “maturation 
arrest” in the bone marrow are among the first indications of 
a vitamin B12 deficiency. The erythroblast cannot continue to 
divide, becomes very large, and is referred to as a megaloblast 
(megaloblastic anemia). The mature erythrocyte is also large 
and is referred to as a macrocyte. Although its oxygen-carrying 
capacity is adequate, the enlarged cell is very fragile because of 
its large size, and it has a reduced life span.2,3

Vitamin B12 is a porphyrin-like compound with a ring 
containing a centrally located cobalt.2 It can be acquired from 
both the diet and microbes in the gastrointestinal tract. Most 
microbial production is in the large intestine, however, where 
B12 is not readily absorbed because it is dependent upon recep-
tor mediated uptake. Dietary deficiency of B12 is unlikely and 
usually results from poor absorption (including pancreatic 
enzyme deficiency) from the gastrointestinal tract. Absorp-
tion of B12 is complicated (Figure 15-2) and depends on sev-
eral factors.2 Gastric acid and pancreatic enzymes are needed 
to release B12 from dietary and salivary binding proteins.2 To 
avoid being digested, B12 is protected by binding to intrinsic 
factor (excreted by the exocrine pancreas in cats4) and R pro-
tein, which are secreted by the parietal cells. The bound B12 
complex is carried to the ileum, where B12 is adsorbed to highly 
specific receptor sites on the brush border. Vitamin B12 enters 
the cell by pinocytosis and then enters the blood, where it is 
bound with transcobalamin, the plasma carrier. Excessive vita-
min B12 is stored in large quantities in the liver and is slowly 

released as needed. Vitamin B12 is excreted into the bile but 
undergoes enterohepatic cycling. Interference with absorption 
by the ileum will result in continuous depletion of B12. Many 
months of defective vitamin B12 absorption are necessary, 
however, before vitamin B12 deficiency occurs. The anemia 
resulting from B12 deficiency is also referred to as pernicious 
anemia. Exclusive uptake of cobalamine in the ileum as led to 
its detection in serum as a tool for diagnosing disease of the 
ileum.4 Deficiency has been described (in cats) by increased 
serum methylmalonic acid (MMA) coupled with serum cobal-
amine at or below 100 ng/mL (the lowest detectable concen-
tration). However, the description of clinical and biochemical 
signs associated with deficiency focused on the gastrointestinal 
tract and did not address tests indicative of anemia.

Vitamin B12 is available as a parenteral preparation in the 
pure form of cyanocobalamin or the more highly protein bound 
hydroxocobalamin. Hydroxocobalamin may provide more sus-
tained effects than cyanocobalamin when given by injection.2 
Vitamin B12 is also available for oral administration in the 
pure form or in combination with other vitamins and miner-
als. Methylcobalamin is another congener of vitamin B12 and 
represents one of the two intracellular active forms of the vita-
min (the other being deoxyadenosylcobalamin).2 Foods high 
in vitamin B12 include selected microbial sources and animal 
(meat) products. There are no significant toxicities associated 
with therapy. Indications for B12 therapy are limited to situa-
tions of B12 malabsorption such as ileectomy, gastrectomy, mal-
absorption syndromes, or chronic administration of cimetidine 
or other antisecretory drugs because an acid environment is 
necessary for release of B12 from the diet and for intrinsic factor 
activity. In one study4 response to cobalamin treatment (250 μg 
subcutaneously once weekly in cats (n = 19) with gastrointesti-
nal disease was prospectively studied, with a focus on indicators 

Renal hypoxia

Renal erythropoietic factor

Liver erythropoietinogen Erythropoietin

Oxygenation

Hemoglobin

Erythron mass
Erythropoiesis
(bone marrow)

Figure 15-1 Red blood cell formation is stimulated in the kidney. Erythropoietic factor release is stimulated by hypoxia. Erythro-
poietin stimulates erythroid precursors and the release of reticulocytes into circulation.
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Table 15-1  Doses of Drugs Acting on Blood or Blood-Forming Units
Drug Dose Route Frequency (Days)
Aspirin 0.5 mg/kg (normal dogs) PO 12
(antithrombotic) 5-10 mg/kg (heartworm) PO 24
Clopidogrel 1-2 mg/kg (D) PO 24

Load: 10 mg/kg (D) PO For acute effect
18.75-75 mg/kg (cat) PO 12

Danazol 5-10 mg/kg (dog) PO 12
5 mg/kg (cat) PO 12

Desmopressin acetate 0.4 μg/kg SC 24
nasal drop (0.01% spray) 2-4 drops Nasal mucosa

0.1-0.2 mg PO*

Erythropoietin (rhEPO) 50-100 U/kg SC 3/wk†

Fluoxymesterone 0.2-1 mg/kg PO 1
Folic acid 5 mg (dog) PO 24

2.5 mg (cat) PO 24
Folinic acid 1 mg/kg PO 24
Heparin‡
 Heartworms 50-70 U/kg SC 8

10-100 U/kg IV (load)§

5-10 U/kg IV infusion Every hour
 Thromboembolism 100-300 U/kg IV (load)

10-50 U/kg IV infusion
 DIC, mild 5-10 U/kg SC 8

75-200 U/kg SC 8
 DIC, severe 300-500 U/kg SC 8

750-1000 U/kg SC 8
Nandrolone decanoate 1-5 mg/kg IM 7
Nandrolone phenylproprionate 1 mg/kg IM 7

25-50 mg/kg (dog) IM 7-14
10-20 mg/kg (cat) IM 7-14

Oxymetholone 1 mg/kg PO 1
Protamine|| 1-1.5 mg/1 mg heparin IV
Stanozolol¶ 0.25-3 mg/kg PO 1

2-10 mg/kg IM 7
Testosterone
 Proprionate 2.2 mg/kg IM 7
 Enanthate 4-7 mg/kg IM 7
Vitamin B12 100-200 μg (dog) PO, SC

50-100 μg (cat) PO, SC
Vitamin K1 (phytonadione) 1 mg/kg (liver disease) PO 24

0.125-1.25 mg/kg coumarin or  
short-acting rodenticides

IM, SC, PO 12

5 mg/kg (loading dose) (indandione)  
or long-acting rodenticides

SC, PO —

2.5 mg/kg SC, PO 24
Warfarin† 0.1-0.2 mg/kg (dog) PO 24

0.5 mg/kg (cat) PO 24

PO, By mouth; SC, subcutaneous; IV, intravenous; DIC, disseminated intravascular coagulation; IM, intramuscular.
*Dose for the oral preparation has not been substantiated. As of this writing, the acetate preparation is no longer available in the United States.
†Monitor packed cell volume twice weekly for the first several months, and modify dose as appropriate.
‡Adjust dose by monitoring activated partial thromboplastin time to 1.5 to 2.5 times baseline.
§Or in blood products, incubated for 30 minutes before administration.
||No more than 50 mg/10 min. Dose is reduced if time lapses between heparin overdose and protamine administration.
¶Approved for use in dogs and cats.
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of gastrointestinal health. Indicators of cobalamin deficiency 
(serum MMA, cysteine) improved and were correlated with 
weight gain and folic acid use, however, improvements in indi-
ces of red blood cell health were not addressed.

Folic Acid
Folic acid (pteroylglutamic acid) is a cofactor needed for DNA 
synthesis because it promotes the formation of a nucleotide 
necessary for DNA formation. Folic acid is also necessary for 
RNA synthesis, and it serves as a methyl donor for the for-
mation of vitamin B12.2 Folic acid is acquired from the diet, 
although it can also be formed by microbes. Dietary sources 
include yeast, liver, kidney, and green vegetables. Folic acid is 
also stored in the liver but not as avidly as is vitamin B12. It 
undergoes enterohepatic circulation but is destroyed daily by 
catabolic processes. Daily requirements are high, and serum 
levels will fall rapidly several days after dietary deficiency. 
Gastrointestinal absorption of folic acid is not as complex as 
that of vitamin B12, although it requires protein digestion and 
the presence of dihydrofolate reductase in the small intestine. 
Jejunal pathology can result in folate deficiency. The degree of 
folic acid binding to plasma proteins is not well understood.

Folic acid is available as both a parenteral and an oral (pure 
or combined product) form. The minimum daily requirement 
in humans is 50 μg/day, but this can increase to 100 to 200 
or more in patients with high cell turnover rates (e.g., hemo-
lytic anemia).2 In humans the most popular form of folic acid 
supplementation is as part of a multivitamin preparation con-
taining 400 to 500 μg of pteroylglutamic acid. In high disease 
states, 1 to 2 1-mg tablets are consumed. This dose may be the 
source of the recommended dose for cats and dogs. Compared 
with commercially available products, the dose recommended 

for small animals seems excessive, and it is not clear that such 
a high dose is necessary. There are, however, no apparent sig-
nificant toxicities associated with therapy.

Indications for therapy are inadequate intake as a result of 
the administration of several drugs (methotrexate, potentiated 
sulfonamide antibiotics, some anticonvulsants such as phenyt-
oin), liver diseases, malabsorption, or other chronic debilitat-
ing diseases.. Folinic acid (leucovorin) is a formyl derivative of 
tetrahydrofolic acid and as such does not require the action of 
dihydrofolate reductase in order to act as a folate by contribut-
ing a carbon moiety. In humans, administration of folinic acid 
increases serum folate activity owing to 5-methyltetrahydrofo-
late. Folinic acid apparently serves as a substrate for inhibitors 
of dihydrofolate reductase such as methotrexate, or diami-
nopyrimidines such as trimethoprim or ormetoprim, and as 
such, can resolve some deficiencies associated with folic acid 
deficiency. However, it will not replace deficient folic acid or 
any of its derivatives prior to the tetrahydrofolate step in folic 
acid use.2 As such, leucovorin can be used clinically to circum-
vent the actions of dihydrofolate reductase (e.g., methotrexate) 
and replace materials in the folic acid pathway beyond tetrahy-
drofolate, but can not prevent folic acid deficiency. Leucovoran 
also inhibits thymidylate synthtase and as such, facilitates anti-
cancer efficacy of 5-fluorouracil.

Hemoglobin Synthesis: Iron
Hemoglobin consists of a heme portion and a globin portion. 
The heme portion is formed from a pyrrole ring, four of which 
combine to form a protoporphyrin compound. This in turn 
combines with iron to form heme. Four hemes combine with 
the globulin globin to form hemoglobin. Several factors are 
necessary for hemoglobin formation.
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Figure 15-2 The absorption of vitamin B12 from the gastrointestinal tract is complicated and depends on the release of intrinsic 
factor and hydrochloric acid from the stomach. The drug complexes with a receptor. This complex is protected as it passes to 
the ileum, where it is absorbed by receptor-mediated pinocytosis.
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Iron is a component of hemoglobin, myoglobin, and other 
substances, such as those found in cytochrome and electron 
transport systems.2,3 Approximately 65% of total body iron 
is present in hemoglobin, 4% as myoglobin, and 1% in cyto-
chromes and electron transport systems. The remaining 15% 
to 30% is stored as either ferritin, the soluble form of iron 
stores, or hemosiderin, the insoluble stores. Oral absorption 
of iron is slow, complicated, and not well understood (Figure 
15-3). It is available in the diet in either a heme form, which 
makes up a small percentage of the total but readily absorbed 
form, or in a nonheme (ferric oxide) form. The nonheme form 
represents the largest dietary fraction, but its absorption is 
profoundly affected by dietary factors. Nonheme iron must be 
converted to the ferrous form for absorption to occur; conver-
sion depends on an acidic environment. Absorption of iron 
is increased by hydrochloric acid and decreased in situations 
that decrease acid production in the stomach (e.g., chronic use 
of antisecretory drugs).

Iron is absorbed primarily from the proximal jejunum, 
where it immediately combines in the enterocyte with apo-
ferritin to form ferritin. When transferred out of the entero-
cyte, ferritin dissociates, and iron combines with the globulin 
transferrin. Iron is transported in the plasma in this form, but 
the binding is loose so iron can be easily transferred to tis-
sues. Iron is transferred to cells by way of specific receptors 
that interact with transferrin, especially in the liver. In cells, 
iron again combines with apoferritin to become ferritin. Small 
quantities are also stored as the very insoluble hemosiderin; 
the quantity of this storage form increases when the total 
quantity of iron in the body is much more than apoferritin 
can accommodate. When apoferritin is saturated, transferrin 

cannot release iron, and it thus becomes close to 100% bound 
(estimated iron stores).

There is no mechanism for the excretion of iron other than 
by the gastrointestinal tract. Gastrointestinal tract elimina-
tion occurs by (1) exfoliation of enterocytes containing iron, 
(2) biliary elimination, and (3) elimination in diet of iron not 
absorbed. Total body iron is regulated by altering the rate of 
absorption. If all the apoferritin in the enterocyte is combined 
with iron, the amount of iron in the enterocyte is high, and 
absorption from the diet is slowed. Absorption is faster if iron 
stores are depleted. This mechanism has been referred to as 
the mucosal block phenomenon.

Preparations. Iron is available in both oral and parenteral 
preparations. Oral preparations are prepared as ferrous (biva-
lent) or ferric (trivalent) salts. Ferrous salts tend to be the 
treatment of choice for oral supplementation and are dosed 
according to their iron content.2 Examples of bivalent ferrous 
salts include sulfate (20% iron), gluconate (12%), and fuma-
rate (33%). The ferrous bivalent salts are more soluble in the 
gastric environment and are absorbed three times faster than 
the trivalent salts. The efficacy of polysaccharide oral iron 
products approximates that of ferrous products. Slow-release 
iron products have not been well studied. These products may 
be continued for several months; toxicities and side effects are 
dose related.
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Figure 15-3 Absorption of usable iron from the gastrointestinal tract is maximized in an acidic environment. Iron combines with 
apoferritin in cells to form ferritin, the soluble form of iron. Iron is bound to transferrin in plasma. Saturation of apoferritin leads to 
saturation of transferrin. Excessive iron is stored as hemosiderin, a nonsoluble form of iron. In the presence of saturation, iron is 
eliminated in the gastrointestinal tract.

KEY POINT 15-2 Response of anemia to iron supplementa-
tion should be anticipated only if the cause is iron defi-
ciency. Excessive iron therapy should be avoided because 
excessive iron cannot be easily excreted.
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Parenteral preparations are indicated if oral preparations 
cannot be tolerated or are not feasible. Iron dextran adminis-
tered by intramuscular injection generally is preferred. Paren-
teral administration results in a more rapid accumulation of 
iron stores, which may take months (in humans) with oral ther-
apy. Other indications for parenteral therapy include diseases 
of the gastrointestinal tract that preclude iron absorption or 
that will exacerbate another disease (e.g., inflammatory bowel 
disease) or intolerance of oral supplementation.2 Much of the 
iron given intramuscularly remains at the site of injection for 
several months. The remaining iron enters the plasma but must 
first be phagocytized by reticuloendothelial cells for process-
ing. This may take several months, and evaluation of total body 
iron may be difficult until all of the iron is processed.2

In human patients iron injection is preceded by a test dose 
(approximately 0.5 mL). It is given only in a large muscle mass 
and is associated with long-term discomfort, local skin dis-
coloration, and a perceived risk of malignant change at the 
site of injection. Selected iron dextran preparations also can 
be administered intravenously. Dosing is based on a conver-
sion of body weight (0.66 × weight in kilograms) and on the 
patient’s hemoglobin level compared with the desired hemo-
globin level (14.8 g/dL).2 After an initial 0.5-mL test dose, the 
calculated dose is given in 2-mL increments each day until 
completed. Side effects associated with intravenous adminis-
tration include malaise, fever, arthralgias, urticaria, and gen-
eralized lymphadenopathy.2

Drug interactions. Several drugs, including tetracyclines and 
antacids, and several foods bind to and precipitate iron when 
given orally. Absorption is enhanced in the presence of ascor-
bic acid because it reduces ferric iron to its ferrous state and 
prevents formation of insoluble and unabsorbable iron com-
pounds.5

Clinical use. Indications for iron therapy are limited to treat-
ment or prevention of iron deficiency such as occurs with blood 
loss or successful therapy with anabolic steroids or recombinant 
EPO in a patient suffering from chronic anemia. The efficacy of 
“shotgun” products is questionable. As with any hematinic prep-
aration, provision of these compounds will be ineffective if the 
nutritional status of the animal is poor. Shotgun preparations are 
products that contain a combination of hematinic agents such 
as vitamin B12, folic acid, pyridoxine, riboflavin, nicotinic acid, 
pantothenic acid, thiamine, biotin, ascorbic acid, and vitamin E. 
The need for inclusion of all of these products is not clear. An 
exception might be made for ascorbic acid, which enhances oral 
absorption of iron, and pyridoxine, which is useful in human 
patients with selected anemias. One human patient with pure 
red cell aplasia has responded to riboflavin. Occasionally, these 
products might be considered dangerous because some additives 
may be sufficiently high to mask clinical signs of other nutrient 
deficiencies that ultimately may become life threatening.2

Bone Marrow Stimulation
Erythropoiesis-Stimulating Agents
EPO, an endogenous glycosylated protein hormone (MW 
30,000 daltons), is the most important regulator of committed 
erythroid progenitor proliferation.2 Extensive glycosylation 

is responsible for the activity of the molecule.6 The kidney 
(peritubular cell) is the primary source of endogenous EPO, 
although the liver produces a small amount in some species. 
Insufficient oxygen delivery to tissues is the primary stimulus 
for promotion of the transcription and thus production and 
secretion of EPO2 (see Figure 15-1). Hypoxia or anemia will 
increase synthesis by a hundredfold or more. However, renal 
disease, damage to the bone marrow, or deficiencies of iron 
or other essential vitamins can impair synthesis. Inflamma-
tory cytokines also impair secretion (as well as iron delivery). 
Prostaglandins appear to increase and nonsteroidal anti- 
inflammatory drugs appear to decrease EPO production.

Mechanism of Action
Once released from the renal cell, EPO travels to the bone 
marrow, where it binds to receptors on the surface of com-
mitted erythroid progenitors. The influence of EPO (includ-
ing ESAs) on RBC production occurs at several steps. EPO 
binding initiates changes in intracellular phosphorylation.2 
Additionally, EPO stimulates proliferation and differentiation 
of erythroid precursors, including BFU–erythroid CFUs: ery-
throid, erythroblasts, and reticulocytes.2 Recombinant human 
EPO also stimulates the release of reticulocytes from the bone 
marrow into the blood, where they subsequently mature.7-11

Preparations
Human EPO has been isolated and cloned and can be synthe-
sized in large quantities with recombinant techniques using a 
mammalian (hamster cell line). ESAs include two recombinant 
EPO (rEPO) products. Epoetin is a recombinant human prod-
uct (rhEPO), available in two products that differ in their glyco-
sylated carbohydrate patterns: alpha (Epogen, Eprex) and beta 
(Procrit). A second ESA is darbepoetin, a recombinant hyper-
glycosylated analog of the human protein, often referred to as 
a second-generation EPO. Hyperglycosylation increases stabil-
ity. Darbepoetin is dosed in μg/kg, whereas epoetin is dosed as 
units/kg for epoetin: a dose of 6.25 to 12.5 μg/kg of darbepoei-
tin is equivalent in humans to a dose of 2500 to 5000 units/kg 
of rhEPO (0.0025 μg darbepoetin to 1 unit epoetin).12 Albumin 
is included as a vehicle in both epoetin alpha and darbepoetin. 
However, because of the concern regarding potential transmis-
sion of disease carried by albumin, alternative vehicles such 
as polysorbate 80 have been used to formulate epoetin beta.13 
Products are intended for intravenous or subcutaneous 
administration. Both canine (rcEPO)14 and feline (rfEPO)15 
recombinant products have been developed but are not yet 
commercially available. Canine EPO is more closely homolo-
gous to feline EPO compared with rhEPO and will be preferred 
in cats should rcEPO approval precede the feline product.

KEY POINT 15-3 Formation of antibodies to foreign erythro-
poietin may lead to therapeutic failure as long as 12 months 
after the beginning of therapy. As such, treatment should 
be reserved for states of erythropoietin deficiency or for 
those limited indications for which efficacy has been dem-
onstrated through well-designed clinical trials. Iron defi-
ciency might be anticipated in some animals.
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Disposition
The disposition of ESAs has not been well characterized in 
either humans or animals. Glycosylation (addition of carbo-
hydrates) prolongs elimination compared with the endog-
enous proteins. In humans the elimination half-life of rh-EPO 
is about 6 to 9 hours after intravenous administration, with 
a very small volume of distribution (0.055 L/kg). As with 
most endocrine products, plasma half-life may not necessar-
ily reflect biological half-life.9,11 Glycosylation of darbepoetin 
is greater than that of epoetin, leading to an accordingly lon-
ger (threefold) biological half-life in humans. Dosing subse-
quently can be reduced to every other day (3 times weekly).2

Adverse Effects
Antibody formation. Use of ESAs is associated with immuno-

genicity, and relevant side effects should be anticipated when 
administering foreign protein products intended to mimic 
endogenous protein products.16 Pure red cell aplasia (PRCA) 
is a recognized, albeit rare, sequela of rEPO in humans.17 In 
1998 a formulation was approved internationally that varied 
from the U.S. product by vehicle, storage, and handling. The 
use of the product was associated with an increased inci-
dence of PRCA, leading to the assumption that the differences 
increased the immunogenicity of the product.18 The increased 
frequency of disease facilitated its characterization.Clinically 
manifested as a rapid onset of severe anemia, refractoriness 
to rhEPO therapy, and a low reticulocyte count, PRCA is 
associated with high concentration of EPO-neutralizing anti-
bodies, probably of IgG origin.6,19 Diagnosis is confirmed by 
the presences of EPO neutralizing antibodies in circulation, 
absence of bone marrow red cells and normal to elevated 
transferrin saturation. Testing no longer appears to be avail-
able for either eryropoietin or antibodies for dogs or cats. 
In one study, greater than 95% of human cases afflicted with 
chronic renal disease received the drug subcutaneously for a 
mean of nine months before the onset of PRCA. Antibodies 
resolved in 80% of patients when the drug was discontinued 
but only in the presence of immunosuppressive therapy.13,17,19 
A lower incidence of PRCA was found in patients with cancer 
 chemotherapy–related anemia, probably because anticancer 
therapy led to immunosuppression.13 The incidence of PRCA 
has been reduced by methods intended to reduce immunoge-
nicity. These included changes in processing that contributed 
to immunogenicity (such as freeze drying), changes in pack-
aging (replacement of rubber stoppers with Teflon, removal 
of silicone lubricant in prefilled syringes), and a shift from 
subcutaneous to intravenous administration.13 Darbepoetin 
may be associated with less immunogenicity compared with 
rhEPO, as is shown by response in one human patient to  
darbepoetin despite development of rhEPO-induced PRCA.20

Because of the foreign nature of EPO, adverse effects 
reported in humans also should occur with rhEPO administra-
tion in animals. Local and systemic allergic reactions include 
cellulitis, fever, arthralgia, and mucocutaneous ulcerations, 
which occurred in 12% of animals treated in a pilot study.21-23 
Signs resolve with drug withdrawal but may reappear when 
treatment is resumed. Because antibodies directed toward the 

foreign rhEPO may stimulate production of antibodies tar-
geted toward endogenous EPO, RBCs, hematocrit, and hemo-
globin may progressively decrease starting as early as 2 weeks 
of therapy.21-23 Antibodies are indicated by a bone marrow 
myeloid-to-erythroid cell ratio of less than 8. Discontinuation 
of rhEPO will result in resolution of antibody formation and, 
to some degree, the anemia (i.e., that caused by antibodies),  
but drug therapy cannot be reinstituted.22 The incidence of anti-
body formation is high, developing in 63% to 100% of healthy 
dogs receiving EPO.24 Red cell aplasia was associated with 
anti-Epogen antibodies in two out of three dogs treated longer 
than 90 days and seven out of eight cats treated for 180 days  
or more. For the cats, 70% were refractory to further EPO 
therapy, requiring transfusion therapy until anti-epoetin anti-
body concentrations decreased (2 to 4 months after rhEPO 
was discontinued. Because both exogenous and native EPO 
may be impaired, aplastic anemia resulting from bone mar-
row failure may ultimately occur. Immunosuppressive therapy 
directed toward antibody formation, although apparently 
successful in humans, has not been addressed in veterinary 
medicine. Antibodies generally require 2 to 12 months after 
therapy is discontinued for eradication. Species specificity 
of rEPO should minimize the advent of anti-EPO antibod-
ies as has been demonstrated for both the dog24,25 and cat.15 
Randolph and coworkers15 have demonstrated that the feline 
recombinant product not only does not induce antibodies but 
also will re-establish erythropoiesis in most cases of rhEPO-
induced red cell aplasia. Unfortunately, the same does not 
appear to be true for the canine recombinant preparation25 in 
dogs, suggesting that even species-specific origin of rEPO may 
be associated with antibodies.

Miscellaneous adverse effects. Other adverse effects that 
may require monitoring in patients receiving EPO include sys-
temic hypertension, iron deficiency, hyperkalemia, and poly-
cythemia.8 Flulike symptoms occur in some human patients 
receiving the drug intravenously. Hypertension occurs in 
many human patients with renal disease as the hematocrit nor-
malizes. Patients who begin the use of rhEPO when in a state 
of hypertension are likely to experience a further increase in 
blood pressure. The mechanism of hypertension is not known 
but may include increased blood viscosity or peripheral 
vasoconstriction. Blood pressure increases within as little as  
2 weeks of therapy and tends to stabilize by month 4. Increased 
blood pressure has been reported in 40% to 50% of dogs or cats 
treated with ESAs.26 It may be necesary to adjust drug therapy 
for hypertension (e.g., increase amlodipine dose).27 Polycythe-
mia is another likely sequela of ESAs if response to therapy 
is not monitored on the basis of packed cell volume (PCV).27 
Other miscellaneous adverse effects of rhEPO in dogs and cats 
include seizures (one in six dogs, two of eleven cats26), partic-
ularly in animals with moderate to severe azotemia and as a 
terminal clinical sign.27 Depleted iron stores should be antici-
pated in patients with iron deficiency (discussed later).22 Pain 
on subcutaneous injection (a route being used less frequently 
in humans in order to minimize PRCA) varies with products, 
with the alpha (e.g., Eprex) being more painful in humans 
than the beta (Procrit). In an animal model involving renal 
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ablation, rhEPO actually hastened the progression of chronic 
renal disease. However, the clinical relevance of this finding 
has not been documented.

Indications and Clinical Use
The primary indication for ESAs in humans is anemia of 
chronic renal disease (CRD).7,8,21,23,28 Most human patients 
receiving renal dialysis also receive ESAs. Indications in ani-
mals are likely to be similar to those in humans, particularly 
for renal disease, because clinical signs of weakness, somno-
lence, depression, and poor appetite associated with CRD in 
cats (and presumably dogs) is due to anemia. Decisions must 
be made regarding the product (epoetin, alpha or beta, versus 
darbepoetin), route (intravenous versus subcutaneous), and 
dosing regimen (dose and interval). Subcutaneous adminis-
tration of epoetin—which can cause pain on administration—
has been associated with better response in humans, although 
it appears to be more immunogenic. In contrast, darbepoetin 
appears to be equally efficacious regardless of the route.29 Pref-
erence among the ESA products is not yet clear; evaluation 
of darbopoetin currently is ongoing.30 Advantages of darbo-
poetin may include faster response time, particularly with 
front end loading, decreased dosing intervals, and decreased 
risk of immunogenicity. The average dose of darbepoetin used 
in human patients with CRD or cancer ranged from 3.5 to  
5 μg/kg 1 to 3 times per week; preliminary studies indicate 
that administration as infrequent as once every 3 weeks may 
be sufficient.

Because it has been available longer, more information is 
available regarding rhEPO use in both humans and animals. 
In humans with CRD, rhEPO normalizes the hematocrit, 
hemoglobin concentration, and RBCs after administration of 
15 to 300 U/kg rhEPO 3 times weekly. Some human patients 
have required 500 U/kg. A stair-step approach has been used 
for nonresponding CRD in human patients in that the dos-
age continues to be increased until the desired response is 
achieved.8 When the desired response is achieved (a hemato-
crit of 30% to 40%), a smaller maintenance dose (25 to 100 
U/kg three times a week) is given to maintain the hematocrit 
above 30%.8 Normalizing the PCV in patients with underly-
ing renal disease may be associated with a greater risk of car-
diovascular side effects.31 Because of convenience and cost, in 
humans the maintenance dose generally has been given sub-
cutaneously, whereas the induction dose is often given intra-
venously. However, intravenous administration increasingly 
is being used for maintenance dosing to minimize the risk of 
immunogenicity (in human patients).18 The intravenous route 
in humans has the added advantage of convenience in those 
individuals with chronic access ports (i.e., human patients 
undergoing dialysis), a situation that is less likely in animals.

Erythropoetin therapy is indicated in dogs or cats with a 
PCV of 20% to 25% or less owing to renal disease (see Table 
15-1). To date, of the commercially available products, reports 
(whether scientific or anecdotal) of use in animals are lim-
ited to alpha EPO. Recombinant human EPO has been used 
in small animals with chronic anemia.21,22,23 When admin-
istered in uremic animals with CRD, the hematocrit of most 

patients normalizes within 3 to 4 weeks of therapy, and the 
clinical well-being of patients improves. Response to therapy 
is indicated by reticulocytosis, and an increase in hematocrit 
of 0.5% to 1% each day. Hypokalemia associated with ure-
mia in cats should also resolve, in part because of improved 
appetite.22 White blood cells and platelets do not seem to be 
affected. Caution is indicated for patients that are hypertensive 
before rhEPO therapy. Informed consent should be obtained 
before use because of the high incidence of antibody forma-
tion. Initial treatment should begin at 100 U/kg (or, if a slower 
increase is acceptable, 50 to 75 U/kg) subcutaneously 3 times 
a week until the target hematocrit (originally 37% to 45% in 
dogs or 30% to 40% in cats; more recently 30% to 35% for 
dogs and 25% to 30% in cats) has been reached.27 Generally, 
response requires approximately 4 weeks. The PCV should be 
measured twice weekly for the first several months of therapy. 
The dose is decreased to a maintenance dose of 50 to 100  
U/kg and the frequency of administration to twice weekly 
once the target PCV has been achieved. The dose should be 
titrated to maintain the PCV in the mid-target range. If the 
PCV does not increase sufficiently, the dose of rhEPO can 
be increased in 25- to 50-U/kg increments. The maintenance 
dose will vary for each patient. A maximum dose has not been 
established in animals, although weekly doses of 300 to 1050 
U/kg have been reported.22

Among the more common causes of ESA therapeutic fail-
ure in humans is iron deficiency. Iron therapy generally is 
begun along with rhEPO. Iron therapy is not easily monitored. 
In humans serum ferritin and transferrin iron saturation are 
the most common tests used.32 An increasing percentage of 
hypochromic red blood cells and decreasing content of hemo-
globin in reticulocytes may also reveal iron deficiency but will 
not reveal iron overload. Iron gluconate and iron sucrose are 
considered the safest of the intravenous iron medications.32 
However, because intravenous iron dextran therapy is more 
expensive and is associated with anaphylactic therapy, oral 
iron therapy is preferred.2,8 Further, the body can control iron 
content with oral but not intravenous administration. Dif-
ferences in the gastrointestinal absorption of iron may alter 
response to rhEPO therapy. Addition of 200 mg of oral iron, 
however, appears to successfully maintain adequate iron stores 
in human patients with CRD receiving rhEPO. Oral iron sup-
plementation in dogs is recommended at 100 to 300 mg of fer-
rous sulfate daily (20- to 60-mg elemental iron) and for cats 50 
to 100 mg (10 to 20 elemental).27 Iron dextran (10 to 20 mg/kg 
for dogs and 50 mg total dose for cats) is recommended by 
intramuscular administration (deep) for animals that cannot 
tolerate oral supplementation. Note that oral absorption of 
iron may not occur until serum ferritin is below 30 to 50 ng/mL  
(human patients). Erythropoiesis improves, however, even 
in human patients whose transferrin saturation is above that 
diagnostic of iron deficiency (16%).33

Anemias other than that associated with CRD also may be 
associated with decreased levels of endogenous EPO in ani-
mals and thus might respond to supplementation. However, 
the potential application of these indications in veterinary 
medicine must be balanced by the lack of scientific support 
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and the adversities that are more likely in animals compared 
with humans if rh-EPO is used (e.g., antibody production). 
These have been reviewed by Langston and coworkers27 and 
others.2,34 An enzyme-linked immunosorbent assay (ELISA) 
kit developed to detect canine EPO may be helpful in identify-
ing the need for supplementation although access at the time 
of publication is not known.35

The most common nonrenal use of ESAs in humans is 
anticipation of autologous blood transfusion; use of rhEPO 
increased the number of autologous units collected, and pre-
treatment may decrease the need for allogenic transfusion 
therapy. Although the need is less clear, a similar approach 
should be of benefit in animals; experimentally, pretreatment 
with iron and rhEPO in dogs resulted in higher hematocrit 
levels after transfusion than those in pretreatment with iron 
and saline.27 Selected (nonmyeloid) cancer anemias associated 
with chemotherapy may respond to EPO supplementation, 
including multiple myeloma and myelodysplastic diseases 
(the latter defined on the basis of cytopenia, dysplastic hema-
topoietic precursor cells and less than 30% blasts in the bone 
marrow).2,27,34 Anemia associated with cancer may reflect an 
inadequate EPO response; in humans the ratio of measured to 
predicted EPO (the latter based on population studies) of less 
than 0.9 is interpreted as an indication of potential response. 
Response may be related to dose: One retrospective study of 
multiple myeloma in humans reported a higher overall sur-
vival in patients who received a high dose (greater than 60,000 
U/week) rather than a lower routine dose.36 The use of ESAs 
in human cancer patients has been reviewed,38 and guidelines 
for such use have been published.38,39

A combination of rhEPO and immunosuppressive therapy 
apparently was not successful in cats with pure red cell aplasia 
(not associated with previous rhEPO therapy) but may have 
prolonged survival rates of dogs with myelofibrosis.27 An 
interesting and potentially relevant application of ESA is for 
patients in the intensive care unit. In human patients in the 
intensive care unit, blood loss, including that associated with 
repetitive phlebotomy for diagnostic testing, can be signifi-
cant. The veterinary patient—particularly the smaller one—
may be similarly predisposed. Relative EPO deficiencies in 
these patients further predispose to anemias, as is indicated 
by transferrin saturations of less than 20% in the majority of 
patients. The use of rhEPO decreases the number of trans-
fusions needed in these patients. The use of exogenous EPO 
in viral immunosuppressive diseases is tempting but contro-
versial and might best be based on demonstration of endog-
enous EPO deficiency. Whereas endogenous EPO appears 
to be low and thus exogenous therapy is of benefit in human 
patients with HIV-associated anemia, EPO concentrations 
are increased in feline patients with feline leukemia virus.27 
However, the PCV increased after 2 weeks of rhEPO in non-
anemic cats positive for feline immunodeficiency virus; anti-
bodies did not appear with this short-course therapy. Other 
uses of rhEPO in dogs have been characterized by variable 
success. The use of rHEPO in racing animals is likely to be 
associated with the production of antibodies and therefore is 
discouraged not only for ethical and legal reasons but also for 

health reasons. Human growth factors (granulopoietin and 
EPO) were associated with bone marrow recovery in a dog 
with ehrlichiosis.40 However, therapy took several months 
before response in peripheral counts were realized. The use of 
EPO in patients with pancytopenia associated with parvovirus 
is controversial, particularly in light of one case of fulminant 
infection in a human patient with immunodeficiency who was 
subsequently treated with rhEPO.41 Evaluating response of 
drug-induced bone marrow depression to rHEPO is compli-
cated by the impact of discontinuing the inciting drug.

Therapeutic Failure
The most likely reason for a patient not to respond to rhEPO 
is inappropriate therapy. If the anemia is not associated with 
CRD, rhEPO therapy may be ineffective if endogenous rhEPO 
concentrations are maximally increased. Failure in a patient 
with low endogenous rhEPO may occur for several reasons. 
The dosage may be insufficient. Failure of an anemic animal to 
respond to rhEPO may indicate the development of antibod-
ies directed toward rhEPO, as previously discussed.22 Animals 
that develop antibodies should recover, with antibodies poten-
tially resolving within 3 to 4 weeks in dogs. Recovery may 
depend in part on the severity of renal disease, with recov-
ery less likely in those animals with severe renal disease. In 
humans pure red cell aplasia as a result of antibody formation 
may be treated with a low dose (3.3 mg/kg) of cyclosporine.6,42 
Differences in vehicles, stabilizers, and handling were iden-
tified as possible contributors to autoantibodies in human 
patients with renal disease who were receiving recombinant 
EPO; changes in response to these problems has dramatically 
reduced the incidence of antibody formation.16 Response to 
ESAs is likely to require iron supplementation.22 Chronic 
inflammatory disease decreases response to rhEPO, as do 
myelophthisic diseases that replace bone marrow with fibrous 
tissue. Alternatively, anemia may persist because patient nutri-
tion is not sufficient to support increased EPO.

Granulopoietin and Related Products
At least six growth factors influence granulopoiesis.2 Forma-
tion of both granulocytes and macrophages from multipoten-
tial stem cells is stimulated by stem cell factor, a glycoprotein 
produced by bone marrow stromal cells; IL-1 and IL-6, inflam-
matory cytokines that mediate many of the systemic manifes-
tations of acute inflammation; and IL-3. GM-CSF, along with 
G-CSF, is produced by a variety of tissues in response to cyto-
kines such as IL-1, TNF, and endotoxin.2,5 Supplementation 
with exogenous factors stimulates the proliferation of vari-
ous cell types, with the type affected depending on the factor 
or combination of factors. IL-3 increases both platelets and 
granulocytes, and GM-CSF administered by itself stimulates 
granulocyte and macrophage proliferation. When given in 
combination with IL-3, however, GM-CSF stimulates throm-
bopoiesis, and when combined with EPO and IL-3, erythro-
poiesis is stimulated as well.43

As with EPO, recombinant products have been developed 
for therapeutic stimulation of granulopoiesis. Both recombi-
nant canine (rcGSF) and recombinant feline (rfGSF) G-CSF 
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have been cloned, but neither is commercially available at this 
time. Feline GSF has much closer homology with rcGSF than 
with rhGSF and thus is the preferred product. Despite their 
lack of availability, the factors are increasingly being studied 
for treatment of neutrophil disorders in dogs and cats.5,44

In normal dogs G-CSF (5 μg/kg per day) will increase 
neutrophil counts over fourfold within 24 hours, reaching 
a maximum of approximately 72,000/mL by 19 days, with 
counts returning to normal within 5 days after discontinu-
ation of therapy.44 In dogs afflicted with cyclic neutropenia, 
rcGSF (2.5 μg/kg every 12 hours) prevents neutropenia and 
associated clinical signs, although cycling of neutrophils is 
not prevented. Chemotherapy-induced neutropenia (induced 
by mitoxantrone) was minimized in dogs receiving rcGSF 
for 20 days. Studies in normal cats receiving rcCSF reveal an 
approximately threefold increase in neutrophil count that per-
sists until the drug is discontinued. No adverse effects occur.44 
Cohn et al.45 demonstrated that plasma G-CSF concentrations 
increased just after the onset of neutropenia in puppies (n = 8) 
experimentally exposed (oronasal) to parvovirus. Neutrophil 
counts rebounded within 2 to 3 days, and G-CSF concentra-
tions decreased before neutropenia resolved, questioning the 
benefits of exogenous therapy. However, recombinant human 
G-CSF did correct canine cyclic hematopoiesis in one study.46

Other compounds have been studied for their effect on 
granulopoiesis. An extract of Serratia marcescens activates 
interferon- α and interferon-γ, as well as IL-1, IL-6, and GM-
CSF, and induces myeloproliferation either directly or through 
release of other cytokines.44

Vincristine
Vincristine has demonstrated efficacy in the treatment of 
thrombocytopenia. Its mechanism is not clear, but several 
have been proposed. These include decreased upregulation of 
glycoprotein receptors on platelets, thereby reducing interac-
tion with von Willebrand factor (vWF) and platetet aggrega-
tion, or reduction in immunglobulin G (IgG) autoantibodies 
that damage endothelial cells or suppress von Willebrand fac-
tor–cleaving protease activity.47 Other mechanisms suggested 
in the veterinary literature have included impaired macro-
phage phagocytosis of platelets and effects at the bone marrow 
(increased megakaryocyte fragmentation and stimulation of 
thrombopoiesis).48 For acute episodes of thrombocytopenia 
purpura in humans, vincristine treatment has been consid-
ered a salvage treatment (1.4 mg/m2 followed by 1 mg on days 
4 and 7).49 However, its success in these patients has led to 
more frequent use as first-choice therapy. A retrospective study 
in humans found patient outcome (survival) to be better when 
vincristine therapy was administered initially as opposed to  
3 days into treatment.50 The authors subsequently encour-
age the early, initial use of vincristine as part of combination 
therapy, including traditional modalities. Dogs with severe 
immune-mediated thrombocytopenia (IMT; platelet count less 
than 15,000/μL) appear to be respond similarly. In a prospective 
study, Rozanski and coworkers48 found that platetet counts in 
dogs with IMT increased more rapidly in patients that received 
prednisone (1.5 to 2 mg/kg/day) and vincristine (0.02 mg/kg) 

as opposed to prednisone alone. Further, animals refractory to 
prednisone alone for 7 days responded rapidly when vincristine 
was added to therapy. However, all dogs also were treated with 
doxycycline (10 mg/kg/day) for 7 days. Because IMT in dogs 
is characterized by increased antiplatelet antibodies on platelet 
surface, response to vincristine might be expected in this syn-
drome more than other causes of thrombocytopenia. Because 
vincristine is a relatively safe drug, initial therapy with vincris-
tine should be considered in dogs with moderate to severe IMT.

TREATMENT OF DISORDERS 
OF HEMOSTASTIS

Anabolic or Androgenic Steroids
Chemistry
Anabolic steroids are synthetic compounds structurally related 
to testosterone. They have protein-anabolic activity similar to 
that of testosterone but ideally minimal androgenic effects (i.e., 
minimal masculinization) (Table 15-2).51,52 Testosterone is the 
sole endogenous androgen in most mammals. Its androgenic 
effects and rapid elimination have led to the manufacture of 
synthetic compounds. Chemical manipulations that have pro-
duced clinically useful anabolic steroids include (Figure 15-4) 
(1) alkylation (addition of a methyl [CH3] group) at the 17β 
position (e.g., methyl-testosterone, stanozolol), which impairs 
hepatic metabolism, thus prolonging elimination half-life; (2) 
esterification of the 17β hydroxyl group (e.g., Deca-Durabolin) 
such that absorption from parenteral sites is prolonged; and 
(3) modification of the steroidal ring structure. The sequelae of 
changes in the steroidal structure vary with the modification 
and include prolonged absorption or elimination.

Mechanism of Action
The mechanism of hematinic action of anabolic steroids on 
the cellular level is typical of the steroidal compounds.52-55 
Anabolic steroids enter the RBCs, where they enhance 

Table 15-2  Anabolic and Androgenic Activity 
of Selected Steroids

Generic Name Trade Name Anabolic Androgenic
Injectable (1=low) (5 = very high)
Testosterone 

 cypionate, 
 enanthate

4 3-4

Nandrolone 
 decanoate

Deca-Durabolin 4 2-3

Stanozolol Winstrol 2-3 1
Oral
Oxymetholone Anadrol 5 5
Oxandrolone Oxydrin 2-3 1
Stanozolol Winstrol 2-3 1

KEY POINT 15-4 The role of anabolic steroids in the treatment 
of anemia is primarily chronic, nonregenerative anemias 
that fail to respond to erythropoietin.
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glycolysis and the formation of steroidal 17-keto metabolites. 
These metabolites are delivered to tissues, including the bone 
marrow, where they interact with a cytosolic receptor in the 
appropriate cell and are transferred to the cell nucleus. In the 
nucleus they induce the formation of RNA and synthesis of 
an effector protein that brings about the pharmacologic effect.

The sequelae of steroid-induced nuclear transcription 
are manifold.54,55 The proposed sequelae on RBC formation 
include (1) stimulation of EPO production by way of EPO-
stimulating factor, (2) differentiation of stem cells into EPO-
stimulating factor–sensitive cells (e.g., hemocytoblasts), and 
(3) direct stimulation of erythroid-progenitor cells. Ana-
bolic steroids also increase intracellular concentrations of 
2,3-bisphosphoglycerate in erythrocytes; oxygen release into 
tissues is subsequently increased.

Efficacy of the anabolic steroids on the RBC mass depends 
on the presence of supportive materials.54,55 This includes ade-
quate concentrations of androgen dehydrogenase in the RBC, 
adequate EPO concentrations, and sufficient bone marrow 
cellularity. Thus the effectiveness of anabolic steroids in treat-
ing anemia may be limited depending on the cause (i.e., renal 
disease accompanied by low EPO levels). Administration of 
high doses of these steroids may cause a negative feedback 
inhibition.

Pharmacologic Effects
The difference in the pharmacologic effects of these drugs 
among the various tissues and, specifically, whether an andro-
genic versus an anabolic effect will predominate cannot be 

attributed to differences in target tissue receptor structure 
because there appears to be only one androgen receptor type. 
Differences in response may be concentration dependent (e.g., 
reproductive tissues requiring higher concentrations than 
nonreproductive tissues), with drugs differing in their bind-
ing to the androgen receptor. However, mibolerone has little 
anabolic effect despite tight receptor binding and methylation; 
in contrast, boldenone, which is not methylated, has marked 
anabolic activity, attributed to a double bond at positions  
1 and 2 (see Figure 15-4).56

The effect of several anabolic steroids in renal EPO was 
studied in the perfused canine kidney exposed to 4 hours of 
hypoxia.57 Activities important to secretion of EPO included 
a double bond at position 4 and 5 and the absence of a methyl 
group at position 10 (see Figure 15-4). Alternatively, differ-
ences in response may reflect conversion of the drug by tar-
get tissues to an active metabolite that subsequently causes 
the pharmacologic effect.54,55 In the presence of continued 
administration, anabolic steroids initiate and maintain a posi-
tive nitrogen balance, although the response is short-lived in 
intact males.52,54,55 The anabolic effects of stanozolol have been 
studied in dogs. Based on urine excretion of urea, retention 
of intravenously administered radiolabeled amino acid was 
increased in sled dogs (n = 10) receiving stanozolol either  
2 mg/dog orally twice daily (increased from a baseline of 
30% to posttreatment retention of 50%), or 25 mg weekly for  
4 weeks (increased from 27% to 67%). The authors58  concluded 
that such an effect might be beneficial with acute or chronic 
conditions characterized by protein loss. Anabolic steroids 
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Figure 15-4 Chemical structures of several anabolic steroids. Rings and their positions are indicated for testosterone. Esters on 
R-groups also alter absorption characteristics. Methylation (methyltestosterone, stanozolol) increases anabolic activity as well as 
toxicity. Nandrolone is a nonmethylated anabolic steroid. Mibolerone has little anabolic activity, whereas the double bond at C1 
and C2 contributes to marked activity with boldenone. Nonmethylated products tend to be less efficacious but less hepatotoxic.
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antagonize glucocorticoid-induced protein catabolism by 
competitively inhibiting glucocorticoid binding to glucocor-
ticoid receptors. Although anabolic steroids appear to vary 
in their ability to antagonize the effects of glucocorticoids, 
protein anabolism may be induced in patients experiencing 
glucocorticoid-induced protein catabolism. Anabolic steroids 
also reduce urinary excretion of nitrogen, sodium, potassium, 
chloride, and calcium.

As part of their anabolic activity, these compounds increase 
the circulating RBC mass (and possibly granulocytic mass). 
Red blood cell indices, hemoglobin, and hematocrit increase 
in various types of anemia. White blood cell mass may increase 
in cases of pancytopenia, although white blood cell response 
takes longer than the RBC response. Response by thrombo-
cytes is slower and less predictable.52,54,55

Pharmacokinetics
The absorption and disposition of anabolic steroids depend 
on the type of preparation, the presence of specific receptors, 
and the species to which it is administered.52,54,55 Most ana-
bolic steroids depend on hepatic metabolism for elimination, 
with those metabolites that are anaologs of the parent com-
pound accompanied by metabolic activity.56 The risk of abuse 
in athletes (including the racing animal) has led to metabolic 
profiling of some steroids. Among the steroids, Beagle hepatic 
microsomal metabolism of steroids yielded hydroxylated and 
oxidized metabolites testosterone, methyltestosterone, mibo-
lerone, and boldenone, with testosterone a metabolite of bold-
enone and androstenedione a major metabolite of testosterone 
(see Figure 15-4).

Preparations
Anabolic steroids have been divided into two categories 
depending on the presence or absence of an alkyl (CH3) 
group at the 17-carbon position, although the relevance of 
this division is probably less important than the impact of the 
individual drugs (see Figure 15-4).54,55 Oral and parenteral 
preparations are available, with the alkylated products being 
better absorbed orally. Oil-based parenteral preparations are 
intended for slow release. Examples of alkylated anabolic ste-
roids include methyltestosterone, (oral), oxymetholone (oral), 
stanozolol (oral and parenteral), methandrostenolone, ethyl-
estrenol, and norethandrolone (see Table 15-1). Examples of 
nonalkylated anabolic steroids include testosterone cypionate 
or enanthate, oxymetholone, and nandrolone in its decanoate 
form (parenteral).

Toxicity Versus Efficacy
A review of risks in human athletes includes cardiovascular 
adversities, increased risk of cancer, behavioral disorders, and 
increased risk of tendon damage.59 Hepatotoxicity is the most 
common serious adverse effect associated with androgenic 
or anabolic steroids.54,55 Toxicity ranges from mild increases 
in clinical laboratory tests to hepatocellular carcinoma (in 
humans). Drugs alkylated at the 17-carbon position are more 
likely to cause hepatotoxicity (see Figure 15-4). Although 
the mechanism is not known, the drugs or their metabolites 

may be carcinogenic or may increase the metabolism of other 
drugs to carcinogenic or hepatotoxic compounds. Cholestatic 
liver damage occurs early and can be significant but is appar-
ently reversible if the drug is discontinued before irreversible 
hepatic lesions develop. It is not clear if the hepatotoxic effects 
that occur in humans are likely in dogs or cats.

Masculinization is a major undesirable (or desirable) side 
effect of anabolic steroids in humans.52,54,55,59 Virilization can 
occur but is seldom objectionable in dogs or cats. In dogs and 
cats, anabolic steroids increase libido in males, interfere with 
the female reproductive cycle, and cause masculinization of 
fetuses if administered during pregnancy. Other undesirable 
consequences of anabolic steroid therapy in dogs include 
hyperplasia of the perineal glands and stimulation of androgen- 
dependent tumors, such as anal carcinomas and prostatic car-
cinomas. In humans edema resulting from water retention 
occurs.52,54,55

Clinical Indications
The use of anabolic steroids for treatment of renal disease 
and catabolic effects associated with cachexia are addressed 
in their respective chapters. Human recombinant EPO has 
largely replaced anabolic steroids in the treatment of chronic 
anemias, particularly those associated with renal disease. Ana-
bolic steroids are, however, indicated for treatment of chronic, 
nonregenerative anemias that fail to respond to EPO; for ani-
mals that react adversely to EPO; or for hematopoietic diseases 
that are not typically associated with decreased concentrations 
of EPO.54,55 Of human patients with aplastic anemias who 
have failed conventional therapy of anemia, 50% or more have 
responded to anabolic steroids.54,55 Anabolic steroids have 
been used in conjunction with anticancer chemotherapeutic 
drugs to protect bone marrow production of RBCs, thus allow-
ing longer and perhaps more toxic chemotherapy.52,54,55 Ana-
bolic steroids presumably help decrease the catabolic effects of 
cancer. Treatment several weeks before cancer chemotherapy 
may enhance response to anabolic steroids. Use of anabolic 
steroids for cancer has not been established in dogs and cats.

Hematopoietic response to anabolic therapy is variable, 
and the time to clinical improvement is long, frequently  
3 or more months. Cellularity of the bone marrow appears to 
determine rate of response to anabolic steroids. Cessation of 
therapy may result in recurrence of the underlying diseases. 
Among the anabolic steroids, nandrolone decanoate has the 
greatest hematopoietic effect.54,55 Leukocyte and thrombocyte 
counts may also increase after therapy with anabolic steroids, 
although these effects are slower in onset and less likely, par-
ticularly for thrombocytes. Danazol is the anabolic steroid of 
choice in the treatment of thrombocytopenia, especially that 
which is immune mediated. Beneficial effects probably include 
impaired clearing of IgG-labeled platelets and decreased anti-
body formation. Response to therapy may take several months, 
and relapse may occur when danazol therapy is discontinued. 
Anabolic steroids and, in particular, danazol, have been used 
with some benefit for patients with hemolytic anemia. Benefits 
include not only expansion of the RBC mass but also impaired 
complement activation and binding to RBCs. Human patients 
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suffering from anemia caused by renal disease respond to 
continuous administration of anabolic steroids. RBC indices 
improve, as well as appetite, muscle mass, and strength.

In general, the following approaches should be used with 
anabolic steroids in dogs and cats (see Table 15-1). State restric-
tions regarding the use of these drugs should be observed. 
Nandrolone decanoate is the drug of choice except in cases of 
thrombocytopenia, for which danazol is the drug of choice. 
Several months of therapy may be necessary before a clinical 
response is observed. The dose should be decreased once the 
maximum therapeutic effect occurs. Relapse of disease may 
occur once the drug is discontinued, and hepatotoxicity is a 
potential contraindication for use of these drugs.

A final consideration regarding anabolic steroids is use in 
racing dogs. In addition to potential performance-enhancing 
abuse, testosterone, methyltestosterone, and mibolerone are 
used to prevent estrus.56 Detection of urinary metabolites in 
racing animals is an ongoing field of study.56

Oxygen-Carrying Solutions
Oxygen-carrying solutions (often referred to as blood substi-
tutes) offer the advantages of oxygen delivery to tissues simi-
lar to that of blood, without the concerns of transmission of 
disease. Two types of blood substitutes have been developed 
to both carry and deliver substantial amounts of oxygen to 
tissues: free hemoglobin–based oxygen-carrying solutions 
(HBOCs) and fluorocarbons.60,61 Fluorocarbons are chemicals 
that are miscible with blood and can carry as much as 5.25 mL 
of oxygen per 100 mL of blood, depending on oxygen tension. 
Although the oxygen-carrying capacity of these compounds 
is not adequate for total blood replacement, their low viscos-
ity makes them potentially useful in disorders characterized 
by abnormalities in microcirculation. In addition, use of these 
agents in nonvascular tissue (e.g., the peritoneal cavity) may 
enhance supplementing oxygen exchange in tissues during 
respiratory failure.

Of the two blood substitutes pursued for clinical use, 
HBOCs (e.g., oxyglobin, approved for use in dogs) have 
proved most useful. Free, unmodified hemoglobin (purifica-
tion involves washing, lysing, ultrafiltering, and pasteurizing) 
is not an effective blood substitute. Free hemoglobin decreases 
the amount of oxygen released from tissues by reducing con-
centrations of 2,3-diphosphoglycerate such that the oxyhemo-
globin dissociation curve shifts to the left. As a result, the Pa50 
of oxygen in HBOCs is reduced from 28 mm HG to 10 mm Hg. 
In addition, the free smaller dimers of hemoglobin are more 
readily cleared by the kidneys, resulting in a short half-life  
(20 minutes), as well as an increased risk of nephrotoxicity. 
Smaller molecules also may be responsible for the increase in 
vascular (systemic and pulmonary) resistance that may accom-
pany use of HBOCs, including Oxyglobin use. Enlarging the 
size of the hemoglobin molecules by cross-linking (e.g., with 
fumarate or dasprin [HemAssist]), polymerization techniques 
(e.g., using oxidized raffinose [Hemolink] or gluteraldehyde 
[Oxyglobin and Hemopure]) or surface conjugation reduces 
the negative sequelae of free smaller molecules.62 Surface con-
jugation techniques have the added advantage of blocking 

the hemoglobin receptor site that interacts with and blocks 
nitric oxide, thus reducing the risk of vasoconstriction. Of 
the HBOC products, Oxyglobin, the first approved for use by 
the Food and Drug Administration, is a bovine hemoglobin–
based product indicated for the treatment of canine anemia. 
Human hemoglobin–based products also have been devel-
oped (PolyHeme, a surface conjugated product); recombinant 
products are currently being studied. Intended indications for 
newer products extend beyond supplementation of oxygen in 
critically anemic patients, including sensitizing of cancer cells 
or scavenging of nitric oxide.62

Manipulation of the hemoglobin tetramer by cross-linking, 
polymerization, and other methods yields products with vari-
able molecular weights: for Oxyglobin the average MW is 200 
kDa (range 64-500 kDa) whereas conjugation of surface pro-
teins (e.g., polyethylene glycol [Enzon] yields lower molecular 
weight products (117-125); recombinant products may be as 
small as 64 kDa. Among the advantages of the larger molecu-
lar weight (discussed later) is the ability of the compounds to 
act as colloids, increasing preload, stroke volume, and cardiac 
output (similar to hetastarch, plasma, and dextran-70), with 
the added advantage of increased oxygen delivery.62 In gen-
eral, using experimental canine models of acute hemorrhagic 
hypovolemia, use of a bovine HBOC either increases oxygen 
delivery or arterial oxygen content, although studies generally 
have not been able to consistently demonstrate both occur-
ring.62 One study concluded that treatment of acute anemia 
in dogs with 15 mL/kg of a bovine HBOC was able to increase 
oxygen content equivalent to packed RBCs.63 In canine mod-
els of hemorrhagic hypovolemia, intestinal perfusion and 
oxygenation appear to be maintained; however, increased sys-
temic vascular resistance and decreased cardiac output have 
also been demonstrated.

Oxyglobin (Biopure Corp., www.oxyglobin.com; avail-
ability at the time of publication is not clear) is a polymerized 
bovine HBOC fluid. Oxyglobin increases plasma and total 
hemoglobin concentrations and thus increases arterial oxy-
gen content. Its molecular weight imparts colloidal properties 
similar to those of dextran 70 and hetastarch. Its polymerized 
nature precludes renal filtration and renal side effects of hemo-
globinuria. Because the solution is free of RBC walls, antigens 
associated with transfusion reactions are largely absent. Like-
wise, the absence of plasma reduces reactions associated with 
isoantibodies. However, antibodies may develop to bovine 
hemoglobin, and caution is recommended with repeated 
administration 10 or more days apart. As a foreign protein, 
anaphylactic reactions are possible.

Oxyglobin is eliminated similarly to hemoglobin by reticu-
loendothelial cells. Its elimination half-life in dogs is estimated 
to range between 30 and 40 hours, with 90% of the drug elimi-
nated within 5 to 7 days. Conditions for HBOCs studied in 
controlled canine clinical trials included immune-mediated 
hemolysis (n = 30), blood loss (gastrointestinal, traumatic, 
surgical, rodenticide intoxication; n = 25), and ineffective 
erythropoiesis (idiopathic, RBC aplasia, ehrlichiosis; n = 9). 
Relative to pretreatment, plasma hemoglobin concentration 
significantly increased (P = 0.001) and clinical signs associated 
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with anemia (lethargy/depression, exercise intolerance, and 
increased heart rate) significantly improved (P = 0.001) after 
treatment with Oxyglobin. Treatment success was defined as 
the lack of need for additional oxygen-carrying support (i.e., 
blood transfusion) for 24 hours after the completion of infu-
sion with the HBOC. Success in the treatment group was 95% 
compared with 32% in untreated control dogs.64

Side effects of HBOCs include circulatory overload and its 
negative sequelae (e.g., pulmonary edema, pleural effusion, 
increased central venous pressure, dyspnea, coughing), par-
ticularly in patients already suffering from volume overload 
(e.g., congestive heart failure) or in cases of accidental over-
dose (>10 mL/kg/hr). Hypertension is a recognized side effect 
of HBOC use. Smaller molecules are potentially more likely to 
reduce nitric oxide and subsequent increased vascular resis-
tance.62 Species are likely to differ in their vasoactive response. 
Oxyglobin caused a 30% increase in peripheral vascular resis-
tance in isovolemic dogs; hypertension also has been induced 
in hypovolemic cats.62

Vasoconstriction may be sufficiently profound that tis-
sue perfusion is compromised. Further, standard methods of 
assessing adequate volume resuscitation may be ineffective in 
the presence of HBOCs.65 Oxyglobin mildly decreases PCV 
immediately after infusion and increases total and plasma 
hemoglobin concentrations for at least 24 hours. PCV and 
RBC counts are not accurate measures of anemia for 24 hours 
after administration. Overhydration should be avoided with 
the use of an HBOC because of its plasma-expanding prop-
erties; likewise, administration of other colloidal solutions is 
discouraged. Central venous pressure or clinical signs indica-
tive of circulatory overload should be monitored during and 
immediately after administration of Oxyglobin, particularly in 
normovolemic patients or patients with cardiac disease. Cats 
also may be predisposed to volume overload: One retrospec-
tive study of Oxyglobin use in cats with anemia found that 29 
of 72 developed volume overload compared with 37 of 72 that 
responded to therapy. Hypothermia appeared to increase the 
risk once body temperature was returned to normal.66

Transient changes or side effects after administration of 
Oxyglobin reported by Biopure Corp. include yellow-orange 
discoloration of the skin, sclera, and gums; red to dark green 
discoloration of feces; brown-black discoloration of urine; 
vomiting; diarrhea; and decreased skin elasticity within  
48 hours of dosing. The frequency and intensity of these  clinical 
signs are dose dependent. HBOC solutions may interfere with 
several laboratory tests, particularly those based on colorimet-
ric procedures (see package insert) or hemostatic tests based 
on optical methods. Pulse oximetry, blood gas analysis, and 
related procedures generally are not affected.

Oxyglobin may be warmed to 37° C before administra-
tion. As long as it is not frozen, it will remain stable for up to  
24 months. Care should be taken to avoid temperatures that 
are too cold in the refrigerator. Oxyglobin is intended as a one-
time use only at a recommended dose of 30 mL/kg intrave-
nously at a rate of up to 10 mL/kg/hr. Although animals may 
not need the full 30 mL/kg; according to the manufacturer,  
10 mL/kg may be sufficient in some cases. The foil bag in which  

the product is contained is oxygen impermeable. Once the 
bag is opened, oxygen can penetrate the plastic bag, result-
ing in the oxidation of the hemoglobin, as evidenced by the 
formation of methemoglobinemia. Unlike intact RBCs, which 
can reduce methemoglobinemia, HBOC solutions cannot.  
A brown discoloration will appear when approximately 25% of 
the hemoglobin has been oxidized. The product also offers an 
excellent environment for bacterial growth, even with refrig-
eration. The product should be used within 4 days of opening. 
Retrospective studies using HBOCs have been performed in 
both dogs67 and cats.66 However, neither study was accom-
panied by a non–HBOC-treated group, and the retrospective 
nature of the study precluded implementation of methods to 
reduce bias. A retrospective study of immune-mediated hemo-
lytic anemia found that all dogs treated with Oxyglobin died, 
but the study did not address bias introduced by selection of 
only those most severely afflicted animals for treatment with 
HBOCs.67 Gibson and coworkers66 retrospectively studied 
HBOC use in 72 cats treated for anemia, including hemolytic 
anemia associated with acetaminophen toxicosis. Although  
37 cats improved after a mean dose of 14.6 mL/kg (4.8 mL/hr),  
adverse events (not necessarily associated with HBOC) 
occurred in 44, including pleural effusions (n = 21) and pul-
monary edema (n = 8). The anemic crisis was survived by 23 
cats; euthanasia or death of the remaining cats was attributed 
to the underlying disease rather than administration of the 
HBOC.66 Oxyglobin also has been used successfully in a vari-
ety of other species.62

The use of Oxyglobin was reviewed retrospectively in cats 
(Germany) (n = 53, treated, 48 studied).68 The drug was gen-
erally administered by a fluid pump at 5 mL/kg/hr. Bags had 
been stored for 24 hours or less at 4° C. Some cats were treated 
more than once in a 24-hour period. The bases of treatment 
varied but included the general condition of the patient, the 
current hematocrit or hemoglobin level, and underlying dis-
ease. Cats receiving blood products were excluded from the 
study. Domestic Shorthair represented the predominant breed 
(n = 37); ages ranged from 0.3 to 14 years. Indications were 
blood low anemia (n = 25), hemolysis (n = 13), and ineffec-
tive erythropoiesis (n = 8). Reasons for administration of Oxy-
globin rather than blood included lack of availability of feline 
blood products (including compatible donor) or to reduce loss 
of previously opened (within 24 hours) product coupled with 
reduced availability of feline donors. All patients also received 
Ringer’s lactate. An overall survival rate was not offered, but a 
survival rate was offered for each group. Hemoglobin changes 
ranged from −0.8 to 3.3 in the blood loss group (decreased 
in 5 cats) with a 24-hour survival rate of 72%. In the hemo-
lytic group, hemoglobin changed from 0.2 to 5.2 gm/dL for 
a 24-hour survival rate of 84%. In the group with ineffective 
erythropoiesis, hemoblogin changed from −0.5 to 2.4 g/dL, 
with an 88% survival rate. Of the cats treated, 11 of the 48 had 
some type of cardiac disease; in this subgroup (which included 
cats from each of the preceding treatment groups), adverse 
reactions that might be related to treatment occurred in seven 
cats. These included pulmonary edema, pleural effusion, or 
respiratory distress; one of the cats died within 6 hours, and 
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four died within 28 hours as a result of volume overload after 
receiving a range of 6.7 to 20 mL/kg in the 24-hour period.

DRUGS ACTING ON COAGULATION OR 
CLOTTING

Hemostastis has been reviewed69 elsewhere. Briefly, it occurs in 
three steps (Figure 15-5), with the role players varying some-
what with the site or rate of flow: high shear vessels include the 
smaller to medium arteries, whereas low shear vessels include 
the larger arteries or veins. Platelet adherence occurs in the 
presence of damaged tissue or disrupted endothelium; platelets 
also will adhere to one another. Platelet adherence is mediated 
by laminin, collagen,or fibrinonectin in low shear vessels and 
adenosine diphosphate (ADP) and vWF in high shear stress 
vessels. Adherence is followed by platelet activation, during 
which granular contents of platelets are released. The contents 
recruit more platelets but also integrate platelet activation with 
the inflammatory process through release of mediators such 
as IL-1, platelet-activating factor, and serotonin. In high shear 

stress vessels, ADP and vWF are the primary mediators of 
activation, whereas thromboxane is the primary activator in 
low shear stress vessels. Thrombin will activate platelets (by 
way of protease-activated receptors) in any vessel. Because 
thrombin is not inhibited by cyclooxygenase inhibition, it is 
considered the strongest of the activators. Platelet adherence 
and subsequent activation are then followed by assembly of 
glycoproteins, causing aggregation. Again, the role players 
vary with the site, with vWF and glycoprotein Ib-IX-V medi-
ating the response in high shear flow rates and fibrinogen in 
low shear flow vessels. The final common pathway to platelet 
aggregation is the glycopeptides IIb through IIIa receptors; 
this protein is the target of several investigative antithrombotic 
drugs in humans.69

Although a number of endogenous compounds play a role 
in platelet aggregation, a number of exogenous substances 
do as well (e.g., infectious organisms, complement factors). 
Further, endogenous factors provide balance, preventing 
coagulation. Among the most important antiplatelet media-
tors are nitric oxide and prostacyclin, both released from the 
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Figure 15-5 Hemostasis occurs in several phases: vascular and platelet, coagulation, and fibrinolysis. Each phase must remain 
in equilibrium to maintain a normal state of hemostasis. Endogenous procoagulants and anticoagulants function in each phase. 
The vascular and platelet phase is composed of vascular wall contraction and platelet adherence. Damage to the vessel exposes 
subendothelial collagen, which stimulates platelet adherence, which, in turn, depends on von Willebrand factor. Activation of the 
coagulation phase relies on a complex series of interdependent events. Injury results in activation of procoagulant substances 
in a cascade manner. Activation (designated by a lower case a, e.g., Xa) generally occurs as a result of proteolysis of a small 
molecule from the inactive factor. The major events in the coagulation cascade include formation of thromboplastin as a result of 
tissue trauma (designated as intrinsic if the blood is damaged and extrinsic if the vascular structures are damaged); transforma-
tion of prothrombin to thrombin; and rapid conversion of fibrinogen into fibrin. Calcium is involved as a factor at several steps. 
The fibrinolytic phase is initiated by the conversion of plasminogen to plasmin, which degrades fibrin.
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endothelium. These two mediators appear to act synergisti-
cally to inhibit platelet adhesion, activation, and aggregation. 
Aggregation leads to the organized deposition of coagulation 
proteins with the formation of a temporary platelet plug. It 
ultimately should be stabilized in a cross-linked fibrin net-
work. The final step in hemostasis is plug removal, which is 
accomplished through the initiation of fibrinolysis following 
activation of plasminogen to plasmin (see Figure 15-5). Dis-
orders reflect not only failed hemostasis but increased risk of 
thrombosis as a result of a hypercoagulable state induced by 
disease or, less commonly, drugs.

Hemostatic Drugs
Hemostatic drugs are used to prevent or attenuate bleeding. 
They can be administered either topically or systemically. In 
general, topical agents either act as a factor in the coagulation 
cascade or stimulate some aspect of the coagulation cascade 
(see Figure 15-5).

Topical
Lyophilized concentrates of one or more clotting factors are 
available as topical preparations. These preparations usually 
provide an artificial factor or structural matrix that facili-
tates clotting (Figure 15-6). An intact hemostatic mechanism 
is necessary for their efficacy. These are absorbable products 
and are indicated for capillary oozing from small, superficial 

vessels. Examples of concentrated factors include thrombo-
plastin (prothrombin is converted to thrombin, used locally 
in surgery), thrombin (converts fibrinogen to fibrin; available 
as powder, solution, or sponge), and fibrinogen. Examples of 
artificial matrices include absorbable gelatin sponge and oxi-
dized cellulose (treated surgical gauze that promotes clotting) 
(see Figure 15-6).

Astringents act locally by precipitating proteins. These 
agents do not penetrate tissues and thus are restricted to 
surface cells. They can be damaging to surrounding tissues. 
Examples include ferric sulfate, silver nitrate (e.g., sticks; see 
Figure 15-6), and combinations that include tannic acid (e.g., 
STA).

Epinephrine and norepinephrine are hemostatic drugs 
only by virtue of their vasoconstrictive effects. They may be 
included in topical medications or injectable local anesthetics 
to decrease blood flow to the tissues.

Systemic
Fresh blood or blood components are hemostatic drugs only 
in states of (coagulation) factor deficiency. Examples include 
plasma (contains electrolytes, albumin, and some coagulation 
factors), fresh frozen plasma (plasma in which factors V and 
VII are stable), cryoprecipitate, and platelet-rich plasma.

Vitamin K. Vitamin K is a hemostatic drug only in instances 
of vitamin K deficiency. It is necessary for hepatic synthesis 

A

Absorbable
gelatin
sponge

B

Oxidized
absorbable
cellulose

C Silver nitrate sticks

Figure 15-6 Examples of coagulants (A).Oxidized cellulose (Surgicel shown here) provides a matrix for clotting (B). Gelfoam also 
provides an artificial structural matrix that initiates the clotting process (C). Products that contain silver nitrate (shown here), tan-
nic acid, or salicylic acid precipitate proteins and cause coagulation by destroying tissue. Their use is limited to small, topical 
lesions.
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of coagulation factors II, VII, IX, and X (Figure 15-7). Several 
forms of vitamin K are available for therapeutic use. Vitamin 
K1 (phytonadione), the plant form, can be given parenterally 
and orally. It is more effective and more rapid in onset com-
pared with other vitamin K analogs. However, anaphylactic 
reactions have been reported with intravenous administra-
tion, particularly with those preparations containing polysor-
bate 80, a known releaser of histamine in dogs. The drug can 
also be given intramuscularly. The effects of vitamin K1 occur 
within 1 hour of administration,3,70 although several hours are 
needed to resolve bleeding tendencies as coagulation proteins 
are replaced.

Vitamin K2 (menaquinone) is the natural animal and 
microbial form of vitamin K. Vitamin K3 (menadione) is one 
of several synthetic forms. It must be metabolized to the active 
state. Vitamin K3 usually is absorbed too slowly to be used 
effectively in acute conditions, but it can be used for chronic 
therapy once the acute crisis has been resolved. In states of 
hypocoagulation, vitamin K1 is the preferred form, adminis-
tered either subcutaneously or orally (3 mg/kg subcutaneously 
in multiple sites followed by 1 mg/kg every 24 hours paren-
terally or orally).71 Fat will enhance the oral absorption of 
vitamin K.

The most common use of vitamin K is treatment of rodenti-
cide toxicity (see later discussion of anticoagulants). Duration 
of treatment for rodenticide poisoning will vary according to 
the toxicant. Toxicities from rodenticides containing coumarin 

or warfarin should be treated for 4 to 6 days; intoxication with 
diphacinone or brodifacoum requires treatment for at least 
14 days.71 For toxicity with longer-acting rodenticides (i.e., 
indandiones), the dose of vitamin K is often reduced for sub-
sequent weeks:71 0.5 mg/kg, week 2; 0.25 mg/kg, weeks 3 and 4. 
Prothrombin time should be monitored for 2 days after vita-
min K is discontinued to detect residual rodenticide toxicity. 
Screening tests should remain normal for 3 to 4 days after 
therapy has been discontinued.

Protamine sulfate. Protamine sulfate is a low-molecular-
weight, positively charged drug that binds to heparin, forming 
a salt and neutralizing its anticoagulant effects. It is used as a 
procoagulant only in instances of heparin overdosing. Prot-
amine should be used cautiously because it also has anticoagu-
lant activity, probably by impairing thrombin and fibrinogen. 
It is difficult to dose accurately because the dose is based on the 
amount of heparin to be antagonized (1 to 1.5 mg protamine 
for each 1 mg of heparin). In addition, the dose decreases as 
time elapses after heparin was administered.72 No more than 
50 mg should be given in a 10-minute period.

Desmopressin. Desmopressin acetate (deamino 8-D- 
arginine vasopressin) is a synthetic analog of vasopressin and 
antidiuretic hormone that is used to treat central diabetes 
insipidus However, the drug also transiently increases serum 
concentrations of vWF in part through the release of pre-
formed vWF from endothelial cells and macrophages as well 
as release of preformed Factor VIII.73 Increased release was 
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demonstrated 1 hour after infusion in normal and afflicted 
dogs, although increase in afflicted dogs was greater.74 Kraus 
and coworkers75 have demonstrated that desmopressin 
decreases buccal mucosal bleeding time in Doberman Pin-
schers afflicted with vWF A similar response has been dem-
onstrated for Greyhounds with vWF deficiency treated with  
1 mg/kg desmopressin diluted in 1 mL of saline.76 The maximum 
response occurs 1 to 2 hours after treatment, although it may 
occur after as little as 10 minutes of infusion, with effects last-
ing 2 hours after intravenous administration.69 The increase is 
sufficient to provide improved coagulation activity in animals 
suffering from von Willebrand disease that undergo surgery.71 
Desmopressin is generally administered by slow intravenous 
infusion over 20 to 30 minutes in humans after dilution in a 
minimum of 100 mL of physiologic saline. However, the intra-
nasal (human) preparation also can be given subcutaneously 
at 1 U/kg.69 Rapid infusion may result in tachycardia, flushing, 
tremor, and abdominal discomfort. Repetitive administration 
results in depletion of the storage pools and loss of procoagu-
lant effect and may increase the risk of tachyphylaxis.71,73

Recombinant human factor VIIa. The role of tissue fac-
tor (TF), a transmembrane glycoprotein receptor located 
in multiple extravascular tissues, is key to the initiation of 
hemostasis. It is through activation of Factor VII (FVII) 
bound to receptors located on TF that Factors IX and X 
are activated, leading to platelet activation and subsequent 
coagulation. A recombinant FVII product, derived from 
transfected baby hamster kidney cells, is chemically identi-
cal to activated FVII. The drug product was developed for 
treatment of human hemophiliacs (A and B) who had devel-
oped antibodies (following multiple blood transfusions) to 
Factors VIII or IX.77 Theoretically, although FVIIa should 
effect hemostasis through a TF factor, afflicted hemophiliacs 
are not able to mount an effective coagulative response pri-
marily through loss of an amplified response by FVIII and 
IX. However, supraphysiologic doses appear to stimulate 
hemostasis (thrombin formation) by way of TF-independent 
pathways. Although activation of Factor X is not as effectively 
amplified as in the normal patient, more effective platelet 
involvement yields a more stable fibrin clot than would be 
formed in Factor-deficient patients. The fibrin clot is actually 
denser than that in normal patients. Because rhFVII requires 
exposed TF and activated platelets, its effects tend to be lim-
ited locally. The drug has been used on a compassionate-use 
basis for treatment of hemophiliacs undergoing procedures 
associated with a risk of bleeding or in patients suffering from 
refractory bleeding. The use of rhFVII has been described in 
dogs, including those suffering from either A or B hemo-
philia. Use in homozygote von Willebrand’s disease was not 
as successful. However, hypersensitivity reactions developed 
in several animals within 30 minutes of treatment, and all 
animals developed antibodies within 2 weeks of therapy. 
Nonetheless, should safety be improved, suggested potential 
applications of rhFVII therapy in animals, beyond treatment 
of factor deficiencies, have included disseminated intravas-
cular coagulation (DIC), thrombocytopenia or thrombocy-
topathia, anticoagulant rodenticide toxicosis, overzealous 

 anticoagulant therapy, high-risk surgeries, and liver and gas-
trointestinal diseases.77

Fibrinolysin inhibitors. Fibrinolysin inhibitors prevent the 
activity of plasmin (fibrinolysin) and therefore promote the 
persistence of clots (see Figure 15-5). The lysine analog ami-
nocaproic acid is one of the few examples. Its therapeutic use is 
limited to treatment after an overdose of a fibrinolytic agent. It 
theoretically acts by substituting for lysine-binding sites, form-
ing a complex with plasminogen, precluding its conversion to 
plasmin (e.g., inhibits streptokinase).78 It was studied after 
intravenous administration (1750 mg of 250 mg/mL solution 
followed by 250 mg/mL every hour for 9 hours) in a canine  
(n = 4; 10-21 kg) model of urokinase and venous injury–
induced thrombosis. Aminocaproic acid inhibited plasmin 
formation completed, compared with heparin (20,000 U intra-
venously every 3 hours), which inhibited it by approximately 
80%.79

Antihemostatic Drugs
Feline aortic thromboembolism (FATE) is a useful model 
for the discussion of treatment of thromboembolic disease. 
With FATE the goals of therapy are to reduce the formation 
of the thrombus, prevent embolization, improve collateral 
blood flow, control pain, and provide supportive care. Because 
thrombus formation in the heart (atria) is facilitated by blood 
stasis associated with atrial enlargement and endothelial dam-
age, supportive therapy may include cardiogenic support. 
Drugs used to limit the formation of thrombi include antico-
agulants, thrombolytics, and antithrombotics.

Anticoagulants
Anticoagulants interfere either directly or indirectly with the 
clotting cascade (see Figure 15-5). Several in vitro anticoagu-
lants are used for blood collection intended for transfusion 
therapy and should be considered as drugs. Examples include 
citrate phosphate dextrose, acid citrate dextrose, sodium 
citrate, and heparin. All except heparin (discussed later) act 
by effectively removing Ca2+ from the cascade system. In vivo 
anticoagulants include heparin and the vitamin K antagonists.

Heparins
Heparin is a heterogeneous mixture of sulfated (anionic) poly-
sulfated glycosaminoglycans (PSGAG) (Figure 15-8). Glycos-
aminoglycans are a family of structurally diverse and distinct 
polyanionic complex carbohydrates. Included in this group 
are heparin, heparan sulfate, chondroitin 4-sulfate, chon-
droitin 6-sulfate, dermatan sulfate, keratin sulfate, and hyal-
uronic acid. Each of the glycosaminoglycans is composed of 
repeating polysaccharides consisting of an amino sugar (e.g., 
glucosamine or galactosamine) and uronic (e.g., glucuronic 
or iduronic) acid or a hexose (galactose; keratin sulfate only). 
Each is ubiquitous in location. Among them, heparan sulfate 
proteoglycans are diverse in location with those that are endo-
thelial derived serving as the primary endogenous anticoagu-
lant. They are an integral part of stromal matrices, basement 
membranes, and almost all cell surfaces where they provide 
cohesion between vessels and vascular stroma.43 Endogenous 
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synthesis results in multiple compounds that vary in the 
lengths of carbohydrate chains Heparin and heparan sulfate 
are the most complex members of this class of compounds 
and are characterized by the greatest biologic diversity.43 Pro-
teoglycans are formed when proteins, which serve as the core 
for the PGAG, are posttranslationally (in the Golgi apparatus) 
modified with the addition of glycosaminoglycan chains. Each 
is sulfated to variable degrees, depending on the repeating 
subunits of which the disaccharide is composed.

Heparin was so named because of its initial discovery in 
high concentrations in the liver. It is often located attached 
to serine residues of core proteins (e.g., coagulation factors). 
Commercially available heparin is prepared from porcine 
intestinal mucosa and bovine lung. It is stored in mast cells, 
along with other PGAGs, including chondroitin and derma-
tan sulfate. Heparin also is stored in the body in basophils 
and, to a lesser extent, in vascular endothelium. Tissues with 
high concentrations of mast cells serve as a source of hepa-
rin. Heparin is a highly sulfated (generally 2 to 3 per sub-
unit) glycosaminoglycan composed of alternating sequences 
of sulfoaminoglycosamine and uronic acid units and smaller 
amounts of N-acetylglucosamine (see Figure 15-8). Its struc-
ture also includes a unique and specific sulfated glucosamine 
pentasaccharide sequence that binds to antithrombin (AT) III 
and thus serves as the active site of the molecule. The number 
of active sites in a molecule of heparin is variable, but it is pres-
ent in only about 30% of the molecules. In its native state, the 
molecular weight is quite variable, ranging from 3 to 50 kDa. 

The molecular weight of commercial unfractionated heparin 
(UFH) generally varies from 1800 to 30,000 daltons (mean 
15,000, representing about 45 monosaccharide chains).80 
However, heparin also has been prepared through filtration 
methods as fractionated or low-molecular-weight (LMW) 
heparins, which normally make up less than 5% of endoge-
nous heparin. The LMW heparins generally are only 1000 to 
10,000 daltons in size and are specifically defined as an average 
weight of 8000 daltons or less, with at least 60% of the product 
being less than 8000 daltons in size (see Figure 15-8). A vari-
ety of LMW heparins have been made, with each varying by 
the method of fractionation or depolymerization. The LMW 
heparins have much higher affinity for AT (by way of Xa) com-
pared with UFH and thus are more potent, providing 70 units/
mg of antifactor Xa and a ratio of antifactor Xa to AT activity 
of 1.5 or more.80 Doses of fractionated LMW preparations are 
thus lower than unfractionated products (Table 15-3). Prepa-
rations of UFH also contain contaminants such as dermatan 
sulfate; these contaminants may be present in LMW heparin 
preparations but in diluted form. Intentional contamination 
of heparins with oversulfated chondroitin sulfates is addressed 
with adverse reactions. Some of these compounds also have 
anticoagulant activity, albeit less than heparin.81

Mechanism of action. Heparin interacts with many proteins, 
probably by electrostatic forces between the polyionic groups 
of the glycosaminoglycan and the cationic groups of proteins. 
Example proteins include proinflammatory chemokines, 
growth factor, extracellular matrix proteins, and leukocyte 
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proteins. Intracellular effects reflect interaction of heparin or 
heparan sulfates with cell surface-binding proteins (which are 
not necessarily true receptors) followed by endocytotic inter-
nalization.

The most recognized sequelae of protein–heparin interac-
tion are the anticoagulant actions of heparin.43 However, this 
effect is indirect, reflecting facilitation of the actions of endog-
enous anticoagulant proteins. The most notable is AT, one 
of several endogenous serine proteinase inhibitors (serpins) 
whose thrombin inhibition occurs only in the presence of hep-
arin. Long chains of heparin bind to specific lysine residues on 
AT. At low heparin concentrations (0.1 to 1 U/mL), AT rapidly 
inhibits the activity of the clotting factors IIa (thrombin), Xa, 
and IXa, resulting in prolongation of activated partial throm-
boplastin time (APTT) and thrombin time (TT); prothrombin 
time (PT) is only mildly affected. At high heparin concentra-
tions (>5 U/mL), heparin interacts with heparin cofactor II 
(HCII), which binds only to thrombin, causing further inhibi-
tion. Binding of heparin to AT or HCII results in a stable com-
plex (Figure 15-9). Binding induces conformational change 
in the anticoagulant complex such that the active sites of the 
inhibitor is exposed, facilitating binding to the clotting factors. 
As such, heparin increases the velocity, but not magnitude, of 
interaction between the endogenous anticoagulants and clot-
ting factors. The rate of interaction can increase 10,000-fold 

Table 15-3  Doses of Unfractionated Heparin and Low Molecular Weight Heparin
Drug Category Indication Dose Route Interval (h)
Dalteparin (LMWH) Thromboembolic disease 100-150 IU/kg (D)

50 mg/cat
SC 8

12 (C)
180 IU/kg (C) SC 6

Enoxaparin (LMWH) Thromboembolic disease 0.8 mg/kg (D) SC 6
1.25 mg/kg (C) SC 6
5 mg/kg (C) PO 24

Heparin (UFH) Arterial thromboembolism, 
thrombophlebitis

Initial dose: 100-200 IU/kg. Maxi-
mum of 500 IU/kg (D)

IV Once

Initial dose: 375 IU/kg (C) IV Once
Maintenance dose: 100-300 IU/kg SC 6-8

Prophylaxis Low dose: 10-50 IU/kg SC 8-12 (Monitor APTT 
to 1.5 to 2 times pre-
treatment baseline)

Feline thromboembolism asso-
ciated with cardiomyopathy

Induction: 1000 IU/kg IV Once

Maintenance: 50 IU/kg SC 8
During acute pancreatitis 50-100 IU/kg SC 8-12
Disseminated intravascular 

coagulation
75-100 IU/kg IV, SC 6-8

5000 IU/500 mL blood IV As needed
Low dose 5-10 IU/kg IV infusion 1
Burns 100-200 IU/kg IV, SC 8 × 1-4 treatments
Closed chest lavage 1000 IU/L fluid at 20 mL/kg Intrathoracic 12
Lipoprotein lipase  

provocative test
100 IU/kg IV Test lipids before and 15 

min after heparin

LMWH, Low-molecular-weight heparin; D, dog; SC, subcutaneous; C, cat; PO, by mouth; UFH, unfractionated heparin; IV, intravenous; APTT, activated partial thromboplastin time.

(Active)

Antithrombin III

Xa
Heparin

Antithrombin II-Xa-
Heparin Complex

(Inactive)

Figure 15-9 The pentasaccharide sequence of heparin inter-
acts with the amino residues of antithrombin III, changing the 
conformation of antithrombin II and its ability to interact with 
factors IXa, XIa, XIIa, and, in particular, II and Xa. Heparin may 
directly interfere with factor X.
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in the presence of heparin. The anticoagulant and clotting 
factor complex will remain intact after activity is inhibited; 
as such AT is a “suicide” substrate.54 In contrast, heparin will 
be released to interact with other molecules. Other inhibitors, 
whose concentrations are less than one hundredth of that of 
AT are also inhibited at high concentrations; these include 
plasminogen activator inhibitor, protein C inhibitor, and tis-
sue factor pathway factor inhibition of Xa. Heparin also inhib-
its factors IXa and to some degree Xia; the kallikrein–kinin 
system and, through binding to complement C1, the comple-
ment system are inhibited. Factor VIIa is minimally inhibited.

Because the specific AT-binding site of heparin is generally 
absent in other glycosaminglycans (limited in heparin sulfates 
and absent in chondroitin and dermatan sulfates), these lat-
ter compounds are characterized by minimal anticoagulant 
activity.

Simultaneous inhibition of both AT and thrombin requires 
molecules greater than 5400 MW. LMW heparins generally 
act through AT inhibition of Xa rather than IIa. Thus LMW 
heparin fractions are more potent anticoagulants (a lower 
concentration inhibits Xa) compared with high-molecular-
weight (HMW) fractions,81 but HMW heparins may be 
more effective anticoagulants because their large structure 
facilitates simultaneous binding of both AT and thrombin 
simultaneously.72 Whereas the ratio of antiXa:IIa activity for 
UFH is generally 1:1, the same ratios range from 2 to 4:1 up 
to 9:1 for LMW heparins in humans.82 Lower ratios might be 
expected for dogs because LMW heparin appears to have less  
effect on AT.

The effect of heparin on thrombin and Xa occurs only when 
the factors are not bound to platelets or fibrin; platetet fac-
tor IV blocks the interaction between heparin and AT. How-
ever, heparins have an antiplatelet effect because of a high 
affinity for platelet factor IV. Most heparin preparations also 
inhibit platelet aggregation, negating effects of platelet-derived 
growth factor on vascular smooth muscle and leading to their 
descriptor as platelet-active anticoagulants. vWF (platelet fac-
tor VIII) is among the factors bound and inhibited by hepa-
rin.80 Heparins also bind to vascular endothelium, causing 
release of two other endogenous PGAGs and altering vascular 
endothelial permeability.81

Heparin has other effects not related to its anticoagulant activ-
ity. In human patients heparin may prove useful for prevention 
of atherosclerosis and for accelerated formation of collateral 
circulation in the presence of thrombosis (angiogenesis).81,83 
Heparin can inhibit or modulate selected targets of an aller-
gic inflammatory response, including neutrophils and T cells. 
Heparins appear to decrease leukocyte adherence to vas-
cular endothelium and facilitate leukocyte migration along  

a chemoattractant gradient to sites of inflammation. Deriva-
tives of low anticoagulant activity block superoxide anion gen-
eration, probably by interacting with superoxide dismutase. 
Heparin appears to impair mast cell degranulation by alter-
ing intracellular calcium release through blockade of inosi-
tol 1,4,5-triphosphate receptors.43 Heparin also appears able 
to influence tumor cell metastasis. Tumor cell invasion from 
the vasculature probably involves host degradative enzymes, 
including heparinases, which target both heparin and heparan 
sulfate. Exogenous heparin inhibits the hydrolysis of heparan 
sulfate. Heparins with low anticoagulant activity have reduced 
the metastasis of several tumor types in various experimental 
models.43 Smooth muscle cell proliferation such as that which 
accompanies atherosclerosis and bronchial asthma also is 
influenced by heparin and heparan sulfate.84 Heparin inhib-
its capillary endothelial growth but binds with high affinity 
to fibroblast growth factors and potentiates their growth-pro-
moting effects.54 As such, heparin facilities growth of smooth 
muscle of the vasculature (including pulmonary), airways, 
intestine, and contractile cells such as fibroblasts and renal glo-
merular mesangial cells. Effects can be correlated with molec-
ular size and sulfation of heparin; heparin and other heparans 
may serve as reservoir for growth factors. Endogenous hepa-
rin has been implicated in diseases characterized by smooth 
muscle proliferation; manipulation of selected members of the 
heparins may ultimately prove to be a therapeutic alternative 
to treatment.43 Finally, heparin liberates lipoprotein lipase and 
can decrease serum triglyceride concentrations, thus “clear-
ing” lipemia.72,54

Drug disposition. The complex chemistry of heparin and 
its binding to proteins and cells leads to complex disposition. 
Absorption and distribution of heparin are limited by the 
large size and polarity. Studies characterizing heparin elimina-
tion are generally based on response to therapy (i.e., changes 
in the APTT). However, more recent studies in animals have 
detected the drug chemical in blood.85Absorption of heparin 
after oral administration or by aerosolization is negligible; 
as such, heparin is a parenteral anticoagulant. Subcutaneous 
absorption is rapid; intramuscular administration is generally 
contraindicated because of the risk of hemorrhage. Heparin 
is metabolized by heparinase in the liver and by reticuloen-
dothelial cells. Metabolites of heparinase activity are excreted 
in the urine. The anticoagulant activity of the metabolites 
apparently has not been addressed. The elimination half-life 
of heparin appears to depend on molecular weight. The LMW 
fractions are cleared less rapidly compared with larger mol-
ecules, leading to a half-life two to three times longer than 
that of endogenous heparin. As such, molecules with a higher 
affinity for AT activity will be cleared more rapidly than those 
responsible for anti-Xa activity.86 It is perhaps for this reason 
that UFH remains the preferred heparin in situations in which 
a rapid resolution of response upon discontinuation of therapy 
is desired (e.g., surgical patients or other patients at risk for 
bleeding).

The pharmacodynamics and elimination half-time of 
response (based on anti Xa activity) of dalteparin (Fragmin; 
anti-Xa activity of 2500 U/mL) have been reported in dogs 

KEY POINT 15-5 Although fractionated low-molecular-weight 
heparins are more potent inhibitors of Xa, products that 
contain high-molecular-weight fractions may actually be 
more effective anticoagulants because their large structure 
facilitates simultaneous binding of both antithrombin and 
thrombin.
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(Table 15-4). Targeted therapeutic ranges based on anti-Xa 
activity approximates 0.3 U/mL for UFH and 0.5 U/mL for 
LMW heparin.87 Dose response indicates increasing effects 
with increasing dose, with response more rapid in onset and 
of greater magnitude with intravenous compared with subcu-
taneous administration. Response occurs in 2 minutes with 
intravenous administration, compared with 2 hours with sub-
cutaneous administration. Peak APTT and TT at 2 hours after 
subcutaneous administration of 200 IU/kg were similar to that 
measured at 1 minute after 25 IU administered intravenously. 
Peak effects after intravenous administration approximated 
1.75 times baseline for APTT and up to 2.5 times baseline 
(TT); return to baseline occurred at approximately 1 hour. The 
impact of subcutaneous administration on APTT and TT was 
muted: peak effect was no more than 1.25 times baseline for 
either APTT or TT at all doses. Return to baseline appeared 
to be dose dependent for both routes but generally was faster 
(1 to 4 hours, but up to 8 hours) after intravenous compared 
with SC administration (6 to 10 hours). The authors noted 
that significant anticoagulant activity lasted up to 3 hours, 
but even the highest subcutaneous doses failed to affect either 
APTT or TT to a clinically significant degree. The authors 
also concluded that monitoring LMW heparin administration 
in dogs would best be accomplished by measuring anti-FXa 
activity with chromogenic substrates.88 The influence of LMW 
heparin on APTT and TT in dogs appears to be less than 
that in humans, suggesting species differences in coagulation 
response. However, this may reflect a shorter APTT in normal 
dogs compared with normal humans.

The pharmacodynamics (based on anti-Xa activity) of 5 
days’ treatment of dalteparin (100 IU/kg subcutaneously twice 
daily) or enoxaparin (1 mg/kg subcutaneously twice daily) 
was compared with that of UFH (250 IU/kg subcutaneously 
every 6 hours) in cats (n = 5) using a randomized (for the first 
treatment) crossover design with a 14-day washout between 
treatments. Peak activity for all three products occurred at 
approximately 2 to 4 hours, with the maximum effect of each 
product in anti-Xa (U/mL) approximating 0.6 (UFH), 0.45 
(enoxaparin) and 0.3 (dalteparin). Concentrations reached the 

human therapeutic range of 0.5 to 1 U/mL anti-Xa activity in 
only one cat receiving dalteparin. For each drug mean activity 
was not detectable before the next dose (trough). These data 
led the investigators to conclude that higher doses than those 
studied are indicated,87 Vargo and coworkers drew similar 
conclusions in their study of rhe effect of dalteparin (100 IU/
kg SC, b.i.d, for 13 days) in healthy cats (n = 8) (based on anti-
Xa activity). Activity was measurable in only 4 cats; activity 
present by 4 hr after a single dose (the first sampling time) 
and returned to baseline by 6 hr; in these cats. Prothrombin 
time and APTT were not significantly altered by dalteparine 
administration; although sample size was small, clinical val-
ues were essentially unchanged in the cats.88a The half-life of 
heparin is prolonged in renal or liver failure.81 Bioavailability 
(subcutaneously) of the LMW heparins appears to be similar 
in humans, approximating 80% to 90%,82 and approximates 
100% in dogs.89

Preparations. Because heparin is a heterogeneous mixture, 
only about 33% of the molecules i the drug preparation inhibit 
coagulation, and correlation between heparin plasma concen-
tration and anticoagulant activity is not possible. Correlation 
between dose and response is further complicated by differ-
ences in effects based on molecular weight. The concentration 
of heparin is standardized by bioassay as units of activity, with 
1 unit of heparin (referred to as a Howell unit) being equivalent 
to approximately 2 μg of pure heparin, which in turn (accord-
ing to the Online Medical Dictionary; http://www.online-
medical-dictionary.org/) is the amount of heparin that will 
maintain anticoagulant activity in 1 mL of feline blood for  
24 hours at 0o C.90 Heparin is available as a sodium or lithium 
salt. The sodium salt is usually the preferred preparation for 
in vivo use. LMW heparins currently available for prevention 
of acute deep vein thrombosis or pulmonary thromboembo-
lism in the United States include dalteparin, enoxaparin (also 
approved for extended use in prevention of deep vein thrombo-
sis), and ardeparin. The cost for treating a cat with enoxaparin 
for 1 month has been estimated at $80 (US). Storage of diluted 
drug (20 mg/mL) and storage in either glass vial or individual 
tuberculin syringes for up to 4 weeks does not result in statistical  

Table 15-4  Pharmacodynamic Response to Plasma Anti-factorXa (Dalteparin) in Healthy Dogs88,89

Max anti Xa Max APTT (min) Max TT Time to Duration (hr)‡ Half-life

Dose* Route activity (sec) (min)‡ max (min) APTT TT (min)
0.1† 15.3±1.5 15.5±0.4 §

50 SC 0.23±0.0 15.5±1.4 17.2±1.2 120 6 6 81
100 SC 0.43±0.5 16.6±0.1 18.0±1.9 120 8 8-10 123
200 SC 0.9±0.18 19.4±2.4 25.5±4.0 120-180 10 10 182
25 IV 0.43±0.1 18.2±1.3 24.8±2.5 2 1 1 50
50 IV 0.88±0.18 21.2±0.8 39.8±12.4 2 2 2-8
100 IV 1.86±0.17 26.8±4.2 >500 2 3 4 75

APTT, activated partial thromboplastin time; TT, thrombin time; SC, subcutaneous; IV, intravenous.
*Dose is U anti Xa/kg.
†Reflects 0 time measurement
‡Thrombin time measured at at 3 IU/mL.
§Time to max generally was similar for anti-Xa, APTT, and TT.
||Time to return to baseline for APTT and TT, which often differed.
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differences of activity. A generic LMW heparain has recently 
been approved.

Drug interactions and side effects. Heparin stands out as a 
drug that will interact with many other drugs. Heparin should 
not be mixed with any other drug. Hemorrhage is the major 
complication of heparin therapy, occurring in 18% to 22% of 
human patients receiving heparin.81 Hemorrhage is less likely 
to occur with low dosages and constant intravenous infu-
sion (as opposed to intermittent intravenous administration). 
Hypersensitivity may play a role in hematoma formation.91 
The incidence of hemorrhage can be reduced by (1) confirma-
tion of the need for therapy; (2) use of the appropriate dose and 
frequency; (3) avoidance of combination therapy with other 
antihemostatic drugs, including aspirin and other salicylates; 
and (4) monitoring of the effects of therapy with clotting or 
coagulation tests. Use of LMW heparin should also be con-
sidered. At higher doses the APTT can be useful for assessing 
the likelihood of hemorrhage. Monitoring APTT is less useful 
when low doses of heparin are given. Heparin is contraindi-
cated for the bleeding patient and for DIC unless replacement 
blood or plasma therapy is given (see later discussion of clini-
cal indications). Excessive therapy (theoretically) might be 
treated with protamine sulfate, a compound that complexes 
with heparin. It is dosed according to the amount of heparin 
to be neutralized (see previous discussion of protamine). The 
risk of bleeding in surgical patients receiving LMW heparin 
has not been well assessed; however, the longer duration of 
action of these products may contribute to an increased risk of 
bleeding. In human patients undergoing cardiovascular sur-
gery, although all antithrombotic drugs studied increased the 
risk of bleeding, the use of the LMW product enoxaparin was 
associated with the greatest amount of blood loss and need for 
blood transfusions.92

Heparin-induced thrombocytopenia has been reported in 
5% to 30% of human patients receiving heparin and is more 
likely to occur with bovine as opposed to porcine prepara-
tions.81,93,94 Two types (type I and type II, similar to type A 
and type B adverse reactions) of thrombocytopenia have been 
described. Several days of therapy are necessary for type I 
thrombocytopenia to occur; it resolves once therapy is dis-
continued. Type I thrombocytopenia occurs less frequently 
with LMW heparins. Type II thrombocytopenia occurs in 
fewer people, is more severe and rapidly fulminating, and is 
characterized by a longer time to onset (6 to 10 days). Type II 
thrombocytopenia may be an allergic response to the second-
ary and tertiary structures of heparin and has caused paradox-
ical thrombosis.81Antibody formation toward heparin bound 
to platelet factor IV has been demonstrated.80 The syndrome 
is recognized by a greater than 50% decrease in platelets that 
cannot be explained by other causes and/or skin lesions at 
the site of injection.80 As with type I thrombocytopenia, the 
incidence of type II thrombocytopenia is likely to be less with 
LMW heparins. However, cross-reactivity of 20% or more 
toward heparin antiplatelet antibodies has been reported for 
LMW heparins; heparanioids such as danaparoid have been 
suggested for human patients demonstrated to develop hepa-
rin-induced thrombocytopenia.

A small number of human patients have developed skin 
necrosis with both UFH and LMW heparin. Lesions are simi-
lar to those caused by toxic epidermal necrolysis and can be 
lethal. The cause is unknown.

In human patients receiving long-term therapy, heparin 
has induced osteoporosis. The mechanism is not known but 
does not seem to involve prostaglandin E2. The effect is more 
dramatic with UFHs. LMW heparins have an osteopenic or 
calcium-sparing effect, although the sequelae and nature of 
this effect are not characterized.81

Liver leakage enzymes increase in up to 93% of human 
patients receiving heparin. The increases peak approximately 
7 days into therapy and then return to normal, with no obvi-
ous detrimental clinical sequelae. Heparin also interferes with 
and falsely increases bile acids. When used as an in vitro anti-
coagulant, heparin falsely increases blood urea nitrogen, bile 
acids, and sodium and potassium salts. Finally, heparin can 
interfere with several hormones. It interferes with thyroid hor-
mones, causing decreases in both thyronine and thyroxine. It 
is a predictable and potent inhibitor of aldosterone secretion 
in human patients, causing natriuresis and the potential for 
hyperkalemia, particularly in predisposed patients.95,96 The 
effects of heparin on the renin–angiotensin–aldosterone sys-
tem may be responsible for its antihypertensive effects.97

A unique side effect of heparin recently identified reflects 
adulteration of heparin ingredients by the addition of syn-
thetic or animal origin oversulfated (4 sulfates per disac-
charide unit) chondroitin sulfates (OSCS). Acute reactions 
in humans (which are potentially lethal) reflect two mecha-
nisms: direct interaction with kallikrein and release of C3a 
and C5a anaphylatoxins.98 Hypotensive patients (e.g., those 
undergoing renal dialysis) and patients receiving angiotensin-
converting enzyme inhibitors (which inhibit degradation of 
bradykinin) were at risk of reacting adversely. Because LMW 
heparins are processed from UFHs, contamination is also 
possible, although contaminants will be diluted compared 
with unfractionated preparations. The dog, rat, and pig were 
studied as models for toxicologic evaluation (as reported by 
manufacturers Sanofi–Aventis) of contaminated heparins; 
however, the dog was not selected because cardiovascular tox-
icity did not occur after administration of doses (0.83, 2.09, 
10 mg/kg) considered clinically relevant (although coagula-
tion disorders precluded dosing higher than 10 mg/kg). Con-
sequently, the dog probably is less sensitive to the effects of 
OSCS, which is consistent with the relative safe use of poly-
sulfated aminoglycans (i.e., Adequan) in dogs compared with 
humans.

N-acetylcystiene (NAC) manifests some actions similar 
to heparin. It has been used as a renoprotectant and hepato-
protectant agent in humans undergoing surgery. Compared 
with placebo controls, human patients receiving 150 mg/kg 
NAC followed by 150 mg/kg as a 24-hour infusion had lower 
postoperative PTs and prolonged coagulation times (based on 
thromboelastometry tracings); further, platelet aggregation 
also was decreased. Blood loss increased in these patients, 
leading the investigators to warn that patients receiving NAC 
preoperatively had an increased risk of bleeding.99
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Clinical indications and use. Clinical indications for hepa-
rin therapy include the prevention or treatment of venous or 
pulmonary embolism (e.g., nephrotic syndrome, autoimmune 
hemolytic anemia, hyperadrenocorticism, or heartworm dis-
ease) and atrial fibrillation with embolization (e.g., feline car-
diomyopathy) and as an anticoagulant for diagnostic use and 
blood transfusion.

Thromboembolism. Heparin remains the drug of choice 
when rapid anticoagulant activity is necessary in acute throm-
bosis; in humans heparin is continued for 4 to 5 days to allow 
time to onset of oral anticoagulants. Generally, heparin is 
effective only on the fluid phases of thrombin-dependent pro-
teins and is ineffective toward clot-bound factors. However, 
heparin not only prevents further thrombosis but also appears 
to facilitate resolution of the thrombus, promoting recanali-
zation through activation of tissue plasminogen activator81 
and stimulating angiogenesis. Efficacy of therapy does not 
seem to be related to the anatomic location of the thrombus. 
Heparin and other antithrombotic agents have not been well 
studied in dogs and cats. Many studies that focus on pharma-
cokinetics and pharmacodynamics are performed in normal 
animals; response to drugs may be much different in the face 
of diseases requiring therapy. In human patients (and pos-
sibly dogs), the dose of heparin necessary to control coagu-
lation may be greater than that in the normal patient who is 
not suffering from a coagulopathy.100 For thrombosis, heparin 
is administered parenterally; deep subcutaneous or intrafat 
injection prolongs persistence of therapeutic concentrations. 
Large hematomas can occur with deep intramuscular injec-
tion. Heparin is also administered intravenously, either inter-
mittently or as a constant infusion. In human patients the use 
of weight-based nomograms to determine initial and mainte-
nance heparin infusion rates results in a higher percentage of 
patients reaching the targeted activated thromboplastin time 
(APTT) range earlier in the course of therapy.101 Monitoring 
is particularly important to establish effective doses. Doses are 
variable with author, route, species, and intent. Generally, sub-
cutaneous doses range from 150 to 250 U/kg in dogs and from 
250 to 375 U/kg in cats every 8 hours. The dose of heparin in 
normal cats necessary to maintain therapeutic concentrations 
of heparin (as established in humans, 0.35 to 0.7 U/mL) in one 
study was 300 U/kg of heparin every 8 hours.85

For most causes of thromboembolism, therapy is more 
likely to be successful in patients if heparin is administered 
at a rate to cause the APTT time to be 1.5 to 2.5 times base-
line or the activated clotting time (ACT) to be 1.2 to 1.5 times 
baseline (prolongation by 15 to 20 seconds).80,101-103 How-
ever, monitoring APTT generally is ineffectual if low doses of 
heparin (or LMW heparin) are given. Rather, anti-Xa activity 
should be measured.88 A baseline should be established before 
therapy is begun, and monitoring should occur 2 hours after 
a subcutaneous dose; measurements might be immediate. 
Alternatively, targeting anti-Xa activity of 0.35 to 0.7 IU/mL  
has been recommended in human patients requiring higher 
doses of UFH to maintain targeted APTT; less heparin 
was needed in one study, decreasing the risk of bleeding.80 
Replacement of AT should accompany heparin therapy when 

indicated (e.g., nephrotic syndrome, DIC). Gradual discon-
tinuation of heparin therapy has been recommended to pre-
vent a hypercoagulable state.102,104 Long-term heparin therapy 
can be accomplished at home with subcutaneous injections, or 
warfarin therapy can be implemented (see later discussion of 
vitamin K antagonists).

LMW heparins (e.g., enoxaparin) have been studied in 
humans and to some degree in dogs and cats. Advantages 
when compared with HMW heparins include specificity of 
action, better absorption after subcutaneous injection, more 
predictable dose–response relationship because of improved 
prediction of pharmacokinetics, and prolonged elimina-
tion half-life. Reduced incidence of bleeding (in nonsurgical 
patients) because of more specific targeting of Xa compared 
with thrombin and other factors, as well as reduced thrombo-
cytopenia, has also been suggested as an advantage of LMW 
heparins.81,105 Because LMW heparin does not effectively 
affect thrombin, APTT and TT are minimally affected and 
therefore should not be used to monitor response. Rather, 
anti-Xa activity should be measured. According to Mischke 
and Grebe,88 in humans an anti-Xa activity target of 0.3 to 
0.6 U/mL at 4 hours is suggested for patients at high risk of 
thrombosis (the lower target intended to minimize the risk 
of bleeding complications; a target of 0.14 to 0.34 has been 
recommended for patients with acute myocardial infection 
already receiving thrombolytic therapy) and 0.4 to 0.9 U/mL 
for low-risk patients.80,88 Whether the targets appropriate for 
dogs are also appropriate for cats has yet to be established. 
However, if the same targets are relevant, a dose of 100 U/kg of 
LMW heparin (dalteparin) would achieve the targeted anti-Xa 
activity in dogs at 2 to 4 hours (see Table 15-4)

A retrospective study of cats with FATE and treated with 
dalteparin found the drug, when administered at 99 U/kg 
either once or twice daily, to be both convenient and effective. 
Mean follow-up time of 172 days was associated with recur-
rence in 8 of 43 cats, with complications related to bleeding 
described as infrequent.103 The use of LMW heparin (daltepa-
rin, starting daily dose of 102 IU/kg subcutaneously) has been 
compared to warfarin (0.08 mg/kgl using PT and an interna-
tional normalized ratio target of 2 to 3) for treatment of arte-
rial thrombosis in cats.106 Dalteparin increased mean survival 
time to 255 days compared with 69 days for warfarin-treated 
cats, although the differences were not statistically significant, 
probably due, in part, to small sample size. Further, 17% of 
the warfarin-treated cats exhibited bleeding adverse events, 
whereas none of the LMW heparin–treated cats did.

Supportive therapy for treatment of FATE includes the use 
of analgesics to control pain. The use of newer nonsteroidal 
antiinflammatories that are more potent for cyclooxygenase 2 
(responsible for prostacycline formation) than cyclooxygenase 
1 (responsible for thromboxane formation) might prudently 
be avoided. Their use may shift the balance toward throm-
bogenesis (see Chapter 29). Use of opioid analgesics, includ-
ing a fentanyl patch and/or constant-rate infusion, should 
be considered. Acepromazine should be avoided for either 
treatment or prevention of thromboemblism; its vasodilatory 
properties are not likely to facilitate collateral circulation and 
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hypotension-induced decreased blood flow may increase the 
risk of thrombus growth.103

For prevention of pulmonary thromboembolism, heparin 
can be administered at a lower dose (30 to 75 U/kg). Moni-
toring ACT or APTT may not be useful at these doses. Hem-
orrhage, however, remains a potential side effect in at-risk 
patients (i.e., those undergoing surgery).

A Cochrane review in human medicine found insufficient 
evidence to recommend use of LMW heparin instead of vita-
min K antagonists.107

In patients suffering from severe heartworm disease, low-
dose heparin given 1 to 2 weeks before treatment and 3 to  
6 weeks after treatment improves survival rates compared with 
no treatment or with aspirin therapy.108 In the event of throm-
bosis associated with adulticide therapy, heparin should be 
administered (50 to 70 U/kg every 8 hours) for at least 7 days 
(assuming the platelet count increases to above 150,000/mm3).

LMW heparins have been recommended as treatment or 
prevention of thrombosis associated with immune-mediated 
hemolytic anemia.

Disseminated Intravascular Coagulaopathy
Heparin is used with blood and plasma for the treatment of 
DIC. The use of heparin for treatment of DIC remains con-
troversial.71 Its efficacy for DIC depends on adequate concen-
trations of AT (≥40% of normal). Replacement therapy with 
either whole fresh blood or fresh or fresh frozen plasma is 
indicated if AT levels are not normal or for actively bleeding 
patients. A loading dose is generally followed by a mainte-
nance dose; the loading dose can be preincubated with blood 
or plasma in order to maximize effects on AT Maintenance 
dosing should be based on changes in APTT rather than on 
a fixed dose. This is particularly true in patients suffering 
from DIC because the synthesis of cofactors varies among 
patients with DIC. Although normal dogs respond rapidly 
to heparin therapy, identification of changes in APTT in 
DIC patients may be difficult. Neutralization of heparin with 
polybrene (hexadimethrine bromide)71 can be used to distin-
guish changes in the APTT due to heparin from those due to 
DIC once a baseline APTT has been established. The recom-
mended dose of heparin is markedly variable, ranging from a 
low of 75 to 100 U/kg administered subcutaneously (a dose 
unlikely to change APTT but likely to be sufficient to target 
AT) to a high of 750 to 1000 U/kg (severe disease with organ 
damage caused by microthrombosis) every 8 hours. An intra-
venous bolus of 5000 U or 80 U/kg followed by constant-rate 
infusion of 5 to 18 U/kg/hr also has been recommended. For 
a hypercoagulable state, a subcutaneous dose of 200 to 300 
U/kg every 6 hours is recommended. The APTT should be 
monitored every 6 hours. In general, if higher doses are used, 
the APTT should be prolonged by 1.5-fold to twofold. Once 
a therapeutic response is established, the APTT and plate-
let count should be monitored daily. Heparin should not be 
abruptly discontinued in patients with DIC because of the risk 
of rebound hypercoagulability associated with AT deficiency. 
Nonanticoagulant uses of heparin are increasing in human 
medicine. Anecdotal reports in humans indicate that heparin 

can be beneficial for the treatment of asthma and allergic 
inflammation.

DIC has been reviewed in cats,109 including its treatment. 
Of the 46 cats studied retrospectively, 43 died or were eutha-
nized, precluding conclusions regarding the most effective 
therapies.

Vitamin K Antagonists (Oral Anticoagulants)
The oral anticoagulants differ primarily in their duration and 
magnitude of effect. Studies of their importance in veterinary 
medicine have focused primarily on their toxic rather than 
their therapeutic indications,11 although these drugs are being 
used increasingly to treat thromboembolic diseases.

Chemistry. The vitamin K antagonists consist of two groups: 
the coumarin derivatives (dicoumarol and warfarin) and the 
indandione anticoagulants. Both interfere with the hepatic syn-
thesis of vitamin K–dependent clotting factors II, VII, IX, and 
X and anticoagulant proteins C and S (see Figure 15-7).95 They 
block the reduction of vitamin K by vitamin K epoxide after its 
use in factor synthesis, thus effectively reducing the concentra-
tion of vitamin K. Two points related to this mechanism are 
important. First, the anticoagulant activity occurs only in vivo; 
second, there is a delay in anticoagulant activity (and therefore 
therapeutic or toxic effect) for 8 to 12 hours because of the per-
sistence of factors synthesized before administration. Factor 
VII has the shortest half-life and therefore is the first factor to 
become deficient. Antithrombotic effects occur in 4 to 6 days 
after therapy is begun, however, as serum concentrations of 
factors IX and X decrease. Serum concentrations of the antico-
agulant protein C also decrease but more rapidly than clotting 
factors, thus possibly rendering the patient hypercoagulable. 
Other factors that might contribute to the hypercoagulable 
state increased thrombin generation as a result of the release 
of procoagulant platelet-derived factors, expression of tissue 
factor in response to damaged endothelium, and release of 
platelet factor IV by activated platelets with subsequent neu-
tralization of heparin.80 Heparin therapy might be used for the 
first 2 to 5 days after warfarin therapy is begun to prevent this 
hypercoagulable state.

Disposition. Warfarin contains a chiral carbon (see Figure 
15-7) and is marketed as a racemic mixture. The S isomer is 
approximately 5.5 times more potent than the R isomer with 
regard to anticoagulant activity in all species pharmacody-
namically studied.110 The vitamin K antagonists are rapidly 
and completely orally absorbed. Warfarin is 75,000 times more 
soluble in water than is dicoumarol and is characterized by 
much better oral bioavailability.72 Peak levels occur in 1 hour. 
There are, however, marked differences in product bioavail-
ability, and products should be interchanged with caution. For 
products used as rodenticides, warfarin derivatives often have 
a drug half-life up to 7 days, whereas the indandione diphaci-
none has an elimination half-life of 30 days.11 All coumarin 
derivatives are highly bound to serum albumin, limiting the 
distribution volume to plasma volume. Vitamin K antago-
nists are metabolized by the liver to inactive metabolites by 
the cytochrome P450 system and subsequently conjugated to 
glucuronide. They undergo an enterohepatic cycle.
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Although response does not relate in a dose-dependent 
manner to plasma drug concentrations, the disposition of 
warfarin, including its enantiomers, has been reported in cats 
(n = 10) after single intravenous administration of 0.5 mg/
kg and then at 0.1, 0.25, and 0.5 mg/kg (n = 4) orally of the 
racemic mixture.110 The disposition of the S isomer resulted 
in significantly higher area under the curve compared with 
the R isomer, in part because of longer mean residence time 
and half-life, which were approximately twice as long in the 
S (approximately 24 hours) compared with the R (11 hours) 
isomers. Variability was great, with a range that varied almost 
threefold (11 to 38 hours) for both half-life and mean resi-
dence time for the S isomer. A dose-dependent effect was 
evident. Problematically, distribution of warfarin throughout 
the study tablets was even. Anticoagulant potency of the two 
isomers was not studied in cats.

Preparations. Vitamin K antagonists are prepared for thera-
peutic use as tablets and solutions (e.g., warfarin, dicoumarol). 
They are, however, more commonly used as oral rodenticides.

Drug interactions. A variety of factors can increase the 
activity of warfarin anticoagulants. Hypoproteinemia, anti-
microbial therapy, hepatic disease, hypermetabolic states, 
pregnancy, and the nephrotic syndromes are some examples. 
Drug interactions are most significant when used therapeuti-
cally for chronic treatment. Because they are highly protein 
bound, they will be displaced by (or will displace) other drugs 
that are protein bound, and their anticoagulant effects may 
be increased to the point of toxicity. Examples include acetyl-
salicylic acid and other nonsteroidal antiinflammatory drugs. 
Drug interactions occur with other antihemostatic agents.

Clinical use. Clinical use of the coumarin derivatives in dogs 
and cats is increasing as monitoring techniques improve and 
doses are refined. The high incidence of recurrent thrombo-
embolism in cats receiving aspirin has led to renewed interest 
in the use of warfarin for management of arterial thrombo-
embolism. Currently, cardiologists are recommending use of 
warfarin even in the absence of prior thromboembolic events 
once adequate left atrial enlargement (left atrial to aortic ratio 
<2) has been confirmed by echocardiography.111 The drug is 
discontinued if atrial size should normalize (ratio of <1.25).

Warfarin therapy for humans is characterized by doses that 
vary as much as twentyfold. Variability should be anticipated 
as a result of species differences in drug disposition, warfa-
rin preparations, the target disease, and the presence of other 
drugs that may interact with warfarin. Accurate dosing should 
be based on drug-response monitoring. For long-term anti-
coagulant needs, or in combination with heparin (100 U/kg 
every 8 hours) for acute treatment of thromboembolism, war-
farin can be administered at 0.1 to 0.2 mg/kg (or one fourth 
to one half of a 1-mg tablet in cats) orally every 24 hours.70,111

The PT should be measured at baseline before initiation 
of therapy. Heparin therapy (when also being used) may 
prolong the prothrombin (as well as ACT and APTT), but a 
baseline should still be established. Warfarin therapy should 
be monitored by 4 to 5 days of therapy. Beginning monitoring 
earlier may help detect changes more easily. Monitoring tech-
niques should be standardized. An optimum sampling time 

of 2 hours has been recommended.111 The target response to 
warfarin therapy varies. Recommendations have included an 
increase in baseline prothrombin of 1.3 to 1.6 times baseline to 
1.5 to 2.5 times baseline.111

A standardized approach to interpreting prothrombin 
response has been recommended based on an international 
reference preparation of standardized human brain throm-
boplastin. The international normalized ratio (INR) is deter-
mined for the patient (INR = patient prothrombin/control 
PTISI), where ISI is the international sensitivity index of the 
thromboplastin control used to determine the prothrombin. 
The ISI is provided by the manufacturer of the thromboplas-
tin control. Standardization is important because controls can 
vary by more than twofold. A target INR of 2 to 3 has been rec-
ommended for prevention of feline thromboembolism while 
minimizing the risk of bleeding. Either the dose or the interval 
can be manipulated to achieve the target INR (or prothrombin).  
Tablet size restrictions may, however, make it difficult to fine-
tune warfarin therapy. The dosing interval might be prolonged 
to as long as 48 hours for some patients.102 Heparin therapy 
can be discontinued approximately 3 days after warfarin ther-
apy is begun; prothrombin should be expected to decrease 
as a result. After the patient is sent home, monitoring can be 
decreased to 2-week intervals.

Warfarin therapy has been combined with aspirin to treat 
or prevent recurrent thromboembolism or increased risk of 
thromboembolism. Although the combination is rational, the 
risk of bleeding is intensified. Not only are both platelets and 
coagulation factors targeted with this combination, but drug 
interactions between these two highly protein-bound drugs 
can also complicate safe therapy.

Toxicity. Toxicity manifested as hemorrhage has been the 
major veterinary medical concern with vitamin K antagonists. 
Secondary poisoning resulting from the ingestion of a rodent 
that has eaten treated bait is the most common cause of toxic-
ity. Toxicity can also occur, however, by overdosing warfarin 
for treatment of thromboembolism. Treatment for anticoagu-
lant rodenticide toxicity is symptomatic and specific. Specific 
therapy is vitamin K. Vitamin K1 is a very effective antidote, 
but it must be given as long as the anticoagulant is present in 
the body at toxic levels. This time varies, depending on the 
drug, from several days to several weeks after ingestion. Vita-
min K3 (menadione) is much less expensive but is also far less 
effective and never should be used as the sole antidote in cases 
of severe coagulopathy. Treatment with vitamin K will pre-
clude the therapeutic benefits of warfarin for up to 3 weeks.

Fibrinolytics (Thrombolytics)
Fibrinolytic agents increase the activity of plasmin (fibrino-
lysin), the endogenous compound that is responsible for dis-
solving clots.112

Streptokinase and Streptodornase
Streptokinase and streptodornase are synthesized by strep-
tococcal organisms. Urokinase is prepared from cultures of 
human renal cells. Streptokinase, streptodornase, and uroki-
nase are used in the treatment of wounds that do not respond 
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to antibacterial therapy, burns, ulcers, chronic eczemas, ear 
hematomas, otitis externa, osteomyelitis, chronic sinusitis, or 
other chronic lesions. They are available as powders for local 
or systemic administration. Streptokinase may be useful for 
the treatment of feline thromboembolic disease. In an experi-
mental model, streptokinase reduced mean thrombus weight 
after administration of a loading dose (90,000 IU/cat) and a 
constant maintenance infusion of 45,000 IU (studied for only 
3 hours). Clinical use of streptokinase has not been reported.70

Tissue Plasminogen Activator
Tissue-type plasminogen activator (tPA) activates plasmino-
gen bound to fibrin. Its use should be limited to cases of 
thrombosis (rather than prevention). Some studies have indi-
cated a potential use for tPA for dissolution of thrombi in cats, 
but side effects should be minimized before general use of the 
drug can be accepted. Although 50% of cats with spontane-
ous aortic thrombosis treated with tPA (0.25 to 1 mg/kg per 
hour for a total dose of 1 to 10 mg/kg) had resolution of clini-
cal signs, 70% of the cats treated died from reperfusion injury, 
heart failure, or other side effects.70

Clinical Use
Cost and lack of refined doses and selectivity have limited 
the use of thrombolytic drugs for treatment of (pulmonary) 
thromboembolism in dogs and cats.

Antithrombotics
Platelet activity is controlled by substances generated both 
outside and inside the platelet. Adenophosphate, prostaglan-
dins, thromboxane, serotonin, cAMP, and GMP are generated 
within the platelet, where they interact with platelet receptors 
or with the platelet itself. Modulation of all platelet activity 
can be achieved by interaction with these compounds. Among 
platelet receptors are two P2YP type purinergic receptors 
that are activated by ADP and coupled with G-protein (Gq). 
Activation causes platelet shape to change, induces phospha-
tidylinositol turnover and platelet aggretation. This response 
is offset by a second receptor type coupled to Gi. Activation of 
this receptor by ADP inhibits adenylyl cyclase and decreases 
cAMP, resulting in muted platelet activation. Both receptors 
must be stimulated for platelets to activate.

The thienopyridines ticlopidine and clopidogrel are ADP 
antagonists with antiplatelet activity. Their inhibitory effects 
on P2Y12 G1-coupled adenosine receptors are irreversible, tar-
geting both primary and secondary aggregation to a variety of 
agonists. Ticlopidine has been extensively studied in human 
patients with thromboembolic disease. Inhibition occurs in 
2 to 5 days. The thienopyridines also inhibit the conforma-
tion change of glycoprotein IIb/IIa induced by ADP. Because 
binding of fibrinogen and vWF is prevented, thrombrus pro-
gression is inhibited. Because both ticlopidine and clopidrogel 
are prodrugs, pharmacodynamic tests must occur in vivo and 
pharmacokinetics must be based on the active metabolite. The 
enzyme responsible for metabolism has not yet been identi-
fied.54 Maximum effects are delayed up to 8 to 11 days; a load-
ing dose (twice maintenance) is suggested in humans. Effects 

persist for several days after discontinuation of therapy; this 
may reflect an irreversible nature of inhibition and the need 
for new platelets. Serious side effects are rare in humans but 
include neutropenia and thrombocytopenia. The drug has 
proved equal to aspirin in the prevention of human stroke. 
Ticlopidine has been studied in dogs. A dose of 62 mg/kg 
every 24 hours inhibits platelet aggregation in normal dogs, 
but higher doses may be necessary in the presence of throm-
boembolic disease.3,113 It is not clear if the cat metabolizes 
ticlopidine to the active drug. However, ticlopidine also has 
been studied in cats (n = 8) at 50, 100, and 200 mg/cat once 
daily orally and 250 mg/cat every 12 hours for 10 days using 
(apparently) a nonrandomized crossover design with at least 
14 days between treatments.114 Outcome measures included 
oral mucosal bleeding times and platelet aggregation (blood 
aggregometry). Significant reduction in platelet aggrega-
tion occurred with doses at 100 mg and above, although 
effects were present on all three test days (3, 7, and 10) only 
for the 250-mg twice-daily dose. Ticlopidine was associated 
with dose- dependent anorexia and vomiting, which occurred 
shortly after dosing, causing the authors to conclude that 
clinical utility of ticlopidine was limited. However, cats devel-
oped tolerance to these side effects. One of the eight cats was 
removed from the study because of sudden death, although 
the death could not be attributed to the drug.

Clopidogrel is related to ticlopidine and is less likely to 
cause neutropenia. Also a prodrug, its onset of action also is 
slow, with the loading dose in humans being 4 times the main-
tenance dose. Clopidogrel has been studied for its effect on 
thrombolysis, based on the observation that platelet activation 
may decrease thrombolysis or facilitate rethrombosis.115 Clop-
idogrel had no impact on thrombolysis in cats with experi-
mentally induced (tPA) thrombosis after 3 days of oral therapy 
(75 mg), although only three cats were studied. However, a 
follow-up study in blood collected from cats (n = 9) found no 
effect.115 The pharmacokinetic-pharmacodynamic relation-
ship of clopidregel was described in dogs (n = 8) receiving 
approximately 1 mg/kg PO every 24 hr for 3 days followed by 
either 0.5 or 1 mg/kg every 24 hr for 3 days (n = 5).115a Indices 
of platelet inhibition (e.g, ADP-induced platelet aggregation 
decreased by 80 to 93% from baseline) were present by day  
3 in either treatment group, with the duration of effect lasting 
3 to 7 days. Peak metabolite concentration 210 + 200 ng/ml 
occurred 1 hour after administration; the rapid disappearance 
and low (below detectable) concentrations of the metabolite 
precluded complete pharmacokinetic description. Experi-
mentally, clopidogrel (5 mg/kg) proved more effective than 
aspirin (5 mg/kg) when combined with t-PA (80 μg/kg) or 
heparin (200 U/kg) for prevention of experimentally induced 
coronary artery occlusion.115b

Dipyridamole is a vasodilator that inhibits cAMP phos-
phodiesterase and increases cAMP in the platelet. When used 
alone, it minimally affects platelet activity but acts synergisti-
cally with aspirin to inhibit platelet activity.116

Aspirin causes an irreversible and thus long-lasting nega-
tive effect on platelet activity, which is clinically manifested 
as prolonged bleeding time. Aspirin irreversibly inactivates 
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prostaglandin G and H synthetase, the enzyme that catalyzes 
the initial conversion of arachidonic acid to thromboxane A2. 
Two types of this enzyme are present: the constitutive form 
responsible for conversion of arachidonic acid to prostaglan-
din H (and ultimately thromboxane) and an inducible form 
that activates cells in response to growth factors during inflam-
mation. The antiplatelet effects of aspirin result from acetyla-
tion of the constitutive form of the enzyme.117 Platelets are 
not able to synthesize proteins and thus cannot regenerate the 
enzyme necessary for thromboxane formation. The irrevers-
ible nature of platelet inhibition allows aspirin administration 
to occur at 3-day or longer intervals. Reduced formation of the 
various eicosanoids responsible for platelet aggregation and 
coagulation accounts for the variety of different pharmaco-
logic (therapeutic and toxic) responses to aspirin. Side effects 
of aspirin can, however, be minimized by taking advantage of 
the dose–response relationship between aspirin and its many 
pharmacologic effects.

Prospective, controlled studies that support the efficacy of 
aspirin as an antithrombotic either as a preventive or treat-
ment for FATE are limited. In a retrospective study of cats with 
acute FATE, survival did not differ between cats receiving 5 mg  
(n = 12) versus ≥ 40 mg/cat (n = 34) every 72 hours.118 An 
advantage of the lower dose might be inhibition of throm-
boxane synthetase (causing platelet aggregation) without 
inhibition of prostacyclin synthetase (inhibition of platelet 
aggregation). However, the power of the study to detect a 
treatment difference was not described, and failure to detect 
a significant difference should not be interpreted as equal effi-
cacy between the two doses. On the other hand, the incidence 
of side effects was lower in the low-dose aspirin group.

One study reported that a very high dose of aspirin (650 
mg/cat) in cats before initiation of thrombus formation 
improved collateral circulation compared with controls that 
did not receive aspirin,119 suggesting that aspirin prophylaxis 
might help reduce recurrence and that therapy should be initi-
ated as soon as possible in the acute event.

The antiplatelet effect of aspirin can be separated to a large 
degree from its other actions by administration of a low dose 
(0.5 mg/kg every 12 hours in a normal dog). One retrospec-
tive study of the use of an ultralow dose of aspirin (0.5 mg/
kg) versus (unfractionated) heparin (75-125 U/kg every 6 to 8 
hours) in 151 dogs with immune-mediated hemolytic anemia 
being treated with prednisolone and azathioprine found the 
percentage of animals surviving the hospital stay to be 84% 
for the aspirin group versus approximately 54% for either the 
heparin-treated or no-antihemostatic-drug–treated group.120 
Survival at 1 year was 67% for the aspirin-treated group ver-
sus 46% for the heparin-treated group and 34% for the no-
antihemostatic-drug–treated group. The study was biased by 
the assignment of treatments: Coagulopathy was worse in the 
heparin group compared with the aspirin group. Nonetheless, 
the study supports the potential efficacy of aspirin at very low 
doses compared with no antihemostatic drug; its inclusion 
in the treatment regimen is made more prudent because of 
the potential for glucocorticoid therapy to worsen the risk of 
thromboemblism (see Chapter 30).

Other “low doses” suggested for aspirin include 10 mg/kg 
in heartworm-infested dogs and 25 mg/kg twice weekly in 
cats.72,117,121 Although experimental studies reveal antiplatelet 
activity for aspirin, clinical response is variable.122,123 Aspirin, 
however, remains a component of therapy directed toward pre-
vention and treatment of arterial thrombosis,2,117,124 including 
severe pulmonary arterial thrombosis associated with heart-
worm disease.108 Coupled with cage confinement, aspirin 
(4 to 6 mg/kg per day) administered for 2 to 3 weeks before 
caparsolate therapy may improve survival after treatment.108 
Aspirin is still the most commonly used drug for prevention 
of arterial thrombosis in cats (25 mg/kg orally every 72 hours) 
despite the lack of clinical proof of efficacy.70 Recurrence of 
thrombosis may, however, be as high as 75%.

Interestingly, one report in a canine model of coronary 
thrombosis describes a synergistic antiplatelet effect when 
administered with metoclopramide.125 Aspirin was adminis-
tered at 0.03 to 0.1 mg/kg intravenously and metoclopramide 
at 0.1 or 0.3 mg/kg intravenously. The effect of metoclopramide 
was attributed to either s5HT2 or antagonism of alpha2.

Other drugs with antiplatelet activity are available but have 
not been sufficiently studied in animals. These include the 
tirofiban and abciximab, inhibitors of glycoprotein (IIb/IIIa), 
a platelet surface integrin that serves as a receptor for fibrino-
gen and vWF. For example, abciximab is the Fab fragment of a 
human monoclonal antibody directed toward the receptor used 
to treat coronary thromboembolism. Propranolol has been 
found to be ineffective as an inhibitor of platelet activity.71,126

Homocysteine
The recognition of arterial damage in two infants with inborn 
errors of metabolism resulting in an increase of homocysteine 
led to the investigation of the possible role of homocysteine in 
thromboembolic disease.127 However, homocysteine accumu-
lation generally is accompanied by an increase of its precursor, 
S-adenosylhomocysteine (SAH). This demethylated product 
of numerous S-adenosylmethionine (SAM)- dependent trans-
methylation reactions may cause a potent feedback inhibition, 
resulting in hypomethylation of reactions critical to throm-
bogenic control. In homocystinuria, lowered plasma homo-
cysteine is accompanied by lowered SAH concentrations and 
restored transmethylation reactions. It is not clear if increased 
homocysteine (or SAH) is a cause or effect (and thus a marker) 
of thromboembolic disorders. Because the kidneys are respon-
sible for clearing up to 70% of homocysteine, concentrations 
increase in concert with creatinine in patients with renal dis-
ease, reaching increases of threefold to fivefold above baseline. 
Other factors that increase homocysteine include decreased 
folate and vitamin B concentrations and cardiovascular dis-
ease itself.
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PHYSIOLOGY

Water
Water accounts for 60% of lean body weight in adult animals, 
with variation between species. This percentage is affected by 
fat and age. Obese and older animals tend to have a smaller 
percentage of body weight composed of water, whereas up to 
90% of body weight in neonates is water. Approximately two 
thirds of this water is present within cells (intracellular fluid 
[ICF] compartment) and one third is extracellular fluid (ECF). 
Of the ECF, three fourths is interstitial fluid and one fourth of 
the ECF volume is plasma. Thus plasma accounts for only 5% 
of body weight.1,2

Water freely diffuses through cell membranes. Conse-
quently, all body compartments have approximately the same 
osmolality (290 to 310 mOsm/kg in dogs and 300 to 330 
mOsm/kg in cats).3 Osmotic force is the prime determinant 
of distribution of water across cell membranes (i.e., the par-
titioning of water between the ECF and ICF). Plasma sodium 

is the primary determinant of ECF osmolality. Glucose and 
urea make minor contributions as well, which is reflected in 
the  following calculation:

Plasma osmolality (mOsm / kg)
                             = 2[Na+K]
                             + [serum glucose in mg / dL÷ 18] 
                             +  [BUN in mg / dL÷ 2.8]

In the laboratory osmolality is measured by freezing point 
depression or vapor pressure osmometry. The measured value 
is often higher than the calculated value because this equa-
tion does not include all osmotically active particles present 
in plasma.

As can be seen from the preceding formula, sodium is 
principally responsible for ECF osmolality. Osmolality in 
the ICF is principally determined by potassium, magne-
sium, phosphates, and proteins. To promote water move-
ment from one compartment to another, the osmolality 
of one or more compartments must change.4 Tonicity, or 



600 Drugs Targeting Body Systems SECTION 3

effective osmolality, refers to the osmotic pressure of a 
solution—Osmotic pressure is the pressure required to pre-
vent water movement across a semipermeable membrane. 
When the relationship between tonicity and osmolality is 
under consideration, it is important to distinguish between 
permeant and impermeant solutes. Permeant solutes 
(e.g., urea) move freely across cell membranes and do not 
induce net water movement when introduced into a solu-
tion (i.e., they are ineffective osmoles). Impermeant solutes 
(e.g., sodium and glucose) induce water movement when 
introduced into a solution and are called effective osmoles, 
because they do not readily cross cell membranes. Glucose, 
to the extent that it causes hyperglycemia, is an imperme-
ant solute and does contribute to ECF osmolality. However, 
glucose administration usually does not cause hypergly-
cemia because it is rapidly taken up by cells in the pres-
ence of insulin. The implication is that tonicity is less then 
osmolality.

The capillary walls are freely permeable to sodium, chlo-
ride, and glucose. As a result, these substances are osmoti-
cally inactive across capillary membranes. However, plasma 
proteins are limited in their ability to cross capillary mem-
branes, and plasma volume is ultimately maintained by the 
colloid osmotic pressure (COP), COP is the force created by 
macromolecules present within the vasculature that prevents 
water from escaping to the extravascular space. Thus, COP 
is essentially the pressure exerted by plasma proteins. Albu-
min contributes to roughly 75% of COP in healthy patients, 
with globulins making up the remainder. At the venous end 
of the capillary bed, plasma proteins exert an osmotic force 
in excess of the hydrostatic gradient, resulting in a net fluid 
flux from the interstitium into the vessels. Thus albumin is 
important for distribution of water between the intravascu-
lar and interstitial compartments, and plasma proteins in 
general play a key role in the maintenance of intravascular 
fluid volume.1 This is in contrast to the osmotic equilib-
rium governing water distribution across the ECF and ICF 
compartments.

The amount of available water in the body is determined 
by a balance between intake and loss.1 Water intake occurs 
by drinking and eating, which are controlled by thirst and 
hunger. Alterations in water intake can occur with neuro-
logic disease and congenital abnormalities. Animals normally 
lose water through urine, feces, and expired air. To a lesser 
extent, evaporation from the skin surface promotes water flux 
across the epidermis. Obligatory urinary and fecal losses are 
determined by the solute load that must be excreted. Respira-
tory losses of water are affected by ambient temperature and 
humidity. Water losses may increase as a result of vomiting, 
diarrhea, and polyuria. Rarely, clinically relevant water losses 
arise through traumatized tissues or with cavitary effusions. 
Fever also can be responsible for increasing loss of water.5 
Fluid losses, such as those incurred by vomiting, diarrhea, 
and polyuria, are often classified as isotonic (i.e., small sol-
utes are lost in proportion to their concentration in plasma), 
but more commonly these losses are slightly hypotonic, with 
sodium concentrations of 80 to 120 mg/dL. This is manifested 

by hypernatremia, which is commonly observed with dehy-
dration. To maintain hydration homeostasis, urine output may 
exceed the obligatory urine output, the latter being the volume 
required for elimination of solutes. While the term free water is 
well recognized and accepted, this fluid resembles a hypotonic 
crystalloid in content, as opposed to water. Water excretion is 
due to modification of antidiuretic hormone (ADH) secretion. 
ADH is normally released from the posterior pituitary gland 
when osmoreceptors in the hypothalamus detect hypertonic-
ity or when baroreceptors in the cardiovascular system sense 
hypovolemia. Release of ADH promotes water retention. For 
water to be excreted by the kidneys, there must be adequate 
delivery of tubular fluid to the ascending limb of the loop of 
Henle, and the renal collecting ducts must remain imperme-
able to water in the absence of ADH.6

Sodium
Sodium is the osmolar skeleton of the ECF. Under normal 
conditions the kidneys regulate its elimination, excreting 
as much sodium as is ingested. Renal sodium excretion is 
normally regulated by aldosterone, atrial natriuretic factors 
(ANF), and intrinsic renal mechanisms (e.g., renal blood flow 
[RBF], glomerular filtration rate [GFR], and glomerulotu-
bular balance). Glomerulotubular balance refers to the abil-
ity of the kidney to maintain a relatively constant fractional 
reabsorption of sodium, despite changes in GFR. If there is 
expansion of the effective circulating volume (i.e., overhydra-
tion, hypervolemia), the cardiac atria distend with subsequent 
release of ANF. ANF and other natriuretic factors inhibit both 
the formation and effects of angiotensin and decrease sodium 
reabsorption from the renal medullary collecting ducts. Con-
versely, when atrial receptors detect a decrease in volume, 
sympathetic tone is increased and ANF release is inhibited. 
Further, decrements in renal perfusion and the associated 
decrease in delivery of sodium (and/or chloride) to the mac-
ula densa activate the renin–angiotensin–aldosterone system, 
promoting sodium to be reabsorbed from the renal tubules 
and collecting ducts.7

Potassium
The regulation of total body and plasma potassium concen-
tration is important to the extent that potassium alterations 
may profoundly affect the resting membrane potential (RMP) 
of cardiac and neuromuscular cells.8 Hypokalemia lowers the 
RMP, making it more difficult to achieve an action potential 
with subsequent contraction of a muscle. Hyperkalemia raises 
the RMP, which may result in an action potential of decreased 
amplitude or, in extreme cases, continuous depolarization of 
the cell membrane. Although the majority of the body’s potas-
sium is found within cells, it is the plasma concentration that 
corresponds with and contributes to relevant myocardial and 
neuromuscular abnormalities.

Potassium homeostasis can be conceptualized as having 
both an internal and an external balance. External balance 
refers to the total amount of potassium in the body and is 
determined by the balance between intake versus loss. Potas-
sium enters the body principally through ingestion, and 
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almost all ingested potassium is absorbed. A small amount 
of potassium is normally excreted in the feces, although the 
colon may serve as an important route for potassium excre-
tion in disease states. Normal potassium loss occurs predomi-
nantly through the kidneys, the amount determined by ECF 
potassium concentration, delivery of sodium and water to the 
distal tubule and collecting ducts, as well as the secretion of 
aldosterone. Although the kidneys normally eliminate potas-
sium efficiently, renal mechanisms cannot maintain normal 
plasma serum potassium concentrations when grossly exces-
sive amounts of potassium are ingested.9

Internal potassium balance refers to the distribution of 
potassium between the ICF and ECF compartments. The 
Na-K ATPase enzyme pump found in cellular membranes 
actively transports potassium into the cell and maintains a 
high intracellular potassium concentration (i.e., approximately 
150 mEq/L) relative to the ECF (approximately 4 mEq/L). In 
hyperkalemic states insulin and β2-adrenergic activity aug-
ment the transport of potassium into the cells, safely storing 
additional potassium until it can be eliminated.9 The internal 
balance mechanisms may be thought of as a temporary mea-
sure designed to allow the kidneys and, to a lesser extent, the 
colon time to restore potassium balance.8,10

Acid–Base Balance
The body must deal with very large amounts of acid (H+) 
that are generated daily by normal metabolic processes. This 
is important because H+ is very reactive, and small amounts 
(i.e., nanoequivalents) can have detrimental effects on protein 
structure and function (i.e., enzymes, cell membranes, and 
receptors). Normal blood pH is 7.40. Many metabolic func-
tions are exquisitely sensitive to pH, and normal function can 
only occur within a very narrow pH range. If, for example, 
a patient’s pH falls to 7.20 (which represents an increase of 
approximately 20 nEq H+/L), myocardial dysfunction, vasodi-
lation, or dysrhythmias may be observed.11,12

Changes in [H+] are opposed by buffer systems within the 
body. These systems consist of a buffer pair of an acid (H+ 
donator) and its conjugate base (H+ acceptor) as follows:

HA
acid

↔H++A−
base

Weak acids and their conjugate bases constitute the most 
effective buffer pairs in the body, insofar as they are minimally 
dissociated and readily capable of accepting or donating H+ in 
the presence of changes in H+ load. This is in contrast to strong 
acids, which are highly dissociated in most biological fluids.

It was noted 100 years ago that the hydration of CO2 in the 
presence of carbonic anhydrase forms H2CO3 (carbonic acid), 
and carbonic acid acid will ionize into and achieve equilib-
rium with its conjugate base, bicarbonate (HCO3

−), and H+, 
almost instantaneously:

+−+ ←⎯⎯⎯→ ←⎯→ +2 2 2 3 3

carbonic
anhydraseCO H O H CO HCO H

By rearranging the variables in the preceding equation, 
applying laws of mass action, and recognizing that H2CO3 
exists in almost continuous equilibrium with dissolved CO2, 

the value of dissolved CO2 was substituted, giving rise to the 
following equation:

[H+ ] =Ka

(
[CO2]
HCO−

3

)

Ultimately, the partial pressure of CO2 in the blood (pCO2) 
was substituted for dissolved CO2, the concept of pH was 
defined (the negative logarithm of [H+]), and the following 
equation was derived:

pH= pKa + log
(

HCO−
3

PCO2xSC

)

where pKa is the logarithm of the ionization constant Ka 
for H2CO3 and SC is the solubility coefficient of CO2 in blood 
(0.03).

This is the classic Henderson–Hasselbalch equation, funda-
mental to appreciating traditional acid–base chemistry and 
interpreting acid–base derangements. This equation shows 
that the pH of the ECF varies when either [HCO3

−] or pCO2 
is altered.

There are two categories of acid found in the body: nonvola-
tile (produced by metabolism of proteins) and volatile (derived 
from CO2) produced by cellular respiration throughout the 
body.11 Nonvolatile (also called fixed) acid (H+) is primarily 
excreted by the kidneys, whereas volatile acid (CO2) is elimi-
nated by way of the lungs. On a daily basis, small pH changes 
within the body are counteracted by multiple complex and 
often opposing physiochemical processes that, for the sake of 
simplicity, are presented as (1) the actions of intra cellular and 
extracellular buffering systems (chemical buffering), (2) mod-
ulation of ventilation (physiologic buffering), and (3) renal 
reclamation and elimination. There are many buffer systems 
throughout the body. The principle intracellular buffers are 
hemoglobin, phosphate, and proteins, which are capable of 
buffering both volatile and nonvolatile acids. The principle 
extracellular buffer systems are calcium carbonate and phos-
phate of bone, in addition to the bicarbonate-carbonic acid 
system, which reacts only with nonvolatile acid. Hemoglobin 
and albumin account for most of the nonbicarbonate buffering 
capacity. The HCO3

− buffering system is capable of respond-
ing to an acute change in [H+], and the HCO3

−/H2CO3/CO2 
equilibrium equation (see Equation 16-1) allows changes in 
pH to be further modulated by changes in ventilation. This 
“open system” greatly enhances the buffering capacity of the 
HCO3

− system and is capable of buffering changes in pH 
within minutes of an acid or alkali load. Finally, the kidneys 
play a major role in maintaining pH by increasing or decreas-
ing acid elimination in the urine. Although hours to days may 
be required for this system’s buffering ability to reach comple-
tion, it is clinically the most reliable of all the adaptive mecha-
nisms to normalize pH.

Acid–base physiology may be viewed as having an external 
and an internal balance, as described for potassium. External 
balance refers to the elimination of acid from the body, whereas 
internal balance allows for the body to safely sequester exces-
sive acid until it can be excreted. The pH of the ECF is largely 
determined by how effectively these mechanisms function.
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A perceived limitation to traditional acid–base physi-
ology is that it is too simplistic, ascribing changes in pH to 
either respiratory (changes in pCO2) or metabolic (changes 
in bicarbonate) causes, thereby neglecting the contribution of 
other variables in solution. To address this, nontraditional or 
quantitative approaches to acid–base chemistry and analysis 
are described.13 The terms Stewart approach and Fencl–Leith 
approach are variants of the often confusing and misunder-
stood nontraditional approaches to acid–base analysis. The 
nontraditional approach subdivides metabolic causes into two 
independent variables, those associated with a strong ion dif-
ference (SID) ions that are totally dissociated (e.g., sodium, 
chloride, potassium, lactate) and ATOT (ions of weak acids 
that are partially dissociated, e.g., phosphate and albumin). 
The nontraditional approach defines the pCO2 (respiratory 
contribution) as an independent variable. According to the 
quantitative approach, changes in HCO3 are explained by 
alterations in SID, ATOT, and pCO2. It has been demonstrated 
that if enough ATOT and SID determinants are measured, an 
approximate pH can be calculated. The perceived strength 
of the quantitative approach is that it provides an estimate of 
the “contribution” of individual electrolyte derangements to 
an acid–base imbalance when pH is not measured. However, 
the quantitative approach is only a means of estimating the 
metabolic contribution to pH when it is not otherwise mea-
sured, but not the pH itself; the pH is also highly dependent 
on the respiratory component, the pCO2. The traditional sys-
tem utilizes an overview parameter such as bicarbonate, total 
CO2, or base deficit to quantify the metabolic contribution. 
The Stewart approach breaks down the metabolic component 
into two large groups: SID and ATOT; however, it does not fur-
ther define the contributions. The Fencl–Leith modification is 
the only truly semiquantitative approach, insofar as it it breaks 
down the metabolic contribution into six individual compo-
nents (water [marked by serum sodium], bicarbonate [marked 
by chloride], albumin, lactate, ketones [if measured], phos-
phate, and the effect of unmeasured ions). Advocates of the 
nontraditional approach find that it is more accurate, avoiding 
some of the oversimplifications associated with the traditional, 
albeit more familiar, Henderson–Hasselbalch equation. Both 
are simplifications of a complex dynamic system, and both 
suffer from inherent inaccuracies.13 For practical purposes, 
benefits of the nontraditional approach are best appreciated 
when pH and a blood gas analyzer are not available to the cli-
nician. Other advantages to this approach, when compared 
with traditional acid–base chemistry, are less clear and remain 
a topic of recurrent deliberations. Importantly the astute cli-
nician should appreciate that all methods of acid–base analy-
sis merely quantitate the magnitude of a disorder. Similarly, 
acid–base findings may provide subtle clues to pathogenetic 
mechanisms, but they do not characterize or define a disease 
or its management. Such inferences mandate evaluation of the 
complete history, thorough physical examination, and results 
of other laboratory tests. To remain consistent with concepts 
taught in most clinical settings, the traditional approach 
 (Henderson–Hasselbalch) to analyzing acid–base distur-
bances is discussed.

The blood bicarbonate concentration is normally regu-
lated by the kidneys. The kidneys reabsorb filtered bicarbon-
ate and regenerate bicarbonate that has been consumed in 
the process of buffering acid. In this way, bicarbonate may 
be conceptualized as a kind of conveyer belt, combining with 
nonvolatile acid (i.e., H+), thereby maintaining a stable pH 
in the face of an acid load. When bicarbonate combines with 
H+, carbonic acid (H2CO3) is formed, which dissociates to 
form CO2 and water. CO2 is eliminated by ventilation (see 
Equation 16-1). When organic anions (e.g., lactate, pyruvate, 
gluconate, acetate, citrate, ketones) are metabolized, a hydro-
gen ion is carried along in the process. This alters the car-
bonic acid H2CO3 ↔ H+ + HCO3 equilibrium (mass action), 
shifting it rightward, generating new bicarbonate. Many pro-
cesses in the body directly or indirectly use a chloride–bicar-
bonate counterporter. When chloride is excreted (e.g., into 
the stomach lumen), a “new” bicarbonate anion moves in 
the opposite direction (into the ECF). Similar counterport-
ers exist in red blood cells, renal tubules, and small intestinal 
epithelial cells.

When nonvolatile acid is present in excess, it reacts with 
bicarbonate and other buffer systems, especially intracellu-
lar protein and phosphate.14 The plasma bicarbonate con-
centration decreases as the bicarbonate combines with H+ 
and forms H2CO3, the pH decreases, which by definition 
is an acidosis. More specifically, it is a metabolic acidosis 
because the disorder promotes the accumulation of exces-
sive nonvolatile acid. The body will try to reestablish pH by 
lowering the pCO2 (hyperventilation). This is the appropri-
ate and anticipated compensatory response. Although less 
common, excessive loss of HCO3

− (as occurs with some 
types of diarrhea) may cause a metabolic acidosis with 
a similar compensatory response.15 When the primary 
derangement promotes accumulation of excess volatile acid 
(an increase in pCO2), pH decreases and the acid–base 
disorder is described as a respiratory acidosis. Respiratory 
acidosis, by definition is an increase in pCO2,. In patients 
with primary respiratory acidosis, the kidneys respond by 
increasing excretion of acid.15

By definition, metabolic alkalosis is an elevation in pH 
caused by excessive plasma bicarbonate. Alkalosis decreases 
pulmonary ventilation, which elevates the pCO2 Conversely, 
reduction of pCO2 produces an alkalosis, the terms hyper-
ventilation and respiratory alkalosis often used interchange-
ably. In response to a primary respiratory alkalosis, renal acid 
excretion is reduced.16

The kidneys respond to respiratory acid-base disorders over 
several hours to days. The pulmonary response to metabolic 
acid-base disorders occurs in a matter of minutes. In dogs it is 
possible to predict the approximate degree of a compensation; 
anticipated compensation is less clear or predictable in cats. 
Compensatory mechanisms are not efficient enough to return 
the pH within the normal range. These defense mechanisms 
do not correct the acid-base disturbance but merely mini-
mize the change in pH imposed by the disturbance. Moreover, 
overcompensation for a primary acid–base disorder does not 
occur,11
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DISEASE-INDUCED CHANGES

Sodium
Changes in plasma sodium concentration usually reflect 
changes in total body water content. Hyponatremia and 
hypernatremia primarily cause clinical problems by promot-
ing neuronal edema or dehydration (ICF), respectively. The 
severity of clinical signs is thought to correspond with the rate 
of change rather than with the magnitude of hyponatremia or 
hypernatremia. If changes in serum sodium occur slowly, the 
brain can usually adjust the number of osmotically active mol-
ecules to prevent cerebral fluid gain or loss. This underscores 
the fact that severe hyponatremia or hypernatremia should be 
corrected gradually rather than quickly.17 When the serum 
sodium abnormality has been gradual in onset, the patient’s 
sodium should be corrected slowly, not lowered faster than 1 
mmol/L/hr or increased at a rate exceeding 0.5 mmol/L/hr.

Hypernatremia
Naturally occurring disease processes resulting in hypernatre-
mia are usually disorders of free water loss.7,18 Rarely, hyperna-
tremia results from the addition of sodium (e.g., ocean water 
ingestion, hypertonic saline or sodium bicarbonate administra-
tion). Hypernatremia is a reflection of inadequate water relative 
to sodium content in the ECF. While ECF volume is deter-
mined by the total sodium content (not concentration) in the 
body, plasma sodium concentration is not a measurement of a 
patient’s volume status. The thirst mechanism is so effective that 
hypernatremia seldom occurs in animals that have access to 
adequate amounts of water and are not vomiting or regurgitat-
ing. Hypernatremia often develops in hospitalized patients, and 
a methodical preemptive diagnostic approach, including serial 
evaluation of electrolytes and quantification of fluid intake and 
loss, permits rapid recognition of water imbalance and pre-
vent wide variations in serum sodium. Hypernatremia should 
prompt consideration of the disorders listed in Box 16-1.

Hyponatremia
Because naturally occurring diseases rarely produce sodium 
losses in excess of water, hyponatremia in the clinical setting is 
almost invariably due to excess water in the ECF.

Hyponatremia may be caused by several mechanisms, 
and a systematic approach to cause and correction is advised. 
Sodium and its attendant ions account for approximately 95% 
of the osmotically active substances in extracellular water. 
While hyponatremia is commonly associated with hypo-
osmolality, plasma osmolality must be assessed to appropri-
ately determine of the cause of hyponatremia (Box 16-2).7

Hyponatremia with concurrent normal plasma osmolality 
suggests laboratory error or pseudohyponatremia. Pseudohy-
ponatremia may occur with hyperlipidemia because the lipid 
occupies space in the volume of serum obtained for analysis; 
the concentration of sodium itself is not affected. Hyponatre-
mia with concurrent plasma hyperosmolality suggests that 
other osmotically active particles (e.g., glucose, mannitol) 
are drawing water out of the ICF and into the plasma, thus 
diluting the sodium that is present.7,19 This is often called 

translocational hyponatremia because it is caused by translo-
cation of sodium across cell membranes.

Hypoosmolar hyponatremia in a patient producing large 
volumes of dilute urine reflects impaired free water excretion 
(e.g., inappropriate ADH secretion).

Volume and hydration status may further suggest causes 
of hyponatremia. Overtly hypovolemic patients often have 

Causes of Hypernatremia
Normal Loss of Free Water with Inadequate Replacement
Failure to provide water to an animal that can drink
Inadequate fluid therapy for an animal that cannot drink

Unconscious animal
Animal that is not being fed or watered by mouth
Animal with an oral, pharyngeal, or esophageal disease that 

prevents ingestion
Adipsia

Excessive Loss of Free Water with Inadequate Replacement
Diabetes insipidus
Heat stroke
Fever, hyperthermia
Hypotonic fluid losses

Diarrhea
Vomiting
Polyuria

Excessive intake of sodium
Salt poisoning
Administration of sodium

Hypertonic saline
Sodium bicarbonate 

Box 16-1

Evaluation of the Patient with Hyponatremia
Normoosmolal Patients
Look for artifact (i.e., pseudohyponatremia due to hyperproteinemia)

Hypoosmolal Patients
Hypovolemic patients

Gastrointestinal loss of hypotonic fluid with water  replacement
Hypoadrenocorticism
Salt-losing nephropathies
Sequestration of fluids or sodium in third spaces

Hypervolemic Patients
Congestive heart failure
Nephrotic syndrome
Hepatic disease (especially cirrhosis)

Normovolemic Patients
Primary polydipsia
Administration of hypotonic fluids

Hyperosmolal Patients
Hyperglycemia
Mannitol infusion 

Box 16-2



604 Drugs Targeting Body Systems SECTION 3

an obvious source of fluid loss. Hyponatremia in an overhy-
drated patient is often observed with (but is not the cause of) 
cavitary effusions associated with congestive heart failure, 
advanced oliguric renal failure, or severe hepatic disease (usu-
ally  cirrhosis). These disorders may be associated with such 
exuberant water retention that patients become hyponatremic 
in the face of total body sodium excess. Patients with con-
gestive heart disease or cirrhosis are often described as hav-
ing decreased effective circulating volume (ECV). ECV is the 
volume of arterial blood effectively perfusing tissue. ECV is 
a dynamic quantity and not a measurable, distinct compart-
ment. The fluid retention seen with ineffective cardiac output 
is appropriate (because of release of ADH and angiotensin II), 
whereas the fluid retention observed with renal failure and 
cirrhosis is a component of the disease process itself. These 
patients have decreased ECV and consequent reduction in 
GFR and RBF; as a result, the body attempts, albeit ineffec-
tively, to retain the fluid within the ECF.7

Hypoosmolar hyponatremia may be seen with chronic 
gastrointestinal disease. These patients may be hypernatremic 
early in the course of their disease, but sustained ADH release, 
excessive water consumption, or both may ultimately lead to 
hyponatremia. Diseases associated with third-space losses 
(e.g., pancreatitis, peritonitis) promote ADH release, and 
hyponatremia may be seen in affected patients. It is a common 
misunderstanding that hyponatremia in this setting is a result 
of the fluid accumulation itself. The hyponatremia, however, 
is due to changes in ADH, and fluid accumulation is not the 
proximate cause. Cutaneous fluid losses (e.g., burns) may be 
isonatremic with little change in plasma sodium or may be 
associated with hyponatremia.7,19

Similarly, sodium may be lost from the body as a result of 
hypoadrenocorticism or following administration of thiazide 
diuretics. Diuretics decrease the kidney’s diluting capacity 
and increase sodium excretion. These patients may be dis-
tinguished from those with gastrointestinal loss of hypotonic 
fluid by evaluating the urinary sodium concentration (frac-
tional excretion of sodium [FE Na+]). FE Na+ is not a test but 
rather a calculation based on the concentrations of sodium 
and creatinine in blood and urine.

Under normal circumstances, the body’s response to hypo-
volemia and hyponatremia is to impede renal sodium losses as 
a means of restoring ECF. Consequently, little sodium would 
be found in the urine (FE Na+ <1%). Animals in which renal 
losses are the cause of the hyponatremia will, however, have 
substantial urinary sodium concentrations (FE Na+ >3%).19

Hyponatremia and hypoosmolality occur uncommonly 
in well-hydrated euvolemic dogs and cats. Although rare, 
primary polydipsia (also called psychogenic polydipsia) syn-
dromes associated with inappropriate ADH release or over-
zealous administration of hypotonic fluids are described, and 
are possible causes of hyponatremia in this setting.7

Chloride
Most often, changes in plasma chloride concentration are clin-
ically relevant because they affect acid-base status. In particu-
lar, hypochloremia is associated with metabolic processes that 

are coupled with alkalosis.20 Similarly, hyperchloremia tends 
to be associated with acidosis.

Hypochloremia
The major causes of hypochloremia are increased loss caused 
by vomiting of gastric contents or excessive administration of 
loop diuretics (e.g., furosemide).21 Chloride losses caused by 
gastric vomiting are usually associated with hypokalemia and 
metabolic alkalosis. Occasionally, a paradoxical aciduria is 
also seen. Physical examination and laboratory findings often 
corroborate a history of vomiting. Rarely, administration of 
large doses of sodium without corresponding administration 
of chloride (e.g., high doses of sodium penicillin or sodium 
bicarbonate) may cause hypochloremia. When a hypochlore-
mic patient is also hyponatremic, hyperkalemic, or both, the 
clinician should consider hypoadrenocorticism. If, however, 
the clinician corrects the plasma chloride concentration to 
account for changes in plasma free water, for example:

[Dogs: Corrected Cl−= plasma Cl in mEq / L 
                                          ×  (146 plasma Na in mEq / L)
Cats: Corrected Cl−= plasma Cl in mEq / L 
                                     ×  (156 plasma Na in mEq / L)]

patients with hypoadrenocorticism may have a normal or 
increased corrected chloride concentration.20 Changes in chlo-
ride are often interpreted with changes in free water, which alters 
sodium and chloride concentrations proportionally. This can 
be done by correcting the chloride concentration for changes 
in sodium using the preceding formulas. Primary disorders of 
chloride (i.e., acid–base disturbances) have abnormal corrected 
chloride values, whereas disorders of free water do not; deter-
mination of corrected chloride values seldom affects diagnostic 
or therapeutic decisions in a given patient. Its determination is 
only to permit the interested clinician to quantitatively assess 
the contribution of bicarbonate (marked by changes in chlo-
ride) to the metabolic component of an acid–base disturbance.

Hyperchloremia
Hyperchloremia is principally found in animals that are simul-
taneously hypernatremic as a result of the loss of free water and 
in patients that have received fluids containing proportionally 
more chloride than sodium relative to plasma values. Examples 
include administration of 0.9% saline, hypertonic saline, paren-
teral nutrition, and especially 0.9% saline supplemented with 
potassium chloride. Hyperchloremia may also be observed in 
patients that have a metabolic acidosis associated with a nor-
mal anion gap (i.e., hyperchloremic metabolic acidosis). This 
biochemical finding is commonly seen in animals with small 
bowel diarrhea caused by loss of bicarbonate-rich, chloride-
poor fluid.20 It can also be seen with regurgitation or vomiting 
of duodenal contents and in patients with renal tubular acidosis.

Potassium
Changes in the plasma potassium concentration are clini-
cally important because of the effect of potassium on cellular 
metabolism, RMPs, and the subsequent strength of contraction 
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when an action potential is generated.9 Hypokalemia and 
hyperkalemia both cause muscular weakness and predispose 
to cardiac dysrhythmias. Although there is variation between 
patients, plasma potassium concentrations ≥ 8.0 mEq/L or ≤ 
2.0 mEq/L are generally considered life threatening, although 
less dramatic changes can be dangerous if there are concomi-
tant electrolyte derangements (e.g., hyponatremia, hypocal-
cemia, or hypercalcemia) or if the changes occur rapidly.10 
Potassium is highly labile, and changes in pH of the ECF may 
cause significant alterations in serum potassium, particularly 
in critically ill patients.

Hyperkalemia
Hyperkalemia may be artifactual (i.e., pseudohyperkalemia) 
or real. If hyperkalemia is real, it is either iatrogenic (increased 
intake or administration) or spontaneous. The major cause 
of spontaneous hyperkalemia is decreased urinary excretion 
caused by renal, urinary tract or adrenal disease (Box 16-3).10

Pseudohyperkalemia, an in vitro increase in potassium 
concentration, may be observed with marked thrombocyto-
sis  (generally ≥ 800,000/ul). Because the elevation in potas-
sium in this setting is due to leakage from disrupted or dying 
cells, it is important to measure plasma or serum potassium 
concentrations shortly after a sample is obtained to avoid 
drawing erroneous conclusions about a patient’s electrolyte 
status. Similarly, animals with white blood cell counts equal 
to or greater than 100,000/ul (e.g., leukemia) may rarely have 
pseudohyperkalemia because of transcellular leakage of potas-
sium.22,23 Neonates, Akitas, and English springer spaniels 
are known to have a high potassium content within their red 
blood cells and hemolysis may cause hyperkalemia 24 If there 
is doubt as to whether the hyperkalemia is artifactual or real, 
one should obtain a lithium heparin–anticoagulated blood 
sample and promptly harvest the plasma.21

The list of drugs that may cause hyperkalemia is exten-
sive.10 With the exception of overexuberant infusion of potas-
sium chloride in intravenous fluids and administration of 
drugs that inhibit production or activity of aldosterone (e.g., 
enalapril, spironolactone), significant hyperkalemia caused by 
drug administration is rare and generally only occurs if there 
is underlying renal or adrenal dysfunction. Only the more 
common causes are provided in Box 16-3.

Decreased urinary potassium excretion may be due to 
severe primary renal dysfunction (e.g., typically anuric or 
oliguric primary renal failure), postrenal causes (e.g., uro-
peritoneum, uretheral obstruction) or to secondary renal 
dysfunction resulting from aldosterone deficiency (i.e., hypo-
adrenocorticism). Disorders promoting development of 
edema or cavitary effusions or enteritis (especially whipworm 
infection)25-27 are sometimes associated with the development 
of mild hyperkalemia, the exact pathogenetic mechanism of 
which remains unclear . The clinician should rule in or rule 
out hypoadrenocorticism early in the diagnostic evaluation 
because it has an excellent prognosis if recognized and treated 
promptly. An adrenocorticotropic hormone (ACTH)–stimu-
lation test is required for definitive diagnosis, although resting 
serum cortisol concentrations may be used to screen for its 

presence. Dogs with resting cortisol levels of more than 2 ug/
dL rarely have hypoadrenocorticism,28 and in such cases the 
submission of a post-ACTH (stimulated) cortisol sample may 
not be indicated.

Hypokalemia
Hypokalemia results from reductions in dietary intake or 
increased losses through the urinary or gastrointestinal tract. 
Decreased intake is unlikely to cause hypokalemia unless 
the diet is severely deficient or when potassium-free intrave-
nous fluids are administered to an inappetent patient. Potas-
sium translocation from ECF to ICF may be seen in patients 
receiving parenteral nutrition, insulin, sodium bicarbonate, or 
glucose-containing fluids.8,9 Similarly, alkalemia may reduce 
serum potassium levels as extracellular potassium moves 
intracellularly in exchange for hydrogen ions.

Increased loss of potassium is the most important cause 
of hypokalemia in dogs and cats. Vomiting and diarrhea lead 
to gastrointestinal losses, whereas drug therapy (e.g., furo-
semide) and renal failure or polyuria result in renal losses. 
The latter is commonly observed in older cats and may be 
detected in the absence of azotemia. Hyperaldosteronism 
is an uncommon disorder of cats that may cause profound 
hypokalemia. If the cause of hypokalemia is unclear after 
routine evaluations, the clinician may calculate the fractional 
excretion of potassium (FEK). Animals that are hypokalemic 
as a result of nonrenal causes should have normal (approxi-
mately 4% to 6%) to decreased FEK, whereas cats with 
 potassium-losing nephropathies usually have values above 
6% to 10%.8,29,30

Causes of Hyperkalemia
Artifactual
Pseudohyperkalemia
Lysis of red blood cells that have high potassium concentrations 

(generally seen only in selected breeds and families)
Thrombocytosis
Extreme leukocytosis

Iatrogenic
Administration of potassium chloride or other potassium- 

containing drug
Potassium-sparing diuretics
Trimethoprim-sulfa
Propranolol
Angiotensin-converting enzyme inhibitors (e.g., enalapril)
Heparin
Massive digitalis overdose

Decreased Excretion
Acute renal failure (especially anuric or oliguric)
Hypoadrenocorticism
Third-space disorders

Miscellaneous
Gastrointestinal (e.g., whipworms) 

Box 16-3
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Miscellaneous Minerals
Miscellaneous minerals that occasionally are of concern to the 
clinician are phosphorus and magnesium. Severe hypophos-
phatemia capable of causing clinical signs is principally seen in 
ketoacidotic diabetic patients that are overtreated with insulin 
and occasionally in emaciated cats receiving enteral or paren-
teral nutrition,31,32 although hypophosphatemia can be seen 
from time to time in patients with other diseases.33 The most 
clinically relevant consequence of hypophosphatemia is hemo-
lysis. Hyperphosphatemia is commonly seen in patients with 
renal disease but seldom requires special considerations when 
formulating fluid therapy. Magnesium is primarily absorbed 
in the jejunum and ileum, while the kidneys regulate magne-
sium balance. Hypomagnesemia is primarily due to renal or 
gastrointestinal losses.34 Hypomagnesemia may cause cardiac 
dysrhythmias and neuromuscular irritability. Hypomagnese-
mia is increasingly recognized feature of ketoacidotic diabe-
tes mellitus. It is also seen in dogs with severe protein-losing 
enteropathy.35 Depletion of magnesium has a permissive effect 
on potassium exit from the ICF leading to ECF accumulation 
of potassium, which is subsequently lost from the body. This 
potassium deficiency is refractory to supplementation until 
the magnesium deficit is also corrected. Similarly, hypocalce-
mia may occur as a secondary electrolyte abnormality when 
there is a magnesium deficit. Hypermagnesemia is primarily 
associated with renal disease. Excessive provision of magne-
sium (e.g., in diet or intravenous fluids) is also reported.36,37

Acid–Base Status
Traditional evaluation of acid–base status is best accomplished 
by blood gas analysis, integrating information provided by the 
pH, pCO2, and bicarbonate. When evaluating blood gas values, 
consideration is first given to pH.11 The normal pH of blood 
analyzed at 37° C is 7.35-7.45. If the pH is abnormal, is the 
patient acidemic (pH < 7.35) or alkalemic (pH > 7.45) If it is 
abnormal, by definition an acid–base disorder exists. If the pH 
is normal, an acid–base disorder is unlikely but should not be 
ruled out, because there may be a mixed acid-base disturbance 
(i.e., more than one primary acid–base disturbance occurring 
concurrently) or (uncommonly) a fully compensated acid–
base disturbance. These circumstances are not always readily 
distinguishable. The reader is referred to other references for 
information on mixed disorders.38

If the pH is abnormal, the clinician should try to determine 
which component (respiratory or metabolic) is the primary 
contributor (Table 16-1). Subsequently, evaluation for appro-
priate compensation of the primary disorder is undertaken. 
Generally, the pH will vary in the direction of the primary 
disorder. The other component is the secondary or compensa-
tory component attempting to restore pH to normal. When 
both components vary in the same direction at the pH, both 
disorders are primary, i.e., a mixed disorder is present. In the 
dog there are guidelines for expected compensation in acid-
base disorders (see Table 16-1); however, it is not possible to 
extrapolate these guidelines from the dog to the cat. Results 
of blood gas analysis are interpreted in light of anamnesis and 

clinical examination findings to most appropriately determine 
the most probable cause of the acid–base disorder.11

Metabolic Acidosis
Metabolic acidosis is probably the most widely recognized 
canine and feline acid–base disorder . The most common 
causes of metabolic acidosis in these species are listed in Box 
16-4. Acidosis from accumulation of lactic acid is thought to 
be the most common cause of metabolic acidosis. In the set-
ting of poor peripheral perfusion, anaerobic metabolism often 
predominates, with subsequent production of lactic acid.39 
The acidemia is not actually due to dissociation of the lac-
tate; the lactate simply reflects the anaerobic metabolism that 
has released protons. Therefore lactic acidosis may be seen in 
conjunction with other disorders. Lactic acidosis is usually 
diagnosed by elimination of other causes of acidosis, pres-
ence of elevated anion gap, and physical examination findings 
suggesting ischemia or volume depletion. Blood lactate levels 
may be measured (i.e., hand-held monitors or standard blood 
gas analyzers).20,21,40 The anion gap, although reported with 
other serum chemistry measurements, is actually a calculated 
value [(Na + K) – (HCO3 + Cl)]. The electrolytes used in the 
formula are called measured cations (Na, K) and measured 
anions (HCO3, Cl). Ions not included in the formula are called 
unmeasured cations and unmeasured anions.

Most dogs and cats with diarrhea do not develop a sig-
nificant acidosis. Occasionally, patients with profuse diarrhea 
lose excessive amounts of bicarbonate in the feces and con-
sequently develop an inorganic (hyperchloremic) metabolic 
acidosis. This acidosis may occur simultaneously with lactic 
acidosis in some patients with concomitant dehydration or 
hypovolemia.20

Renal failure causes acidosis when the kidneys cannot ade-
quately excrete H+, regenerate HCO3

−, or both. Renal ammo-
nium excretion is the principle means of eliminating protons, 
and this is usually adequate until renal failure becomes severe. 
Acidosis from renal dysfunction may have a normal anion gap 

pH
Primary 
Abnormality

Normal Compensatory 
Response

Metabolic  
acidosis

↓ ↓ HCO3 ↓ PCO2 by 0.7 mm for each 
1 mEq/L ↓ in HCO3

Metabolic  
alkalosis

↑ ↑ HCO3 ↑ PCO2 by 0.7 mm for each 
1 mEq/L ↑ in HCO3

Respiratory 
 acidosis

Acute
Chronic

↓ ↑PCO2 ↑ HCO3 by 1.5 mEq/L for 
each 10 mm ↑ in PCO2

↑ HCO3 by 3.5 mEq/L for 
each 10 mm ↑ in PCO2

Respiratory 
 alkalosis

Acute
Chronic

↑ ↓ PCO2 ↓HCO3 by 2.5 mEq/L for 
each 10 mm ↓ in PCO2

↓HCO3 by 5.5 mEq/L for 
each 10 mm ↓ in PCO2

Table 16-1  Expected Findings and 
Compensation in Normal 
Dogs with Simple Acid–Base 
Disturbances
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initially, but an increased anion gap is expected in more severely 
uremic patients as unmeasured anions accumulate. Hypoadre-
nocorticism causes an acidosis in part because aldosterone is 
needed for the secretion of H+ into collecting duct fluid; thus 
it may be thought of as a functional renal disease (i.e., with-
out structural nephron damage). Specific renal tubular defects 
(renal tubular acidosis) are uncommon in dogs and cats but 
should be on the list of differential diagnoses for patients with 
a hyperchloremic acidosis and normal anion gap.20

Diabetic ketoacidosis occurs when there is excessive pro-
duction of ketone bodies, especially b-hydroxybutyrate, gen-
erally causing an increased anion gap acidosis.41

When ethylene glycol is ingested, it is metabolized by the 
liver to glycolic acid. This often results in severe acidemia 
that is refractory to standard treatments, largely because acid 
metabolites continue to be produced until all of the ethylene 
glycol is metabolized.42 The acidosis typically occurs before 
there is any evidence of renal injury. History may be infor-
mative, and several quantitative colorimetric in-house test 
kits are available. Calcium oxalate crystalluria often precedes 
overt renal failure. Both monohydrate (i.e., “picket fence”) and 
dihydrate (i.e., “Maltese cross”) calcium oxalate crystals may 
be observed in urine sediment. Markedly increased anion and 
osmolol gaps are seen shortly after exposure.43 A high anion 
gap acidosis may be documented within 3 hours and persists 
for at least 24 hours.

Metabolic Alkalosis
Clinically significant metabolic alkalosis in dogs and cats is 
usually due to vomiting of gastric contents, diuretic therapy, 
or excessive administration of bicarbonate. Other causes of 
alkalemia (e.g., severe hypokalemia, severe hypomagnesemia) 
are clinically less important.16,20

Vomiting of gastric contents causes loss of H+ as well as 
loss of Cl− and water. Hypovolemia and concurrent hypo-
chloremia prevent the relative excess of bicarbonate from 
being eliminated in the urine, reflecting the body’s priority 
of restoring ECF volume. To restore ECF volume, the body 
reclaims sodium and water from the renal tubules. To effi-
ciently reabsorb sodium (a cation), a negatively charged ion(s) 
must be reabsorbed (generally Cl− or HCO3

−) simultaneously 
to maintain electroneutrality. If insufficient amounts of Cl− 
are present to accompany the reclaimed sodium, bicarbonate 

will be reabsorbed instead, even though total body bicar-
bonate is in excess.20 Similar pathogenic mechanisms may 
be observed when excessive furosemide administra tion 
 promotes a brisk diuresis with chloride-rich urine. Both 
of these circumstances are considered chloride-responsive 
alkaloses because complete resolution can only occur if 
chloride-replete fluids are a component of therapy. Clinically 
important  chloride-resistant alkalosis is uncommon in dogs 
and cats.20

Respiratory Alkalosis
Respiratory alkalosis, or primary hypocapnia, is relatively 
common, occurring when alveolar ventilation exceeds the 
amount required to eliminate the CO2 produced by metabo-
lism; hyperventilation from any cause (e.g., excitement, pain, 
fear, hypoxemia, sepsis, liver disease) causes PCO2 to decrease 
and can result in an alkalosis.44,45 The alkalosis itself, however, 
rarely causes detrimental effects in the patient, but this should 
not dissuade the clinician from seeking out the underlying 
cause.

Respiratory Acidosis
Respiratory acidosis, or primary hypercapnia, is occasionally 
diagnosed in dogs or cats with naturally occurring diseases; 
more commonly it is associated with sedation and anesthe-
sia. Carbon dioxide diffuses more rapidly across the alveolar 
membrane than oxygen, and hypoventilation is for all practi-
cal purposes the only cause of, and therefore defines, respira-
tory acidosis. Primary hypoventilation may be seen in patients 
with upper airway obstruction, neuromuscular weakness that 
impairs breathing (e.g., myasthenia gravis, hypokalemia, bot-
ulism), muscular rigidity that prevents breathing (e.g., tetanus, 
seizures), chest wall or pleural cavity disorders (e.g., pneumo-
thorax, pleural effusion, flail chest), and chronic obstructive 
pulmonary disease.46

Blood Gas Analysis
Blood gas analysis mandates precise technique and thus prop-
erly trained support staff.11,21 Hand-held “point-of-care” units 
have made blood gas analysis feasible for many practices.47 
However, the total serum CO2 (TCO2) available on most chem-
istry panels from commercial veterinary laboratories may be 
used as a rough surrogate marker for HCO3

− and as such may 
be used as an approximation of the metabolic contribution to 
acid–base derangements when HCO3 is not measured.21

Although TCO2 is less expensive and is more widely avail-
able than blood gas analyzers, relying on this measurement 
requires the clinician to make assumptions that may be incor-
rect for a given patient.21 One must speculate whether an 
abnormal bicarbonate concentration is due to a primary met-
abolic or a respiratory derangement. Suppositions should be 
supported by careful evaluation of history, physical examina-
tion, and ancillary laboratory data. Major alterations in bicar-
bonate concentrations are often but not invariably primary 
events (i.e., low or high TCO2 representing primary metabolic 
acid–base disorders). It is reasonable to rely on the TCO2 pro-
vided that the apparent acid–base abnormality is consistent 

Common Causes of Metabolic Acidosis
Lactic acidosis caused by decreased perfusion

Dehydration
Poor cardiac output

Renal failure
Diabetic ketoacidosis
Hypoadrenocorticism
Addition of acid to the body

Ethylene glycol intoxication
Salicylate intoxication
Ammonium chloride 

Box 16-4



608 Drugs Targeting Body Systems SECTION 3

with what the clinician infers from the history and physical 
examination findings. However, compensation of primary dis-
turbance cannot be assessed, particularly if a pH value is not 
available.

FLUIDS

Calculation
Fluid therapy is a complex topic and this section is not all 
encompassing. However, basic principles of fluid therapy are 
discussed. Planning fluid therapy requires consideration of 
maintenance needs, estimated hydration deficit, and assess-
ment of ongoing losses.

Maintenance Fluid Needs
Maintenance fluid requirements (i.e., the amount of fluid 
necessary to replace insensible losses and obligatory urinary 
losses) vary with the animal’s size, age, and occasionally diet 
(i.e., eating a diet containing excessive solute such as sodium 
increases the patient’s water requirements for maintenance). 
Ambient temperature and humidity also affect maintenance 
requirements. Studies have been performed evaluating basal 
metabolic rate in companion animals. The optimal formula 
for determining the maintenance needs for dogs and cats is 
controversial. In general, smaller animals need more mil-
liliters per kilogram daily than do larger animals. For most 
domestic species, estimates of daily water requirements range 
from 40 mL/kg/day (large dogs) to 60 mL/kg/day (cats and 
small dogs).48,49 The daily maintenance water requirement for 
a healthy cat or dog weighing between 6 and 60 kg is as fol-
lows: (30 x BW[kg]) + 70. Studies using indirect calorimetry 
suggest that for animals weighing less than 10 kg or more than 
50 kg, a more precise formula is as follows: 97 × body weight 
(0.655).50 Water is present in foods and is generated as foods 
are metabolized. Maintenance requirements should be pro-
vided to patients not consuming sufficient quantities of water 
on their own.

The combination of variables (e.g., age, hydration status, 
perfusion, cardiac and renal function) makes it difficult to 
calculate exactly how much fluid an individual patient needs. 
In general, as long as the estimated amount of required fluids 
is provided and the patient is assessed frequently, clinically 
significant problems referable to fluid therapy are likely to be 
avoided. With the exception of the conditions listed in subse-
quent sections, providing slightly more fluid than is believed 
necessary is in most cases recommended insofar as it is more 
common to underestimate fluid needs than to overestimate 
them. However, patients with myocardial dysfunction, oligu-
ric renal disease, severe anemia, severe hypoalbuminemia, or 
pulmonary edema can be seriously harmed by excessive fluid 
administration.

Deficit Fluid Needs
Fluid deficit should be estimated when patients are initially 
examined. Although there are guidelines for estimating degree 
of dehydration (Table 16-2), there are many pitfalls in this 
approach. Any excited or dyspneic animal that is breathing 

through its mouth may have dry, tacky oral mucous mem-
branes, whereas nauseated animals may have moist mem-
branes in the face of dehydration. Weight loss causes some 
degree of decreased skin turgor, while but obese animals may 
not have changes in skin turgor even when they are 8% to 10% 
dehydrated.51

Findings of increased hematocrit and plasma proteins 
support the clinical suspicion of dehydration (i.e.. animals 
that are hemoconcentrated and hyperproteinemic are usu-
ally dehydrated). However the clinician seldom knows what 
these parameters were shortly before the animal became ill, 
and the hematocrit and total protein values by themselves are 
not a reliable means to assess hydration status. Many animals 
with chronic illness have anemia of chronic disease; dehydra-
tion may cause them to have a spuriously normal hematocrit 
value. Likewise, patients can be hypoproteinemic, and dehy-
dration may cause them to have a seemingly normal serum 
protein concentration. There are many possible causes for a 
well-hydrated dog or cat to be hyperproteinemic, generally 
due to elevated globulin fraction (e.g., heartworm disease, 
ehrlichiosis, chronic dermatitis, feline infectious peritonitis). 
Alterations in body weight may be useful in assessing changes 
in hydration status because changes in body weight generally 
reflect changes in fluid content. When treating dehydrated 
patients, the clinician may interpret an increase in body weight 
as an encouraging sign that hydration is being restored. How-
ever, an increase in body weight in a well-hydrated patient 
may be an early indicator of fluid overload. Patient history 
should not be overlooked. Any animal that is not drinking or 
eating but has ongoing losses (e.g., vomiting, diarrhea, poly-
uria, tachypnea) is or will become dehydrated.

In general, because of the problems associated with deter-
mining the degree of dehydration, slightly overestimating 
the deficit is recommended unless the patient has syndromes 
mentioned in the discussion of maintenance fluid require-
ments. The dehydration deficit is determined by the following 
formula:

Body weight (kg) × estimated percentage dehydration
                            ×  1000=milliliters needed

Deficit fluids can be administered more rapidly than main-
tenance fluids when patients are closely and frequently moni-
tored. One half of the dehydration deficit can be administered 
as a bolus, with the remainder replaced as a constant rate infu-
sion over 12 to 24 hours. Cats have smaller blood volumes 

Table 16-2  Determination of Degree 
of Dehydration

Manifestation Degree (%)
Loss of skin elasticity 5
Oral mucous membranes becoming tacky 6-7
Prolonged capillary refill time 6-8
Skin tenting that persists 8-10
Eyes sunken back into orbits 10
Cool extremities, early shock 10-12
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per body weight than dogs (i.e., 50 to 60 mL/kg as opposed to 
80 to 90 mL/kg in the dog) and can become fluid overloaded 
with smaller fluid doses than dogs. Once the estimated deficit 
is replaced, the animal should be re-examined, assessing for 
evidence of further deficits.51

Ongoing Losses
Ongoing losses can be divided into normal, insensible losses 
(e.g., from respiration, normal urine and fecal losses, skin 
evaporation) and those that are not normal (e.g., vomiting, 
diarrhea, polyuria, fever, tachypnea). In general, insensible 
respiratory losses involve water but not electrolytes (i.e., “free 
water”), whereas abnormal losses often involve electrolytes as 
well as water. Therefore the clinician should characterize the 
nature of fluid losses when choosing a fluid to administer. 
Careful assessment of body weight (i.e., with an accurate scale 
that measures ounces or tenths of a pound) remains a reliable 
means of monitoring for ongoing fluid balance in an individ-
ual patient. It is also important to weigh the animal after it 
has urinated and before it is fed. Because approximately 60% 
of body weight, rapid changes in body weight usually reflect 
changes in body water content as opposed to muscle mass or 
fat. One kilogram represents approximately 1000 mL of water. 
Frequent measurement or close estimation and matching of 
“ins and outs” (e.g., oral intake, parenteral fluids, urine pro-
duction, vomiting, and diarrhea) can help prevent gross errors 
in approximation of patient requirements.

Choice of Fluid
There are several categories of fluids and additives available 
(Box 16-5). Crystalloid solutions (e.g., physiologic saline 
solution [PSS; 0.9% saline solution], 5% dextrose in water 
[D5W], Ringer’s solution) are composed of electrolytes and 
nonelectrolytes that can pass freely out of the vascular space. 
Isotonic replacement crystalloids have an electrolyte compo-
sition similar to that of extracellular fluid, with a relatively 
high sodium and low potassium concentration. The terms 
high and low refer to the concentrations of sodium and 
potassium relative to each other in the fluid bag itself; it is 
important to note that the sodium and potassium are both 
essentially normal when compared with ECF and plasma. 
The most widely available isotonic replacement solutions 
are 0.9% saline, lactated Ringer’s solution (LRS), Plasma-
lyte A (Baxter Healthcare Corp), and Normosol-R (Hospira, 
Inc). In true hypovolemia a very small concentration gradi-
ent exists between ECF and ICF spaces. Consequently, water 
shifts do not occur across the cell membrane. Intravascular 
crystalloid equilibrates with the interstitial space, with 20% 
to 25% of the infused volume remaining within the intravas-
cular space 1 hour after infusion. Metabolism of the lactate in 
LRS or acetate and gluconate in Normosol-R or Plasmalyte A 
provides base to the body. When used for long-term therapy, 
there is a tendency for patients to develop mild to moderate 
hypokalemia. Normal ongoing losses typically have lower 
sodium and higher potassium than normal ECF, and there-
fore administering replacement solutions does not provide 
adequate potassium. Hypernatremia is less often encountered 

with use of replacement solutions for ongoing losses, unless 
renal sodium excretion is impaired. Thus potassium supple-
mentation is almost always indicated, but switching to a com-
mercially available isotonic maintenance fluid with a lower 
sodium concentration (e.g. Normosol-M [Hospira, Inc]) 
for long-term therapy after rehydration is not always neces-
sary. Commercially available maintenance solutions (Table 
16-3) are designed to fulfill the electrolyte requirements of 
patients with normal daily losses that are unable to main-
tain adequate fluid and electrolyte intake, and may be used 
to replenish obligate and insensible net ongoing losses. As 
these fluids have a relatively high potassium  concentration 
(13 mEq/L), they should not be administered rapidly  
(0.5 mEq/kg/hr [suggested maximum rate of potassium 
administration] × 13 mEq/L = 38.5 mL/kg/hr =  maximum 
rate of administration). Hypotonic solutions include Nor-
mosol M (Hospira), D5W, and 0.45% saline. Although the 
osmolality of D5W is 252 mOsm/L (which is close to being 
isotonic), the glucose is rapidly taken up by cells and metabo-
lized after it is administered to the patient. Therefore admin-
istering glucose solutions is essentially equivalent to giving 
free water (unless hyperglycemic diuresis with subsequent 
dehydration results). Administration of D5W does not sig-
nificantly contribute to meeting caloric needs (D5W has 170 
kcal/L) and it is not intended to treat severe hypoglycemia. 
Symptomatic hypoglycemia is initially treated with bolus 
injection of 25% or 50% dextrose. Subsequently, adding a suf-
ficient volume of 50% dextrose to a balanced isotonic crystal-
loid to produce a final dextrose concentration of 2.5% to 5% 
is usually sufficient for maintaining glycemic status on a non-
emergent basis. Rapid infusion of hypotonic solutions can 
cause severe dilution of serum electrolytes, especially sodium. 
Although there are rare indications for hypotonic fluids 

Selected Fluids and Fluid Additives Commonly 
Used in Dogs and Cats
Crystalloids

Physiologic saline solution (0.9% saline, physiologic saline 
solution)

Hypertonic saline (7%)
Lactated Ringer’s solution
Ringer’s solution
5% Dextrose in water
0.45% Saline plus 2.5% dextrose

Colloids
Plasma
Dextran-70
Hetastarch (hydroxyethyl starch)

Additives
Potassium chloride
Potassium phosphate
50% Dextrose
Sodium bicarbonate
Calcium chloride
Calcium gluconate
Magnesium sulfate 

Box 16-5
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(e.g., recalcitrant hypernatremia or as a vehicle for delivery 
of specific drugs), they are seldom required in most clinical 
situations. Infusion of hypertonic (7.5%) saline creates a large 
osmotic gradient, and water is drawn from the intracellular 
and, to a lesser extent, interstitial compartment causing a 
rapid, albeit transient (<30 min), expansion of intravascular 
volume. Combining hypertonic saline with 6% hetastarch or 
dextran 70 prolongs the beneficial effects. Hypertonic solu-
tions are reported to be safe and effective for the treatment of 
hypovolemic hypotension and may have a role in minimizing 
intracranial pressure. Their use is contraindicated with hyper-
natremia and dehydration, and as is true with all crystalloids, 
excessive volume is associated with cardiac failure. Crystal-
loids containing preservatives (e.g., benzyl alcohol) are not 
recommended because they may have adverse effects, espe-
cially in cats.52

Colloidal solutions (e.g., dextran 70, hetastarch 6%, Oxy-
globin) are retained in the intravascular space to a greater 
degree than crystalloids and draw fluids from the cellular and 
interstitial compartments into this compartment.51 Although 
both colloids and isotonic crystalloids can be used to rapidly 
expand intravascular volume in animals in shock, colloids are 
generally more effective (and effective at lower doses) than 
crystalloids.53 It generally requires two to four times as much 
isotonic crystalloid solution to expand the ECF compartment 
as it does with dextran or hetastarch. Hetastarch and dextrans 
are primarily indicated for rapid volume expansion. Dextrans 
and hetastarch may also be used to maintain plasma COP in 
patients with severe hypoalbuminemia. Anaphylactic reac-
tions have been reported with both hetastarch and dextrans, 
but they are uncommonly observed. Low-molecular-weight 
dextrans (i.e., dextran 40) have been reported to cause renal 
failure, and they are not routinely employed in clinical prac-
tice. Both hetastarch and dextrans may also cause coagulation 
abnormalities when administered at high doses. Clinically sig-
nificant hemorrhage is rare.

Purified hemoglobin both acts as a strong colloid and 
increases the oxygen-carrying capacity of the blood. Stroma-
free, hemoglbin-based, oxygen-carrying solutions (e.g., 
Oxyglobin) are used to treat anemia in a variety of species. 
Indications also include volume resuscitation in hypovole-
mic states. The greatest advantage of Oxyglobin is its ability 
to carry oxygen to tissues and offload oxygen more effectively 
than blood because it is not limited by red cell flow; it has 
also been shown to improve microvascular perfusion, thus 
improving oxygen tension in injured tissues. Human serum 
albumin (HSA) obtained from purified human plasma is 
available commercially and has been used in critically ill com-
panion animals with pancreatitis, peritonitis, acute hepatic 
failure, and protein-losing enteropathy. In addition to its role 
in maintaining colloid osmotic pressure, albumin has many 
other properties that may benefit critically ill patients, includ-
ing maintenance of the selective permeability of the micro-
vascular barrier, and as a carrier of a number of substances, 
including bilirubin, fatty acids, hormones, and drugs. Most 
commercially available albumin products are prepared as 5% 
or 25% solutions. The chemical structure of human albumin is 
not identical to canine or feline albumin, and type III hyper-
sensitivity reactions, which are sometimes severe and fatal, are 
reported after the administration of HSA in healthy dogs.54 
Until further studies suggest otherwise, routine use of HSA 
is discouraged unless all other means of restoring albumin or 
colloid osmotic pressure have failed. Lyophilized canine albu-
min has recently become available commercially. If this prod-
uct is shown to have a favorable side effect profile (compared 
with human albumin products), it would be expected to prove 
useful in the management of severely ill hypoalbuminemic 
dogs with correspondingly low colloid osmotic pressure.

Clinicians often need to tailor a fluid for a specific patient. 
This is usually done by adding potassium chloride, 50% glu-
cose, potassium phosphate, calcium gluconate, calcium chlo-
ride, magnesium sulfate, sodium bicarbonate, or a combination 

Table 16-3  Electrolyte Composition of Commercially Available Fluids
Glucose  
(g/L)

Sodium 
(mEq/L)

Chlorine 
(mEq/L)

Potassium 
(mEq/L)

Calcium 
(mEq/L)

Magnesium 
(mEq/L)

Buffer 
(mEq/L)

Osmolality 
(mOsm/L)

D5W 50 0 0 0 0 0 0 252
D10W 100 0 0 0 0 0 0 505
PSS 0 154 154 0 0 0 0 308
PSS + D5W 50 154 154 0 0 0 0 560
½ PSS + D5W 50 77 77 0 0 0 0 406
½ PSS + D2.5W 25 77 77 0 0 0 0 280
Ringer’s 0 147.5 156 4 4.5 0 0 310
LRS 0 130 109 4 3 0 28 272
LRS + D5W 50 130 109 4 3 0 28 524
Normosol-R 0 140 98 5 0 3 50 296
Normosol-M and 5% 

Dextrose
50 40 40 13 0 3 16 364

D10W, 10% dextrose in water; D5W, 5% dextrose in water; D2.5W, 2.5% dextrose in water; PSS, physiologic (i.e., 0.9%) saline solution; LRS, lactated Ringer’s solution; ½ PSS, 
0.45% saline solution.
Modified from Chew DJ, DiBartola SP: Manual of small animal nephrology and urology, New York, 1986, Churchill Livingstone.
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thereof. The specific amounts are discussed under specific 
disorders.

Route of Administration
Fluids may be administered orally, intravenously, subcu-
taneously, intraosseously, or peritoneally.55 Whenever oral 
intake is inadequate or not feasible (e.g., subject refuses to 
drink adequate volumes, vomits, does not absorb fluids suf-
ficiently quickly for desired effect), parenteral administration 
is preferred. Intravenous administration is the quickest way to 
replenish an underexpanded ECF and is the standard of care 
for acute replacement of fluid losses (e.g., due to shock) or 
maintaining ECF volume during anesthetic procedures. This 
route allows uninterrupted infusion, which is expected to be 
advantageous to severely ill, hemodynamically unstable ani-
mals. Venous catheter access can be difficult because of the 
patient’s size or temperament, vascular collapse, or prior use 
of veins for catheters or venipuncture. Routine catheter care is 
mandatory to prevent infection, phlebitis, extravasation, and 
clotting within the catheter lumen.

Subcutaneous fluid administration is technically easier 
than intravenous administration and is usually adequate 
when the need for fluids is not severe or acute. Owners 
can usually be taught to administer subcutaneous fluids at 
home. From 50 to 200 mL may be injected per site, and sev-
eral sites may be injected at one time. Poor absorption may 
be observed if excessive fluids are administered at one site. 
Although more commonly administered once daily, subcu-
taneous fluids may be given as frequently as every 6 hours 
if clinically indicated and tolerated by the patient. If fluid 
from the prior injections has not been absorbed, however, it 
is necessary to determine the reason before more fluids are 
administered. Severely dehydrated animals may absorb sub-
cutaneous fluids very slowly because of poor peripheral vas-
cular perfusion. Furthermore, administration of hypertonic 
or irritating solutions under the skin is discouraged, because 
fluids may be drawn from the central compartment or cause 
injury to local and adjacent tissues.55 Subcutaneous fluids are 
often considered to be relatively safe in patients with heart 
disease, but this is an incorrect assumption and fluid overload 
may rapidly ensue.

Intraperitoneal administration permits the infusion of 
large volumes of fluids, and absorption generally occurs more 
quickly than with subcutaneous administration. This route 
is occasionally used for neonates whose veins are not read-
ily accessible with a catheter. The clinician can administer 
a warmed (not hot) isotonic fluid aseptically with a 23- to 
20-gauge needle or similar bore size over-the-needle catheter. 
Fluids given by this route may be administered over a short 
period (i.e., less than 5 minutes) until the abdomen becomes 
obviously distended (usually about 20 mL/kg). Patient discom-
fort and respiratory distress indicate that an excessive volume 
was administered into the peritoneal cavity. Aseptic technique 
must be used so that bacteria are not introduced. On balance, 
intraperitoneal administration does not offer clear advantages 
over intravenous, intraosseous, or subcutaneous routes, which 
are preferred.

Intraosseous administration56 is accomplished by using 
either a specifically designed needle, a bone marrow aspiration 
needle, or an 18- to 20-gauge spinal or hypodermic needle. 
The needle is inserted into the marrow cavity of the humerus 
or femur; less common sites are the tibia and ilium. Fluids are 
then administered as for intravenous administration. Grav-
ity drip rates of approximately 10 mL/min may be reached. 
Absorption occurs more quickly than with subcutaneously 
administered fluids, and it may be easier to obtain access to 
the marrow cavity in very small animals than to the jugular or 
cephalic vein.55-58 In rare cases pain may be seen as a conse-
quence of infection, administration of cold solutions, or exces-
sive administration rate.

The administration of crystalloid solutions rectally as an 
enema is described, because the normal colon will avidly 
absorb intraluminal water. This technique is seldom used in 
the clinical setting for provision of fluid deficits. Moreover, 
intravenous administration is mandatory for volume-depleted 
patients, and subcutaneous fluids are so easy to administer 
that there is essentially no reason for rectal administration. 
However, it may be used in select emergencies to modify core 
body temperature in a severely hypothermic or hyperthermic 
patient.

Determining Adequacy of Fluid Therapy
Fluid requirements should be evaluated and adjusted regularly. 
Generally fluid therapy is not abruptly discontinued but rather 
is gradually tapered to maintenance, or lower than main-
tenance rates over 12 to 24 hours. A common mistake with 
long-term intravenous fluid therapy is failing to adjust fluid 
rates as the condition of the pet changes. Close monitoring 
of body weight is useful to corroborate the observed efficacy 
of fluid therapy. Physical examination parameters compatible 
with dehydration (e.g., skin turgor, dry oral mucous mem-
branes) should improve with appropriate fluid therapy, assum-
ing there are no intercurrent disease processes associated with 
weight loss or development of tachypnea. Frequent observa-
tion of respiratory rate and effort and thoracic auscultation 
are expected to permit early detection of pulmonary edema. 
Similarly, new cardiac murmurs or gallop rhythms not audible 
before fluid therapy was instituted often presage overt clinical 
signs of fluid overload.

Because urine output is affected by myriad factors, it is 
not possible to define what constitutes normal urine output 
for many patients. As a general rule, urine output should be 
1 to 2 mL/kg/hr. Although urine output is seldom quantified, 
it should be apparent if a patient is producing reasonable vol-
umes of urine that is not extremely concentrated. This is not 
reliable for patients with renal failure, and some attempt must 
be made to quantify urine output when oligoanuria is a con-
cern (e.g., weighing urine-soaked diapers, catching all urine in 
ambulatory patients) if a urinary catheter and closed collec-
tion system is not in place. Central venous pressure (CVP) is a 
measure of the hydrostatic pressure within the central venous 
compartment that provides an assessment of intravascular 
blood volume and cardiac function. It is typically measured 
by a percutaneously placed jugular catheter, which has its tip 
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in the cranial vena cava. The catheter can be attached to either 
an electric pressure transducer or a water manometer. When 
interpreted in concert with other diagnostic findings, CVP is 
most useful for guiding fluid therapy in seriously ill animals 
with oliguric renal disease or myocardial dysfunction.55

ELECTROLYTES

Considerations for Therapy
Therapy for electrolyte disorders primarily consists of supple-
menting electrolytes or decreasing their plasma concentrations 
by promoting excretion, dilution, or sequestration. The major 
electrolyte disturbances capable of causing clinical signs in 
dogs and cats, and thus requiring therapy, are hypokalemia and 
hyperkalemia. It is rarely necessary to address hyponatremia 
specifically, except with regard to some patients with hypoad-
renocorticism. Hypoadrenocorticism is relatively uncommon, 
but volume replacement and management of hyperkalemia are 
usually the major goals for such patients in a crisis. Similar to 
hyponatremia, hypernatremia usually does not require specific 
treatment and often will correct itself as the underlying disease 
is being treated.

Hyponatremia
Hyponatremia is almost universally due to retention of free 
water except in patients with hypoadrenocorticism. Primary 
sodium loss (e.g. diarrhea) is not common. Unless the hypo-
natremia is severe enough to cause clinical signs, the clini-
cian should first identify and correct the underlying disorder. 
Neurologic clinical manifestations (due to an osmotic shift of 
water into brain cells) are rarely observed with acute hypona-
tremia. To prevent rapid changes in the patient’s sodium, the 
initial fluid chosen should have a sodium concentration simi-
lar to the serum sodium. It is recommended that sodium be 
raided no faster than 1 mEq/L/hour, although there is debate 
regarding the pace and degree of sodium correction. There is 
a risk of neurologic complications (myelinolysis), which typi-
cally occurs 3 to 4 days after aggressive correction of hypona-
tremia and may include weakness, ataxia, quadriparesis, and 
 hypermetria.59,60 Buffered isotonic crystalloids such as LRS are 
generally preferable to PSS for this purpose because plasma 
normally has approximately 145 mEq Na/L and 110 mEq Cl/L. 
PSS contains 154 mEq of each per liter, whereas LRS has 130 
mEq Na/L and 109 mEq Cl/L. The sodium concentration in 
Normosol-R (140 mEq/L) is slightly greater than that of LRS. 
Therefore administration of PSS adds too much chloride rela-
tive to the amount of sodium, although this is seldom clini-
cally significant. It is rare that hypertonic saline solutions are 
needed to replace sodium in small animals.7,17

Hypernatremia
Spontaneous hypernatremia is almost always due to loss of 
free water, and is not a reflection of total body sodium con-
tent. Sodium gain (e.g., ocean water ingestion or overzealous 
fluid administration) is less common. If the patient is hypovo-
lemic, rapid administration of isotonic crystalloid (including 
saline) is likely to cause rapid changes in sodium and therefore 

is discouraged. The initial fluid for correcting volume deficits 
should have a sodium equal to (or slightly below) that of the 
patient so as not to change sodium too rapidly. Subsequently, 
slow administration of a hypotonic crystalloid (e.g., D5W, 
0.45% NaCl) may be appropriate. Hypernatremia by itself is 
seldom associated with signs, and lowering the plasma sodium 
concentration too quickly is likely, be more detrimental to the 
patient than the actual hypernatremia. If the hypernatremia 
existed for more than a few hours, it is often appropriate to 
administer PSS, a mixture of physiological saline solution plus 
5% dextrose in water, or 0.45% NaCl/2.5% dextrose. Conser-
vative administration of either solution decreases serum tonic-
ity slowly enough to prevent neurologic complications. To 
minimize the risk of neuronal overhydration, serum sodium 
should not be lowered at a rate exceeding 0.5 mEq/L/hr.7,61

Hypochloremia
Hypochloremia is principally found in patients with excessive 
losses caused by gastric vomiting or diuretic administration 
and is of clinical relevance principally because of its effects on 
systemic acid–base balance. Administration of PSS with or 
without potassium chloride is usually adequate to replace the 
chloride and resolve the problem.

Hyperchloremia
Hyperchloremia may be managed by administration of an alka-
linizing fluid such as LRS (Cl = 98 mEq/L), Plasmalyte, or Nor-
mosol-R (Cl = 110 mEq/L). Isotonic saline (Cl = 154 mEq/L) 
is seldom indicated for treating hyperchloremia, even for the 
initial management of patients with hyponatremia caused by 
hypoadrenocorticism. Even in patients with true hyperchlore-
mia (i.e., not corrected for water), hypotonic fluids should not 
be administered without careful assessment of sodium status.

Hypokalemia
Supplemental administration of potassium is routine in 
small animal medicine because hypokalemia is a common 
abnormality, especially in inappetent hospitalized patients 
receiving more than 2 to 3 days of intravenous fluids. With 
rare exceptions, all anorexic animals on maintenance fluids 
should receive potassium in excess of that contained in most 
replacement fluids because of obligatory losses of potas-
sium into the urine. Animals with polyuria or other avenues 
of potassium loss may have even greater needs. Only pets 
that have or are prone to hyperkalemia should not receive 
potassium supplementation. It is not possible to predict with 
confidence exactly how much potassium a particular patient 
will need; therefore the patient’s plasma potassium concen-
tration should be periodically monitored when receiving 
 supplemental potassium.

If the patient can accept oral fluids and is not vomiting, 
oral administration of potassium gluconate is usually an effi-
cient means of replenishing plasma potassium.62 There is great 
interpatient variability in the amount of enteral potassium 
needed to correct hypokalemia.29,30,63

Intravenous supplementation of potassium is common 
but mandates frequent monitoring of both the patient 



613CHAPTER 16 Fluids, Electrolytes, and Acid–Base Therapy

and the serum potassium concentration. As a general 
rule, potassium should not be infused at a rate exceed-
ing 0.5 mEq/kg per hour, although if necessary, carefully 
monitored patients may receive greater rates without con-
sequence. If it is necessary to administer 0.5 mEq/kg per 
hour or more, continuous electrocardiographic monitor-
ing for cardiotoxic effects (i.e., bradycardia, tall T waves, 
small P waves, ventricular arrhythmias, ventricular fibril-
lation, and asystole) is recommended. Table 16-4, in addi-
tion to the other tables in this chapter, provides guidelines 
for determining how much potassium to add to fluids for 
intravenous administration. Many clinicians routinely start 
by adding 15 to 20 mEq K/L to maintenance fluids while 
periodically monitoring the animal’s plasma potassium 
concentration.

Potassium may also be added to fluids intended for subcuta-
neous administration, the safe amount depending on the total 
osmolality of the solution and not the potassium concentration 
in the fluid bag. General guidelines suggest that solutions con-
taining potassium in quantities greater than 35 mEq/L should 
not be given subcutaneously.8 If the clinician experiences dif-
ficulty correcting hypokalemia despite seemingly appropriate 
potassium supplementation, the serum magnesium concen-
tration should be checked.64,65

Hyperkalemia
Therapy for hyperkalemia depends on the severity of clinical 
signs and the magnitude of the hyperkalemia. The clinician 
should always look for the cause of hyperkalemia, because it 
often indicates significant renal or adrenal disease. If hyper-
kalemia is mild (e.g., 5.5 to 6.5 mEq/L) and is not expected 
to rise rapidly, it is appropriate to screen for common asso-
ciated syndromes (e.g., hypoadrenocorticism, renal failure, 
iatrogenic potassium administration). Administration of 
potassium-free fluids (e.g. 0.9% NaCl) is often advised with-
out qualification. However, isotonic replacement solutions 
(K ≤4 mEq/L) will similarly “dilute” a hyperkalemic patient 
and augment renal potassium excretion. Therapy with any 
balanced, buffered isotonic crystalloid may be appropriately 
selected for treating mild hyperkalemia, particularly insofar 
as many patients will be somewhat dehydrated. If the patient 
is also hyponatremic (i.e., hypoadrenocorticism), 0.9% saline 
(higher concentration of sodium compared with buffered 

isotonic solutions) may be administered if the clinician 
monitors for excessive rate of lowering of plasma sodium. 
If the patient has hyperkalemia of sufficient magnitude to 
cause cardiotoxicity (i.e., usually ≥8 mEq/L), additional 
therapy may be warranted (Table 16-5).10 The routine use of 
sodium bicarbonate for managing hyperkalemia is generally 
discouraged. However, this drug may be given in an acute 
setting to a patient that has concurrent metabolic acidosis. 
Administration of dextrose and insulin decreases blood 
potassium concentration but can also decrease serum phos-
phorus concentration, which only rarely causes problems 
(i.e., hemolytic anemia).66 Slow administration of 10% cal-
cium gluconate may be administered for rapid correction of 
hyperkalemic cardiotoxicity. It does not lower the potassium 
level but transiently protects the heart until other measures 
(i.e., fluid administration) decrease the plasma potassium 
concentration.8

Hypophosphatemia
Optimal management of hypophosphatemia depends some-
what on whether the clinician is trying to prevent hypophos-
phatemia or to treat associated problems (e.g., hemolytic 
anemia) caused by hypophosphatemia. Severe hypophos-
phatemia is often seen as a complication of diabetic keto-
acidosos. Other causes include hyperparathyroidism and 
hyperalimenation. If the patient has a dangerously low serum 
phosphorus concentration (e.g., 1.0 to 1.5 mg/dL) but does 
not yet have clinical signs, a simple rule of thumb is to pro-
vide one quarter of the maintenance potassium being given 
in the intravenous fluids (assuming maintenance rates are 
being used) as potassium phosphates and the remainder as 
potassium chloride.66 The patient’s serum phosphorus con-
centration is then monitored two to three times daily until it 
is out of the danger zone (i.e., serum phosphorus >2 mg/dL), 
at which time the phosphorus supplementation is stopped. 
If the animal is experiencing hemolysis, then a constant-rate 
infusion of 0.01 to 0.03 mmol phosphate/kg per hour may 
be given.31,32,66 Greater rates of phosphorus adminstration 
(e.g., 0.05 to 0.1 mmol/kg per hour) are described but seldom 
required to treat hypophosphatemia.31 The patient must be 
monitored three to four times daily, however, to ensure that 
the serum phosphorus concentration is increasing and that 
the serum calcium concentration is not decreasing. Severe, 
symptomatic hypocalcemia might result from excessive phos-
phorus administration.

Serum Potassium 
(mEq/L)

mEq Potassium  
to Add to Fluids

Maximum Rate  
of Infusion  
(mL/kg/H)

3.5-4.0 15/L 30
3.0-3.5 28/L 16
2.5-3.0 40/L 12
2.0-2.5 60/L 8
<2.0 80/L 6

Table 16-4  Approximate Amount of 
Potassium to Add to Fluids for 
Intravenous Administration Table 16-5  Symptomatic Therapy for 

Hyperkalemia
Treatment Dose
Potassium-free fluids Physiologic saline solution or 5% dextrose
Calcium gluconate 0.5-1.0 mL 10% calcium gluconate/kg 

intravenously (10-15 minutes)
Dextrose and insulin 0.5 U regular insulin/kg + 2 g dextrose per 

unit insulin
Sodium bicarbonate Based on blood gas analysis or 1-2 mEq/kg
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Hypomagnesemia
If hypomagnesemia needs to be treated or prevented, magne-
sium sulfate or magnesium chloride should be administered 
in D5W or 0.9% NaCL. Initial dosing guidelines are 0.75 to 
1 mEq/kg/day given intravenously by constant-rate infusion, 
although 0.15 to 0.30 mEq/kg may be given over 10 to 15 
minutes for life-threatening cardiac arrhythmias.67 Because 
magnesium is a divalent ion, 1 mEq is equivalent to 0.5 mmol. 
Magnesium should not be added to LRS, or given in the same 
fluid line as calcium-containing fluids or insulin.

ACID–BASE STATUS

Considerations for Therapy
In general, the clinician should always attempt to determine 
the underlying cause of the acid–base abnormality and cor-
rect it. If the acidemia or alkalemia is so severe that it puts 
the patient at significant risk, however, symptomatic therapy 
is needed.

Metabolic Acidosis
A blood pH below 7.20 puts a patient at risk for arrhythmia, 
hypotension, and myocardial dysfunction. For such patients 
administration of sodium bicarbonate may be considered. A 
patient with blood pH below 7.1 is considered to be at high 
risk for cardiovascular complications, and prompt bicarbon-
ate therapy should be considered. The goal of such therapy is 
to raise the pH to approximately 7.20 or slightly greater, not to 
correct the pH so that it returns to the normal range. Sodium 
bicarbonate should not be given to patients with respiratory 
acidosis or decreased respiratory drive. If too much base is 
administered, a patient may become alkalemic after the cause 
of the acidemia (e.g., diabetic ketoacidosis, lactic acidosis) is 
corrected.20

Metabolic Alkalosis
Alkalosis is important because of the chloride abnormalities 
that may be associated with it. The alkalosis does not cause the 
hypochloremia but may potentiate it and therefore enhance 
the effects of high pH on the myocardium. Most dogs and cats 
with clinically important metabolic alkalosis have a chloride-
responsive condition (e.g., vomiting gastric contents, excessive 
furosemide administration in anorexic animals). Correction 
of volume depletion and supplementation with chloride (e.g., 
PSS occasionally with potassium chloride supplemented) is 
usually adequate to correct the problem.20

Respiratory Acidosis and Alkalosis
Respiratory acidosis and alkalosis require therapy directed 
at the cause of the problem and seldom require symptomatic 
therapy.

Drugs Used to Correct Acid-Base Abnormalities
The main drugs used to alter blood and body pH are sodium 
bicarbonate and fluids containing bicarbonate precursors. In 
particular, LRS has often been used to treat acidosis. Under 

normal circumstances, hepatic metabolism of lactate causes 
consumption and elimination of protons (i.e., H++), thus rais-
ing the pH.20 If the lactate is not metabolized (e.g., the patient 
already has lactic acidosis), LRS may cause a mild dilutional 
acidosis similar to saline or will not affect acid–base status. 
Moreover, the lactate in LRS will never cause a lactic acido-
sis because it is a salt. Even when the lactate is not metabo-
lized, however, expanding the ECF may improve peripheral 
perfusion. Similar fluids such as Normosol-R and Plasmalyte 
are considered to be just as effective. Sodium bicarbonate 
(NaHCO3) can be used to correct acidemia. It works rapidly 
by providing base, which titrates H+. Sodium bicarbonate 
is not always beneficial and is seldom required for acidotic 
patients. Its use is particularly controversial for patients with 
lactic acidosis.68,69 When NaHCO3 is added to the blood, a 
small percentage of it is converted to CO2 almost immediately. 
Traditionally, if this CO2 cannot be exhaled, it may exacerbate 
preexisting acidemia. More commonly, however, the respira-
tory acidosis offsets the bicarbonate-induced metabolic alka-
losis, with negligible, if any, increase in pH. Clinicians should 
appreciate that when NaHCO3 is given to patients with dia-
betic ketoacidosis, they may become alkalotic after the ketone 
bodies are metabolized (rebound phenomenon). Physiologi-
cally, most patients can deal with alkalosis better than with 
acidosis.

Various formulas can be used to help the clinician decide 
how much bicarbonate (HCO3) to administer.20 The following 
is suggested for most situations when NaHCO3 is indicated:

mEq to administer
          =  body weight in kg  ×  0.3  ×  calculated HCO3 de�cit

The body weight is multiplied by 0.3 to approximate the 
ECF volume, which is where the HCO3 will first be distrib-
uted. There will eventually be diffusion of HCO3 into the cells, 
and additional HCO3 may have to be administered to retain 
the desired effect in the ECF. For that reason some clinicians 
utilize a factor of 0.5 instead of 0.3.

The calculated HCO3 deficit to treat is not the same as 
“base deficit” (a calculation provided by a blood gas analy-
sis). To calculate the HCO3 deficit to treat, the clinician 
must first decide what plasma concentration of HCO3 is 
desired. It is appropriate to aim for a plasma concentration 
of approximately 14 to 15 mEq/L if the HCO3 concentration 
is less than that initially. The patient’s HCO3 concentration is 
then subtracted from the desired HCO3 concentration (e.g., 
15 mEq/L). The resulting number is the calculated HCO3 def-
icit to treat for this patient at this time. Once the total amount 
of HCO3 to be administered is calculated, it is administered 
intravenously, usually over 1 to 4 hours. After several hours, 
this HCO3 will distribute to the ECF and later to the ICF, and 
the patient should be reevaluated to determine whether more 
HCO3 is needed.

NaHCO3 is not a benign drug, although severe adverse 
effects are rare and complications can be minimized if it 
is used judiciously. Hypernatremia, hypervolemia, hypo-
kalemia, ionized hypocalcemia, hypotension, nausea, and 
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paradoxical intracellular acidosis, are possible.70 The recogni-
tion of potential adverse effects of NaHCO3 led investigators 
to develop other forms of base that could be administered 
to restore acid–base status while circumventing the prob-
lems associated with NaHCO3. THAM (tris hydroxymethyl 
aminomethane) is sodium free and has a free amino group 
that buffers protons. THAM administration doesn’t result 
in generation of CO2. This drug never gained widespread 
acceptance, in part because of reported side effects includ-
ing respiratory depression, hyperkalemia, and hepatotoxicity. 
Carbicarb (1:1 mixture of sodium bicarbonate and sodium 
carbonate) has been shown in animal studies of metabolic 
acidosis to be superior to NaHCO3 in preserving or improv-
ing cardiac output and intracellular pH. However, further 
development of this drug was abandoned, in large part 
because it was not convincingly demonstrated to be superior 
to NaHCO3. Ethylene glycol intoxication often necessitates 
aggressive NaHCO3 therapy. Large amounts of acid are pro-
duced as ethylene glycol is metabolized to glycolic acid20; 
therefore it may be difficult to give NaHCO3 in sufficient 
amounts to maintain a safe pH, depending on how much 
ethylene glycol was ingested.

SPECIAL CONSIDERATIONS

Shock
Shock is a syndrome characterized by the presence of severe 
clinical signs, including altered mental status, mucous mem-
brane color, capillary refill time, heart rate, and pulse quality. 
Shock may be classified as hypovolemic, cardiogenic, or dis-
tributive. Obstructive shock, as described, is less commonly 
discussed as a distinct entity as its pathophysiology is believed 
to overlap with other classifications. Classification schemes, 
including this one, tend to be oversimplifications because rel-
atively few global clinical parameters represent many complex 
dynamic processes occurring at the cellular level. Hypovole-
mic shock occurs when loss of blood volume causes a severe 
decrease in tissue perfusion and oxygenation. Causes include 
hemorrhage and severe dehydration. Cardiogenic shock is 
caused by myocardial failure with or without arrhythmias that 
decrease cardiac output. In obstructive shock inadequate tis-
sue perfusion results from obstruction of blood flow within 
the vasculature. Obstructive shock may be seen in animals 
with massive pulmonary thromboembolism, pericardial effu-
sion, or gastric dilation/volvulus. Distributive shock is charac-
terized by nonuniform loss of peripheral vascular resistance. 
Resistance in specific tissue beds may be increased, decreased, 
or normal. Although cardiac output may be increased, the 
clinical picture is generally one of vasodilation. The vascu-
lar and cellular events result in the global release of inflam-
matory mediators, leading to the systemic inflammatory 
response syndrome (SIRS). Sepsis may lead to distributive 
shock. If there is refractory hypotension, it is further defined 
as septic shock. Further, patients may have distributive shock 
subsequent to trauma or other severe inflammatory pro-
cesses in the absence of an infectious cause (e.g., pancreatitis, 
anaphylaxis).71 Appropriate treatment of a patient in shock 

requires characterizing the shock syndrome present in a given 
patient.53,72

Hypovolemic Shock
The immediate need is to reestablish effective circulating blood 
volume. Appropriate resuscitation fluids are isotonic crystalloids 
(e.g., LRS, PSS, Normosol R) with or without the addition of col-
loids or hypertonic saline. If isotonic crystalloids are used alone 
in patients with ongoing blood loss, a decrease in vascular vol-
ume may be expected after initial resuscitation as redistribution 
occurs across the extracellular space. With colloids a more steady 
state of vascular volume expansion is expected. Hypertonic 
saline should be used cautiously or not at all for patients that are 
already hypernatremic. Colloids (e.g., dextran 70, 6% hetastarch) 
are sometimes used with hypertonic saline; or they may be used 
alone. Hetastarch is given at a dose of 5 to 20 mL/kg in dogs and 
5 mL/kg in cats over 5 to 10 minutes, although doses of up to 40 
mL/kg per day are described. To prevent hypervolemia, the rate 
of infusion of isotonic crystalloids should be decreased by 40% 
to 60% after colloids are started. In the face of ongoing blood 
loss, optimal therapy ideally should include blood products. If 
the patient is symptomatic for anemia and blood products are 
not available, Oxyglobin may be given.53,58,72-74

Unless there is suspicion for hypoadrenocorticism, steroids 
are generally not recommended. Vasopressors are not gener-
ally indicated for hypovolemic patients. In particular, clini-
cians should avoid α-agonists that increase blood pressure by 
causing vasoconstriction, unless patients are severely hypo-
tensive and the clinician must time while other interventions 
are implemented.53

Obstructive Shock
Gastric dilation/volvulus (GDV) is the prototype disorder 
characterized by obstructive shock. Distention of the stom-
ach with food and air compresses the portal vein and vena 
cava. This compression can occur with dilation and does not 
require volvulus. Fluids for resuscitation should be admin-
istered through large-bore cephalic catheters because fluid 
administration through saphenous catheters will be ineffec-
tive. Balanced electrolyte solutions are administered at 60 to 
90 mL/kg in the initial hour of treatment. Hypertonic saline/
dextran solutions can also be used initially (5 mL/kg over 5 
to 10 minutes) but must be followed by isotonic crystalloids 
to maintain perfusion.75 Once resuscitation is under way, 
the stomach is decompressed by carefully passing an orogas-
tric tube. If passage of the tube is not possible, the stomach 
is trocarized. Because ischemia and reperfusion appear to be 
important mechanisms of injury, administration of free radi-
cal scavengers may eventually become important in the early 
treatment of this disorder. There is no evidence supporting the 
use of glucocorticoids or nonsteroidal inflammatory agents in 
gastric dilation/volvulus patients.

Cardiogenic Shock
Treatment of cardiogenic shock is directed toward improving 
myocardial contractility, reducing afterload and preload and 
controlling dysrhythmias. The clinician should examine the 
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patient frequently to ensure that fluid therapy does not lead 
to decompensation because these patients are often volume 
intolerant. It is typically inadvisable to administer crystalloids 
in edematous cardiac patients. For the rare patient that must 
receive fluids (e.g., as a vehicle for drug administration), lim-
ited amounts of sodium should be given (e.g., 0.45% NaCl).76 
Maintenance rates or less are then carefully administered. 
CVP measurement can be particularly useful in monitoring 
these patients.

Distributive Shock
Distributive shock is principally seen in animals with SIRS. In 
SIRS release of various inflammatory mediators causes abnor-
mal blood flow regulation with subsequent tissue hypoxia, 
even when there is normal to increased cardiac output (hence 
the term hyperdynamic shock). Increased vascular permeabil-
ity may cause plasma volume to leak into interstitial tissues, 
further reducing tissue perfusion.77-80

It can be difficult to effectively treat some patients with 
SIRS. Blood volume should be maintained as for hypovolemic 
shock. Either isotonic or hypertonic crystalloids may be used. 
The clinician must also identify and eliminate the cause of the 
inflammation, which usually includes broad-spectrum anti-
biotic therapy. Pharmacologic therapies directed at specific 
inflammatory pathways have been investigated, but none have 
been found to be effective to date.81 There is limited evidence 
supporting the administration of nonsteroidal antiinflamma-
tory agents and corticosteroids, and their use is generally dis-
couraged. A syndrome of relative adrenal insufficiency (RAI) 
is described in critically ill humans and animals, and patients 
with RAI may benefit from low (i.e., physiologic) doses of cor-
ticosteroids. Criteria for the diagnosis of RAI in animals and 
humans have been published, but at present the syndrome is 
not widely recognized.82

Hypoglycemia is relatively common in critical illness, and 
intravenous glucose supplementation may be needed. Most 
patients require fluid support, and adding hypertonic glucose 
to balanced isotonic fluids to create a fluid with a final glucose 
concentration of 5% is recommended. Although intermit-
tent boluses of hypertonic glucose may be administered (0.5 
gm/kg of 10% to 25% dextrose solution), continuous infu-
sion of hypertonic solutions through a peripheral vein may 
cause thrombophlebitis. The addition of hypotonic glucose– 
containing fluids (e.g., D5W) at maintenance rates can usually 
maintain blood glucose concentrations of more than 100 mg/
dL in volume-sensitive patients.

Renal Disease
Fluid therapy for patients with renal disease should first cor-
rect significant fluid, electrolyte, and acid–base abnormalities 
and subsequently produce a diuresis to eliminate normally 
excreted substances that have been retained. It is impor-
tant to distinguish patients with oliguric renal disease from 
those with polyuric renal disease and also to determine if 
pets have chronic kidney disease or acute on chronic kidney 
injury. Severely hypoalbuminemic patients with proteinuric 
nephropathy present special challenges. Oliguria describes 

a patient that is producing less than 1 to 2 mL urine/kg 
per hour, although some clinicians define oliguria as less 
than 0.25 mL/kg per hour.83 Anuria is a more severe situa-
tion indicating negligible urine production. Polyuria means 
that greater than normal amounts of urine being produced. 
Most patients with chronic kidney disease are polyuric 
until they are preterminal, when they may become oliguric. 
Patients with acute renal injury similarly may be polyuric or 
oliguric–anuric.

Polyuric Renal Failure
The first goal of fluid therapy for patients with polyuric renal 
failure is to correct dehydration (which is commonly present 
with decompensated renal failure) and severe electrolyte or 
acid–base abnormalities. If the patient is seriously ill, intra-
venous fluids are usually preferred to prevent delayed uptake 
from subcutaneous depots or vomiting of orally administered 
fluids. The next step is to provide sufficient fluids to match 
urinary losses. Occasionally, pharmacologic attempts are 
made to further augment renal function and urine produc-
tion with diuretics (e.g., furosemide). This should not be done 
unless the patient is euhydrated and on intravenous fluids or 
is overhydrated. The use of appropriate and aggressive crystal-
loid therapy is generally adequate, and although this makes 
sense intuitively, there is limited evidence to support the use 
of diuretics in this setting.

As much fluid as possible should be administered without 
overhydrating the patient. The amount of fluid administered 
is slowly increased as damaged kidneys recover and adapt to 
the increased demand placed on them. As a general rule of 
thumb, therapy is begun by replacing deficits and weighing 
the patient. Fluids are then administered at 1.5 to 2 times the 
calculated maintenance rate or more, if necessary to keep up 
with renal losses. If the patient does not gain weight inap-
propriately and does not have signs of fluid overload (i.e., 
gallop rhythm, murmur, pulmonary crackles), the clinician 
can slowly increase the amount of fluids administered each 
day, usually by 15% to 30%. Although loop diuretics (e.g., 
furosemide) are sometimes also required, vigilant therapy 
with balanced crystalloids often produces an adequate diure-
sis. When fluid-induced diuresis is brisk, the rate of intra-
venous fluid administered is slowly decreased (e.g., 10% to 
25%) each day, and the body weight is closely monitored to 
prevent the patient from becoming dehydrated.84 Record-
ing the volume of urine produced over a given time (e.g., 
24 hours) is advisable. Measurement of CVP is not useful in 
this setting.

Oliguric and Anuric Renal Failure
Oligoanuric renal failure is more difficult to manage than 
polyuric renal failure. Oligoanuria is observed with severe 
acute renal injury and occasionally in preterminal chronic 
renal disease.83 In the latter situation there is usually little 
that can be offered to help the patient besides renal replace-
ment therapy or transplantation. In the former situation, it is 
important to try to quickly convert the oliguria to polyuria 
by replacement of the fluid deficit and then administration of 
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furosemide, osmotic diuretics, or dopamine, although none of 
these drugs has been proved to benefit or alter the prognosis  
of anuric renal failure patients. Furosemide, administered 
either as a bolus or as a constant-rate infusion, is typically 
the first way that the clinician attempts to convert an oligu-
ric patient to a polyuric state. Although once highly regarded, 
dopamine is generally of dubious value in patients with estab-
lished oliguric, acute renal failure.

If furosemide therapy fails to convert an oliguric patient to 
a polyuric state, osmotic diuresis may be attempted by admin-
istering a bolus of mannitol (1 gm/kg intravenous bolus) fol-
lowed by additional boluses or a constant-rate infusion (1 to 
2 mg/kg/minute). Alternatively, 10% to 20% dextrose may be 
administered. The use of dextrose is favored by some clini-
cians because it may be metabolized if it cannot be excreted. 
The clinical significance of this is uncertain. However, if this 
is the case, the clinician should be able to detect glucose in 
newly formed urine, with the recognition that some patients 
with acute renal failure already have glucosuria as a result 
of proximal renal tubular damage. The body weight should 
be monitored closely to prevent excessive overhydration. 
Serum electrolytes should also be monitored. It is important 
that maintenance fluids be initiated immediately after infus-
ing dextrose or mannitol to prevent renal hypoperfusion. If 
urine production is not increased by these measures, infusions 
should be discontinued before overhydration, pulmonary 
edema, and hypertonicity occur (i.e., before half of the total 
calculated volume is administered).83

Great care must be taken not to volume overload oli-
guric patients. If life-threatening overhydration occurs, all 
intravenous therapies are discontinued. Diuretics may be 
administered, but these patients may not improve without 
hemodialysis or hemofiltration. CVP should be monitored. 
CVP values consistently greater than 10 to 12 cm H2O are 
compatible with but not diagnostic for fluid overload. CVP 
values between 5 and 10 cm H2O suggest that the patient may 
tolerate additional fluid challenge. 85 Another technique is to 
measure urine output and administer fluids accordingly, using 
a technique sometimes called “ins and outs.”84 The patient 
is initially rehydrated over 6 to 8 hours. The clinician next 
divides the day into six 4-hour intervals. The amount of urine 
produced over each interval is given back to the patient over 
the subsequent interval.

Oligoanuric renal failure patients are predisposed to hyper-
kalemia and severe acidosis, Serum magnesium abnormali-
ties are also common. If the patient is well hydrated and 
remains oliguric or anuric, all intravenous fluids are discon-
tinued. Alternatively, the clinician may elect to replace only 
insensible losses with intravenous fluids at this time, but this 
has inherent risks. Body weight is assessed several times daily. 
Consideration of referral for hemodialysis is appropriate in 
persistently (i.e., duration longer than 24 hours) oliogoanuric 
patients.

The healing phase of acute renal failure may be accompa-
nied by an intense diuresis that can require administration of 
several times the calculated daily maintenance volume. If an 
oliguric or anuric patient becomes polyuric, it is necessary to 

guard against dehydration. The rate of fluid administration 
must be slowly decreased when the patient is being weaned off 
intravenous fluids.83 Excessive losses of potassium may occur 
during the healing, polyuric phase.

Urethral Obstruction
The clinical condition of dogs and cats with urethral obstruc-
tion depends on the duration and severity of the obstruction. 
Less commonly, bilateral ureteral obstruction will result in 
oligoanuria; in this situation the bladder is small or empty. 
When urethral obstruction is diagnosed, intravenous fluids 
should be instituted immediately, with the rate based on the 
degree of hypoperfusion and dehydration present. Hyper-
kalemia, if severe and associated with bradydysrhythmias, 
should be treated aggressively before relieving the obstruc-
tion. If acidosis is present and hyperkalemia is not associ-
ated with life-threatening signs, fluid resuscitation alone will 
often be sufficient to correct these values. A balanced iso-
tonic electrolyte solution is recommended for initial therapy 
in most cases.86 These patients often develop severe polyuria 
after the obstruction is relieved (e.g., postobstructive diure-
sis), the severity of which generally depends on the degree of 
renal tubular damage or loss of urine-concentrating ability. It 
is common for severely affected patients to have daily fluid 
needs that exceed their calculated maintenance values during 
this healing period.86

Proteinuric Nephropathies
Glomerular diseases that have progressed in duration or sever-
ity to cause hypoalbuminemia are recognized in companion 
animals. Some patients with severe proteinuria will have 
clinical and clinicopathologic features of nephrotic syndrome. 
By definition, nephrotic syndrome implies glomerular pro-
tein loss sufficient to cause hypoalbuminemia, in addition to 
edema (or ascites) and hypercholesterolemia. Although it is 
postulated that patients with nephrotic syndrome have more 
severe glomerular lesions and a less favorable prognosis than 
patients that do not fulfill these criteria, this is not the case for 
dogs.

When choosing fluid therapy, the clinician must consider 
both the need for diuresis and the effects of further dilution of 
serum albumin concentrations by aggressive administration 
of crystalloids in addition to effects on blood pressure.87 The 
patient may already have edema, ascites, or pleural effusion 
resulting in part from the hypoalbuminemia. Further dilution 
of plasma albumin concentrations with intravenous fluids may 
unmask or exacerbate fluid retention. Uncommonly, cavitary 
effusions will be of sufficient severity to require removal by 
paracentesis. Judicious administration of a loop diuretic can 
be used at this time; the diuretic causes fluid loss from the 
vascular compartment that is ideally replaced by fluid from 
the third space. If too much fluid is removed from the vas-
cular compartment, renal hypoxia and damage may result.87 
Removal of cavitary effusions is generally discouraged. Such 
withdrawal, especially if repeated, will further lower the body 
albumin concentration and make fluid reaccumulation more 
likely.
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If the patient’s cardiovascular status is rapidly deteriorat-
ing because of severe hypoalbuminemia or if it is necessary 
to perform a procedure (especially one requiring anesthesia) 
in a patient with marginal cardiovascular status, a synthetic 
colloid (e.g., hetastarch, dextrans) can ge given. Alternatively, 
plasma may be administered. However, synthetic colloids are 
more effective in maintaining osmotic pressure in the vascular 
space. Moreover, the amount of plasma required to replace the 
deficit in albumin is relatively large, and the ability of adminis-
tered albumin to maintain vascular expansion is usually gone 
within 24 to 72 hours (as it is with artificial colloids). Plasma 
is indicated only for patients with clinically significant coagu-
lopathies that require invasive procedures. Many patients with 
glomerular disease are hypertensive, and blood pressure must 
be monitored carefully lest fluid therapy cause worsening of 
the hypertension with subsequent retinal or central nervous 
system injury.

Cardiac Disease
Most animals with cardiac failure do not need parenteral 
fluid therapy. Animals that are eating and drinking can usu-
ally be managed by offering distilled water and using diuretics 
as needed. However, if the patient is severely dehydrated, is 
anorexic, or has concurrent renal failure or other organ failure, 
fluid therapy may be needed. Treatment of such animals in 
severe cardiac failure is similar to the treatment of those with 
oliguric renal failure; the clinician must be careful not to over-
hydrate the patient. Measurement of CVP is useful; however, 
pulmonary artery catheters (i.e., Swan–Ganz) provide infor-
mation (e.g., pulmonary wedge pressure) that is not available 
from CVP catheters. It is important to note that pulmonary 
artery catheters are most useful for monitoring cardiovascu-
lar status but not fluid balance in critically ill patients. Fluid 
administration is controversial with many cardiac diseases. 
Because of their lower sodium content, hypotonic solutions 
may be more appropriate when fluids are deemed neces-
sary because patients with heart disease are often unable to 
appropriately excrete sodium. However, it is not the sodium 
concentration of the fluid, per se, but the volume of fluid that 
contributes to this situation. Similarly, sodium bicarbonate 
administration is often discouraged because of the relatively 
high sodium load.88

Electrolyte abnormalities in patients with cardiac disease 
must be treated carefully. Oral potassium supplementation is 
best for hypokalemic animals that are not vomiting. Hypoka-
lemic patients are more prone to digitalis toxicity and supra-
ventricular arrhythmias.8 Marked repeatable hyponatremia is 
usually an indication that cardiac disease is advanced. Cau-
tious sodium administration is appropriate only for patients 
with severe, symptomatic hyponatremia (rare). Even then, 
only enough sodium to alleviate or prevent central nervous 
system signs should be administered.

Patients with simultaneous cardiac and renal failure are 
among the most difficult to manage. The clinician must iden-
tify the cause of the renal and cardiac diseases and treat each. 
If the underlying causes cannot be determined or treated, it 
is best to monitor CVP and “ins and outs” while giving small 

amounts of fluids with minimal amounts of sodium.88 In gen-
eral, fluids are administered as rapidly as possible without 
excessively increasing the CVP (e.g., >10 to 12 cm H2O).

Gastrointestinal Disorders
Acute Vomiting
Acute vomiting commonly causes fluid deficits.89 The severity 
of the deficit will depend on the severity and cause of the vom-
iting and on whether the animal will eat or drink. Although 
vomiting is considered an alimentary tract disorder, vomiting 
is often caused by extragastrointestinal disorders (e.g., renal 
failure, adrenal failure, hepatic failure, hypercalcemia, pan-
creatitis, diabetic ketoacidosis). The therapy for most animals 
with moderate to severe acute vomiting includes not being fed 
or watered until the vomiting diminishes, which means that 
the patient has ongoing losses (both insensible and from vom-
iting) and no intake. Therefore, even if such an animal is not 
dehydrated at the time of examination, it will usually become 
so shortly.

If mild dehydration is present or anticipated, subcutaneous 
fluids are often adequate. If the dehydration is or will prob-
ably become severe or if the animal appears to be going into 
shock, intravenous fluids are indicated. Until the electrolyte 
and acid–base status are known, 0.9% saline, Normosol-R, 
or LRS are generally acceptable choices. Although hypokale-
mia is common in animals with acute vomiting, supplemental 
potassium should not be administered until it is known that 
the patient is not hyperkalemic as a result of adrenal or renal 
dysfunction. One of the most common causes of severe vom-
iting in young animals is parvoviral enteritis, which will be 
discussed later with acute diarrhea.

Chronic Vomiting
Most patients with chronic vomiting (i.e., that lasting 2 
weeks or longer) are not overtly dehydrated when presented 
to the veterinarian. The fact that the animals have had the 
disease for so long usually means they were able to com-
pensate for their fluid losses. If unable to compensate, they 
typically would have been been brought in earlier as emer-
gencies (e.g., in hypovolemic shock). Some of these patients 
will be dehydrated because of a recent worsening of their 
disease. Even when the animal’s fluid status is acceptable, 
however, there may be significant electrolyte and acid–base 
abnormalities.

Fluid therapy must be tailored for each individual. Hypoka-
lemia is common if the patient does not have adrenal insuffi-
ciency or severe renal failure, both of which can cause chronic 
vomiting. It is not possible to predict with accuracy what a 
given patient’s acid–base status is, even when the cause of the 
vomiting is known. Animals with high intestinal obstruction 
occasionally have a hypokalemic, hypochloremic, metabolic 
alkalosis that is thought to reflect gastric outflow obstruction, 
whereas some animals with seemingly pure gastric fluid losses 
can have a normal pH or are acidemic. If therapy must begin 
before the electrolyte and acid–base status are known (i.e., the 
patient is severely dehydrated), then balanced isotonic solu-
tions (e.g., Normosol-R, PSS, LRS) are usually acceptable. 
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Potassium supplementation is not recommended until a 
potassium deficit is confirmed. If renal failure and hypoadre-
nocorticism have been eliminated and hypokalemia is present, 
it is appropriate and generally safe to add 14 to 20 mEq/L of 
potassium chloride to crystalloid solutions and administer it 
at a maintenance rate.8

Acute Diarrhea
Many animals with acute diarrhea are not dehydrated unless 
the diarrhea is profuse, vomiting is present, or the patient is 
anorexic. Acute parvoviral enteritis is an important cause of 
acute diarrhea, vomiting, and anorexia. In severe cases intra-
venous fluid therapy is indicated regardless of the cause.89 
Treatment initially should correct hypovolemia and hydra-
tion deficits. Subsequently, when the serum potassium is 
determined, 20 mEq/L of potassium chloride may be added 
to isotonic crystalloids. If hyperkalemia is marked, up to  
40 mEq/L may be added to intravenous fluids. With parvoviral 
enteritis, the clinician must also be concerned with hypoglyce-
mia (discussed later), which may result from sepsis or dimin-
ished capacity for glycogenolysis and gluconeogenesis in a sick 
puppy.90

Chronic Diarrhea
Most patients that are brought to the veterinarian because of 
chronic diarrhea are not overtly dehydrated. The fact that the 
animals have had diarrhea for so long and are just now being 
examined suggests that they are able to compensate for their 
fluid losses. If they had been unable to maintain hydration 
during the previous 2 or more weeks, they probably would 
have been brought in earlier in hypovolemic crisis. A recent 
worsening of the disease may cause dehydration, in which 
case it is reasonable to start fluids (usually a balanced isotonic 
crystalloid supplemented with 20 mEq/L potassium chloride). 
Hypokalemia is the most common electrolyte problem in these 
patients, but acute renal failure and hypoadrenocorticism, two 
of the most common causes of noniatrogenic hyperkalemia, 
occasionally cause disease characterized predominantly by 
diarrhea. The acid–base status cannot be predicted, and the 
clinician should not administer alkalinizing or acidifying 
solutions until at least the TCO2 (and ideally the blood pH) 
is known.

Another major concern for animals (especially dogs) with 
chronic diarrhea is hypoalbuminemia. Protein-losing enter-
opathies may produce serum albumin concentrations of less 
than 1.5 g/dL. Not all such dogs have ascites or edema.89 
The clinician should avoid excessively diluting the remain-
ing albumin in severely hypoalbuminemic patients because 
it can cause further pooling of fluid in third spaces and 
depletion of effective circulating volume. If the animal needs 
increased oncotic pressure, synthetic or natural colloids may 
be administered. However, albumin that has been admin-
istered intravenously can be lost rapidly into the intestines 
of animals with protein-losing enteropathies. Synthetic col-
loids (e.g., hetastarch) are typically more effective for man-
agement of these patients, unless they are  simultaneously 
coagulopathic.

Pancreatic Disease
Acute Pancreatitis
Acute pancreatitis is a potentially fatal disease that usually has 
no specific therapy, although cats can have pancreatitis caused 
by bacterial, viral, or protozoal infections. Affected dogs usu-
ally are anorexic and yet vomit gastrointestinal secretions, 
leading to severe dehydration. The primary therapies available 
are fluid therapy (to enhance pancreatic perfusion) and ini-
tially withholding oral intake in patients that are vomiting.89 
If an inflamed pancreas is poorly perfused, the inflamma-
tory state may progress from a relatively mild, edematous one 
to a severe hemorrhage or necrotic condition with a poorer 
prognosis.

The most common mistakes in treating dogs with pancre-
atitis are thought to be premature oral feeding and inadequate 
administration of fluids.91 The former concern is now being 
debated. Not only must the fluid deficit be replaced, but a nor-
mal effective circulating volume also must be attained so that 
visceral perfusion is improved. Severe abdominal inflamma-
tion may cause fluid to pool in the abdomen or peripancreatic 
tissues and thus be unavailable for organ perfusion. Further-
more, there may be pooling of fluid in the intestines because of 
poor motility and serosal peritoneal inflammation.

It is important to monitor the serum albumin concentra-
tion. If the albumin concentration drops and the patient is 
judged to be inadequately perfused, plasma or hetastarch may 
be useful.92 Although contentious, there is some thought that 
administration of plasma may replenish circulating prote-
ases, thus offering some protection against enzymes released 
from the diseased pancreas,89 as well as supply antithrombin, 
which may be helpful in treating disseminated intravascular 
coagulation.

Diabetic Ketoacidosis
Animals with diabetic ketoacidosis are often, but not invari-
ably, severely dehydrated and acidotic when first examined. 
Fluid administration and judicious use of insulin generally 
produce favorable outcomes if the patient does not have severe 
pancreatitis or other severe concurrent illness.41 Most dogs 
and cats with severe diabetic ketoacidosis are treated initially 
with fluids until dehydration and electrolyte/acid–base abnor-
malities are at least partially corrected before beginning ther-
apy with insulin, but this is not a universally accepted tenet 
of therapy. A balanced isotonic replacement solution is used. 
It is generally not necessary to administer NaHCO3 to these 
patients, and clinicians are discouraged from its use unless it 
is determined that a profound metabolic acidosis exists after 
fluid deficits have been replaced. Many ketoacidotic patients 
will become hypokalemic once therapy is begun; therefore it 
is reasonable to start supplementing potassium with the initial 
fluids once it is determined that the patient is not hyperka-
lemic.41 Hypophosphatemia is a potential problem of aggres-
sive insulin therapy, and serum phosphate concentrations 
must be monitored, especially if anemia is developing. If the 
patient becomes severely hypophosphatemic, the intravenous 
fluids should be supplemented with potassium phosphate 
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(see previous discussion on phosphorus). The patient must 
be monitored to prevent hypocalcemia and hyperphosphate-
mia.66 Hypomagnesemia should be anticipated in ketoacidotic 
diabetic patients.

Hepatic Disease
The main concerns regarding administration of fluids to a 
patient with hepatic disease are hypoalbuminemia, hypogly-
cemia, fluid and salt retention, and electrolyte abnormalities. 
Fluids restricted in sodium (e.g., half-strength PSS plus 2.5% 
or 5% dextrose) should be used to help avoid fluid retention 
in dogs with chronic hepatic disease prone to ascites (e.g., 
cirrhosis). Addition of glucose to the fluids (i.e., 2.5% to 5%) 
guards against hypoglycemia. If hypoalbuminemia is severe, 
administration of colloids in addition to crystalloids should 
be considered. Large volumes of plasma often are required 
to significantly increase plasma albumin concentrations, and 
hypoalbuminemia is not necessarily an indication for plasma 
administration. Plasma is primarily administered to patients 
that are coagulopathic. The administration of human albumin 
may effectively increase serum albumin, but its use is contro-
versial because some patients have died after using it. Hypo-
kalemia predisposes the patient to hepatic encephalopathy; 
supplemental potassium chloride in the intravenous fluids 
prevents this occurrence. Acid–base abnormalities are difficult 
to predict and must be assessed in each patient. In general, the 
clinician should prevent alkalemia because it predisposes the 
patient to hepatic encephalopathy.93

Hypoglycemia
Hypoglycemia may be caused by various diseases (e.g., sep-
ticemia, hypoadrenocorticism, hepatic insufficiency, insuli-
noma, starvation of a neonate, iatrogenic overdose of insulin). 
Regardless of its cause, symptomatic hypoglycemia that is 
causing weakness, coma, or convulsion should be treated.94 
For emergencies 1 mL/kg of 50% dextrose/kg is drawn up, 
diluted 1:1 with PSS, and administered intravenously, slowly 
to effect. For a more prolonged effect, dextrose may be added 
to maintenance fluids. In most cases 2.5% dextrose given at 
maintenance rates will maintain the blood glucose concen-
tration in a safe range (i.e., >80 mg/dL). In rare cases it may 
be necessary to administer 5% instead of 2.5% dextrose to 
achieve this goal.

Hypocalcemia
Symptomatic hypocalcemia is usually caused by puerperal 
tetany, hypoparathyroidism, resection of parathyroid tumors, 
ethylene glycol intoxication, or inappropriate administration 
of a hypertonic phosphate enema. Regardless of its cause, 
hypocalcemia causing clinical signs (i.e., tetany, convul-
sions) should be treated.95 While calcium gluconate 10% and 
calcium chloride 10% may be obtained, calcium chloride is 
thought to be more potent (10% calcium gluconate has 0.46 
mEq Ca/mL, whereas 10% calcium chloride has 1.36 mEq 
Ca/mL); therefore there is potential for overdosage and car-
diotoxicity may, in addition to the phlebitis and perivascu-
lar tissue injury observed if extravastion occurs. Similar 

tissue injury is observed if calcium chloride is given by the 
subcutaneous route. Calcium gluconate is therefore selected 
over calcium chloride for treating hypocalcemia, except in 
extremely rare circumstances (i.e., hepatic disease impair-
ing metabolism of gluconate). Approximately 0.5 to 1.5 mL 
of 10% calcium gluconate is administered per kilogram, or 
5 to 15 mg/kg may be administered slowly to effect over 10 
to 30 minutes. Such a treatment usually lasts a few hours, 
although some animals will need additional therapy within  
1 to 3 hours. Once the crisis is over, calcium may be added to 
the intravenous fluids to provide constant infusion. In gen-
eral, 10 mL of 10% calcium gluconate is added to 500 mL of 
0.9% NaCl and administered at maintenance rates. Then the 
serum calcium level and clinical signs are monitored, and 
the amount of calcium in the intravenous fluids is increased 
if necessary. Alternatively, the clinician may administer 
1 to 2 mL calcium gluconate/kg (diluted 1:1 in sterile PSS) 
subcutaneously.96

Hypercalcemia
Symptomatic hypercalcemia in dogs is usually due to hyper-
calcemia of malignancy, vitamin D intoxication, primary 
hyperparathyroidism, hypoadrenocorticism, granulomatous 
disease, or chronic renal disease causing tertiary hyperparathy-
roidism.97 In the first two conditions, it is important to rapidly 
decrease the plasma concentration of calcium to prevent renal 
injury. This is ultimately best accomplished by elimination of 
the cause (e.g., removing or treating the malignancy causing 
hypercalcemia of malignancy, removing the parathyroid ade-
noma). While searching for the cause, however, the clinician 
may administer 0.9% NaCl to promote diuresis and enhance 
urinary calcium excretion. However, potassium concentra-
tions must be monitored to prevent hypokalemia.98 Furo-
semide promotes natriuresis and calciuresis if the patient is 
adequately hydrated. Administration of 1 mg prednisolone/kg  
daily may enhance calcium excretion and reduce bone resorp-
tion as well as intestinal calcium absorption. However, steroid 
administration may make it more difficult to diagnose the 
cause of the hypercalcemia if it is due to a lymphoid malig-
nancy. Severe cases may be treated with salmon calcitonin, 
pamidronate, or clodronate. Saline diuresis and furosemide 
are successful in controlling hypercalcemia in the short term 
in most patients. Prognosis depends on the underlying disease.

SURGERY

Dehydration should be corrected before surgery and anesthe-
sia, if possible. Even after deficits have been corrected, animals 
undergoing prolonged general anesthesia usually benefit from 
intravenous fluid support. Unless the patient has cardiac dis-
ease or is hypoproteinemic or anemic, isotonic crystalloids 
(e.g., PSS, LRS) are usually administered at 4 to 5 mL/kg per 
hour. Severe hypoproteinemia or anemia should be corrected 
with blood products or synthetic colloids before the patient is 
anesthetized.

If the clinician anticipates significant loss of blood during 
the procedure, he or she may need to increase the basal rate 
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by 5 to 10 mL/kg per hour. If there is substantial blood loss or 
the hematocrit falls to less than 20% to 25% during the pro-
cedure, strong consideration should be given to administer-
ing red blood cells (either as packed red cells or whole blood) 
or administering purified hemoglobin. If one is attempting to 
correct for blood loss during the procedure with crystalloids, 
approximately three times the estimated volume of blood lost 
should be given.
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RENAL PHYSIOLOGY AND DRUG 
THERAPY

Extracellular Fluid
The physiology of body fluids and the role of the kidney are 
also addressed in Chapters 16 and 18 The volume of extracel-
lular fluid (ECF) is determined primarily by total body sodium 
content for two reasons: First, sodium is the major constituent 
of ECF; secondly, active transport mechanisms control sodium 
in intracellular and extracellular compartments.1 Control of 
ECF involves cardiovascular, renal, and central nervous sys-
tems. Because these systems are closely integrated, one system 
can compensate for the failure of another system, thus ensur-
ing that salt and water excretion remain appropriate even with 
changes in blood pressure. Among the compensatory mecha-
nisms is autoregulation of renal blood flow through efferent 
arteriolar resistance. Because regulatory mechanisms adjust 
both short- and long-term sodium and water transport rates, 
small increases in mean arterial blood pressure can cause a 
marked increase in sodium excretion, ultimately changing 
total body sodium.1 However, a check-and-balance system 
exists whereby if sodium balance becomes negative, as sodium 
concentration in the ECF decreases, causing thirst and water 
intake to decrease accordingly until ECF sodium concentra-
tion normalizes. A positive balance does the opposite, result-
ing in an increase in water intake. These integrated systems 

maintain a sodium and water excretion that equals that of 
intake minus any lost through nonrenal mechanisms (e.g., 
feces, sweat).

Renal Transport of Fluids and Electrolytes
The proximal tubules are responsible for 66% of the sodium 
and glomerular filtrate reabsorbed by the kidney. The pri-
mary pathway of fluid and electrolyte reabsorption in the 
renal tubule begins in the lumen and progresses through the 
cell and the interstitial fluid and into the capillary. Two water-
permeable cell membranes are traversed during reabsorption. 
In the proximal tubule, active sodium ion reabsorption from 
the lumen into the cell generates an osmotic gradient in the 
lumen that leads to an almost simultaneous movement of 
water into the cell. Sodium reabsorption that begins with entry 
across the luminal membrane continues with movement across 
the basolateral membrane into the interstitial space (Figure 
17-1). Basolateral movement is the energy-dependent process, 
fueled by a Na/K-dependent ATPase located on the basolateral 
membrane. The exchange rate of two K+ for each three Na+ 
entering the interstitial fluid provides an electrochemical gra-
dient that favors passive entry of Na+ from the lumen into the 
cell. The concentration gradient generated by the basolateral  
movement determines the rate of sodium movement from the 
lumen. Chloride (and to a lesser degree, other anions) follows 
sodium, maintaining electroneutrality of the reabsorbate and 



625CHAPTER 17 Drugs Affecting Urine Formation 

a slight electronegativity of the cell compared with the lumi-
nal contents. The concentration gradient also favors passive 
movement of potassium from the interstitium into the cell, 
where it is used to continue the Na-K exchange. Although 
movement of sodium from the lumen into the cell is passive 
(albeit at the cost of an active basolateral efflux), sodium reab-
sorption into the cell is facilitated by three additional entry 
mechanisms: diffusion with chloride (quantitatively the most 
important), co-transport with uncharged or acidic anions, 
and countertransport with hydrogen ions (important to acid–
base regulation and the site of carbonic anhydrase action). 
Although transport of sodium, water, and other electrolytes 
raises interstitial pressure, movement into peritubular capil-
laries facilitates continued reabsorption. Bicarbonate process-
ing also occurs in the proximal tubule.

Unlike the proximal tubule, cells of the descending limb of 
the loop of Henle do not appear to be equipped with special-
ized transporting systems. The cells are relatively imperme-
able to sodium, chloride, and potassium but are permeable 
to water. Water moves from the lumen into the interstitium, 
causing electrolyte concentrations to progressively increase in 
the lumen until a maximum is reached at the bend. Diuretic 
drugs do not appear to be active in the descending portion of 
the tubule. In the ascending limb of the loop, chloride is trans-
ported “uphill,” achieving intracellular concentrations that 
are higher than predicted (based on the Nernst equation).2 
Chloride movement occurs by a Na (downhill), K+-2Cl– 
(uphill) co-transport system, with Na+, K+-ATPase in the 
peritubular membrane providing the energy source. High 
intracellular chloride concentration facilitates chloride move-
ment into the interstitium. The ion transports in the ascending 
loop of Henle are critical for proper function of the counter-
current mechanism in the renal medulla. The ascending loop 
of Henle tubule is not permeable to water, and fluid in the 
lumen becomes progressively diluted (Figure 17-2). About 

25% of sodium-chloride reabsorption and 40% of potassium 
reabsorption occurs in the ascending loop of Henle, although 
only about 15% of the filtrate is reabsorbed in this region.2 In 
contrast to the proximal tubules, Na+-H+ exchange does not 
appear to occur in the loop of Henle, and little if any bicarbon-
ate is processed.

Reabsorption of water and electrolytes in the distal tubule 
and collecting ducts is variable. Sodium and chloride are reab-
sorbed against a concentration gradient. Because the early 
distal tubule is impermeable to water, an unfavorable concen-
tration gradient is generated that limits the effectiveness of a 
sodium pump. Sodium and potassium contents in the urine 
are closely regulated by an aldosterone-sensitive mechanism 
in the distal late tubule (see Figure 17-2). Aldosterone sig-
nals the synthesis of a protein that increases the sodium and 
potassium permeability of the luminal membrane. As sodium 
moves in, potassium simultaneously moves from the inter-
stitium into the cell. Electrogenic movement of sodium into 
the cell causes an electronegativity in the lumen that attracts 
potassium from the cell. Whether potassium is reabsorbed or 
excreted is determined primarily by plasma potassium, which 
in turn tends to depend on dietary intake.2

In the medullary collecting ducts, only small amounts of 
sodium chloride and potassium are reabsorbed. Antidiuretic 
hormone increases permeability of the cell membrane to 
water, which moves from the lumen, following the previously 
established medullary osmotic gradient. Less than 5% of fil-
tered sodium is reabsorbed in the distal tubule and medullary 
collecting system under normal conditions.2

Atrial Natriuretic Hormone
Atrial natriuretic hormone (ANH), a “natriuretic factor” 
first described in 1984, is involved in the control of ECF. It 
is synthesized from a prohormone and stored as a peptide in 
granules in atrial myocardial cells. Concentrations increase 
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above baseline when either the ECF expands, blood pressure 
increases, or dietary salt intake increases. Renal blood flow 
and glomerular filtration are subsequently increased. Sodium 
excretion also increases, presumably by a direct tubular action. 
Peripheral vasodilation can result in decreased blood pressure. 
Effects occur rapidly but are not sustained, suggesting that 
ANH is a mechanism that can restore equilibrium rapidly.2

Reduction of ECF is beneficial in conditions associated 
with inappropriate fluid retention such as in certain cardiac, 
renal, and liver diseases. Although the cause of ECF expan-
sion differs in each disease, the commonality is salt and water 
retention. Because sodium is the primary cationic constituent 
of ECF, sufficient renal excretion of sodium ultimately reduces 
ECF.

DIURETIC THERAPY

Therapeutic Use of Diuretics
Three strategies exist for movement of inappropriate fluid 
accumulation (edema): correction of the underlying disease 
(often not possible), restriction of dietary or other sodium 
intake, and administration of diuretics. Of these, diuretics 
remain the cornerstone for treatment of edema or volume 

overload, particularly that which is life threatening.1 Although 
diuretics increase the rate of urine formation, their therapeu-
tic indications include maintenance of urine flow; mobiliza-
tion and reduction of inappropriate ECF stores, such as that 
manifested as edema or ascites; correction of specific ion 
imbalances; reduction in the rate of intraocular fluid forma-
tion; reduction of blood pressure; and reduction of pulmonary 
capillary wedge pressure.2

Targets of Diuretic Therapy
Diuretics are classified by their mechanism of action and 
include the loop diuretics, carbonic anhydrase inhibitors, 
thiazides, osmotic diuretics, and potassium-sparing diuret-
ics (Figure 17-3, Table 17-1). Rational selection of diuret-
ics relies on an appreciation of their mechanisms of action. 
With the exception of the osmotic diuretics and carbonic 
anhydrase inhibitors (the latter targets sodium bicarbonate), 
each class targets sodium or chloride reabsorption of tubular 
cells, effectively preventing the establishment of the normal 
ion gradient by renal tubular cells.1-3 Diuretics that increase 
net urinary excretion of sodium chloride or sodium bicarbon-
ate also are referred to as natriuretic. The efficacy and use of 
each class of diuretics varies with their site of action and the 
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mechanism by which sodium reabsorption is inhibited. The 
mechanisms of sodium resorption that are targeted by diuretic 
therapy vary in location within the renal tubule and include 
electrogenic passive diffusion (proximal and late distal tubule 
and collecting system); exchange with hydrogen (generated by 
the actions of carbonic anhydrase and bicarbonate reabsorp-
tion); co-transport with glucose, organic acids, and phosphate 
(proximal tubule); reabsorption along with chloride reabsorp-
tion (late proximal tubule); and co-transport with chloride 
and potassium (by way of the thick ascending limb of the loop 
of Henle, which results in formation of medullary interstitial 
hyperosmolarity).

Principles of Diuretic Therapy Use
Several principles can guide diuretic therapy4: (1) The pattern 
of electrolyte excretion varies with the class of diuretic. (2) 
Maximal response to each drug class is limited by the site of 
action of the diuretic; as such, assuming drug delivery to the 
site of action has been appropriate, diuretic failure will occur to 
all members of the same drug class. class. (3) The combination 
of two (or more) diuretics with different mechanisms of action 
should cause additive and may cause synergistic effects.2

When used to reduce ECF volume, the selection of the 
most appropriate diuretic should be based on the cause of ECF 
volume retention. Diuretic selection for the patient with acute 
renal failure also should take into account the ability of the 

diuretic to reach the target tissue despite reduction in renal 
blood flow. The impact of the direct or indirect actions of the 
diuretic on systemic sequelae beyond decreased ECF volume 
(e.g., metabolic acidosis, hypokalemia) should be considered. 
Several diuretics also influence renal physiology by virtue of 
their effects on renal vasculature and may be preferred dur-
ing states of reduced renal blood flow. Finally, several diuretics 
target physiologic processes that are not unique to the kidney 
(i.e., carbonic anhydrase inhibitors) and thus may be used 
therapeutically for reasons other than diuresis.

Factors Limiting Response to Diuretics
Two types of tolerance to diuretic therapy have been 
described in human patients. Short-term tolerance, or 
“braking,” occurs after the first dose and probably reflects 
a response to protect intravascular volume. Restoration of 
diuretic-induced loss of volume will resolve this type of 
tolerance. Long-term administration of loop diuretics can 
cause tolerance that reflects hypertrophy of the distal neph-
ron in response to prolonged exposure to increased solute 
concentration. Sodium reabsorption increases accordingly, 
decreasing diuresis. Because thiazides target regions of 
the nephron that hypertrophy, a combination of thiazides 
with loop-acting diuretics results in a synergistic diuretic 
response in some human patients.

Several other factors may negatively affect response to 
diuretic therapy. Most diuretics are present at physiologic pH 
as uncharged molecules or organic ions and reach the renal 
tubular cell by active tubular secretion. The degree of ioniza-
tion can affect the rapidity with which drugs are transported 
to renal receptors. Declining renal blood flow can preclude 
drug delivery to the site of diuretic action. For drugs that must 
reach distal sites (e.g., thiazides), it may be necessary to double 
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KEY POINT 17-1 Rational selection of a diuretic should be 
based on the underlying pathophysiology and the mecha-
nism of action of the drug. Differences in patient disposi-
tion and response may require increased dosing or shorter 
intervals.
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doses to achieve a clinical response. For each diuretic a thresh-
old (in drug concentration) must be reached before diuresis 
will occur. Lack of response may reflect simply an underdose 
for that patient, and dose titration is indicated. With renal dis-
ease characterized by proteinuria, many diuretics will remain 
bound to plasma proteins present in the tubular lumen and 
thus will remain inactive. Administration of the diuretic with 
albumin appears to facilitate response to diuretics in human 
patients with edema associated with the nephrotic syndrome. 

Resistance to diuretic therapy also may reflect the presence of 
another drug that decreases response. For example, nonste-
roidal antiinflammatory drugs (NSAIDs) can alter intrarenal 
prostaglandin regulatory mechanisms, and a number of drugs 
compete for active tubular secretion of the diuretic into the 
tubular lumen.

In addition to their direct tubular effects, all diuretics indi-
rectly influence renal tubular function. Accommodation to 
the effects of a diuretic in a normal animal may result in the 

Table 17-1  Doses of Selected Diuretic Drugs
Drug Indication Dose Route Interval (hrs)
Chlorothiazide Diuretic 10-40 mg/kg PO 12

Partial antidiuretic hormone (ADH) 
 deficiency/diabetes insipidus

20-40 mg/kg PO 12

Chlorpropamide Partial antidiuretic hormone (ADH) 
 deficiency/diabetes insipidus

10-40 mg/kg (D) PO 24

Demeclocycline Inappropriate antidiuretic hormone 
(ADH) secretion

3-12 mg/kg PO 6-12

Dopamine  
hydrochloride

Renal vasodilator: (acute renal  
failure)

2-5 μg/kg (low dose) in 
5% D/W

IV CRI

Ethacrynic acid Diuretic, pulmonary edema 0.2-0.4 mg/kg IM, IV 4-12
Furosemide Diuresis with acute renal failure 5-20 mg/kg IM, IV, PO 8-12 or as needed. 

Adjust to lowest dose 
possible

Hypertension 1-2 mg/kg; maximum of  
8 mg/kg for acute renal  
failure

PO 12

Hydrocephalus, brain edema 0.5-2 mg/kg PO 12
Ascites from hepatic failure 1-2 mg/kg PO, SC 12-24
Hypercalcemia 1-2 mg/kg IM, IV, PO, SC 8-12

5 mg/kg IV As needed
2-5 mg/kg IV To effect
0.1-1 mg/kg IV CRI

Hydrochlororthiazide Diuretic 2-4 mg/kg (D) PO 24
Antihypertensive agent 0.5-2 mg/kg PO 12-24
Nephrogenic diabetes insipidus 0.5-5 mg/kg PO 12
Hypoglycemia 2-4 mg/kg (D) PO 12 (with diazoxide)

2-4 mg/kg PO 12
Mannitol 20% Oliguric renal failure 0.25-0.5 g/kg of a 15% to  

25% solution
IV (over 15-60 

min)
Repeat every 4-6 hr if 

necessary
Glaucoma 1-3 g/kg IV (over 15-20 

min)
Repeat every 4-8 hrs if 

necessary
Central nervous system edema 1.5 g/kg IV Once

Spironolactone Ascites 1-2 mg/kg (D); maximum  
of 4 mg/kg

PO 12

Diuretic, heart failure 2-4 mg/kg PO 24
1-2 mg/kg (D) PO 12

Primary hyperaldosteronism,  
hepatic insufficiency

1 mg/kg (C) PO 12

12.5 mg (C) PO 24
Spironolactone/ 

hydrochlorothiazide
Diuretic, antihypertensive agent 2 mg/kg PO 12-24

Triamterene Diuretic 1-2 mg/kg (D) PO 12
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loss of any pharmacologic effect several days after the start of 
diuretic therapy. Response to any diuretic will be modulated 
by internal homeostatic mechanisms that normally direct 
body fluid volumes and osmolar concentrations. For exam-
ple, if a diuretic fails to cause a net sodium excretion (such 
as occurs with mannitol), ECF contraction will increase the 
concentration of electrolytes, stimulating water intake and 
replenishment of the lost volume.2 Refractoriness to thiazides 
can develop rapidly as a result of salt-retaining mechanisms 
being activated. Edema (ascites) associated with liver disease 
may not respond to diuretic therapy because signals from the 
cirrhotic liver indicate a depleted rather than an exaggerated 
ECF.2

Finally, refractoriness to diuretic therapy may reflect phar-
macokinetic changes. The oral bioavailability of some diuret-
ics (e.g., furosemide) is quite variable in human patients and 
unpredictable in the individual patient. It may be necessary 
to try several doses before the most effective one is found. 
Some diuretics (spironolactone, amiloride) are more effective 
after metabolism by the liver, although this also may be spe-
cies dependent. Although the elimination half-life of several 
diuretics is sufficiently long to allow twice-daily elimination 
(in human patients), several of the loop diuretics are charac-
terized by an elimination half-life of 2 to 3 hours. For such 
drugs the pharmacologic effect is decreased once the drug 
is no longer present. Rebound reabsorption of sodium by 
the nephrons has been described in such cases, suggesting 
that constant-rate intravenous infusion may provide better 
response. In addition, in patients that are not responding well, 
small increases in diuresis in the presence of the drug poten-
tially will be magnified to clinically significant increases if the 
response is continuous.

Refractoriness to diuretic therapy can be approached by 
cage rest (which may improve renal circulation), an increase 
in the dose of the diuretic, intravenous administration, the use 
of a more effective diuretic (such as a loop-active diuretic), or 
a decrease in interval such that the drug is present at the site 
for a longer period of time (constant infusion). For constant-
rate intravenous infusion, a loading dose (full to double dose) 
should be given, followed by a maintenance dose given each 
hour. Continued refractoriness should lead to the addition of 
a second diuretic that works through a different yet comple-
mentary mechanism of action (e.g., thiazides with a loop-act-
ing drug).

DIURETICS

Osmotic Diuretics
Osmotic diuretics increase the osmolality of extracellu-
lar fluid, enhancing flow of water from tissues to interstitial 
fluid and plasma. For a solute to act as an osmotic diuretic, 
it must be freely filtered at the glomerulus, not reabsorbed 
by the renal tubule, and be pharmacologically and metaboli-
cally inert. Mannitol (Figure 17-4) is the most commonly used 
osmotic diuretic; others include urea, glycerol, and isosorbide. 
As the concentration of an osmotic diuretic increases in the 
renal tubular lumen, osmotic forces overcome the movement 
of water with sodium into the renal tubular cell. Eventually, 
as water retention in the urine increases, sodium concentra-
tion decreases and passive sodium reabsorption is reduced. 
Sodium loss is, however, relatively small. Although manni-
tol appears to work throughout the renal tubule, the princi-
pal site of action appears to be the loop of Henle (see Figure 
17-3).1 Mannitol is distributed to ECF and thus extracts water 
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from intracellular compartments, increasing ECF, decreasing 
blood viscosity, and inhibiting renin release.1 The impact on 
intracellular compartments is therapeutically beneficial in 
patients with cerebral edema and glaucoma.1 Renal blood flow 
increases, removing NaCl and urea from the renal medulla and 
decreasing renal medullary tonicity. Medullary tonicity also 
may be reduced further by a prostaglandin-mediated increase 
in renal medullary blood flow. Mannitol is not absorbed after 
oral administration. In humans it is characterized by an elimi-
nation half-life of approximately 1 hour.

The major adverse effect of osmotic diuretics is increased 
ECF, which can be detrimental in patients with pulmonary 
edema or cardiac failure. Hyponatremia resulting from water 
extraction causes headaches, nausea, and vomiting in human 
patients.1 In contrast, loss of water in excess of electrolytes can 
cause hypernatremia and dehydration. Osmotic diuretics gen-
erally are contraindicated in anuria of severe renal disease or 
in patients that are not responsive to test doses. Mannitol and 
urea also are contraindicated for patients with active cranial 
bleeding. Glycerin (but not mannitol) can be metabolized, 
causing hyperglycemia.

Mannitol is most commonly used to treat acute renal fail-
ure resulting from an acute reduction in glomerular filtration 
or acute changes in renal tubular permeability. Mannitol pro-
vides protection to the tubules in that it attenuates reduction 
in glomerular filtration rate (GFR) associated with acute tubu-
lar nephrosis if the drug is administered before an ischemic 
insult.1 Efficacy (experimentally) for treatment of nephrotox-
icity, however, is documented only when administered before 
the toxin; clinical efficacy is even less obvious. Mannitol is par-
ticularly indicated for treatment of toxic nephrosis because the 
concentration of the toxin in the urine will be reduced by the 
osmotic draw of water by the solute. In contrast to diuretics 
that act on tubular segments, osmotic diuretics usually main-
tain their effect in the oliguric state that accompanies acute 
renal failure because they will continue to be filtered by the 
glomerulus. If the tubular cell becomes permeable, however, as 
may occur with certain toxins or prolonged tubular ischemia, 
the osmotic diuretics may lose their efficacy. Yet in patients 
with acute tubular nephrosis, mannitol may convert an oligu-
ric patient to a nonoliguric state.1

Mannitol is distributed to ECF and thus is not effective in 
movement of fluids from interstitial tissues. ECF volume will 
initially increase and may prove detrimental to the patient 
with decompensated cardiac function. Plasma osmolal-
ity increases after treatment with mannitol. Cerebrospinal 
fluid (CSF) and aqueous humor formation subsequently 
decrease. Whether mannitol will cross the blood–brain bar-
rier is unclear. However, because mannitol is distributed 
into interstitial fluids but does not penetrate cell mem-
branes, intracellular edema will also be reduced. As such, 
mannitol is used to treat selected causes of cerebral edema 

associated with increased intracellular fluid volume. The use 
of mannitol for treatment of acute brain injury is discussed 
in Chapter 27. A Cochrane review failed to find conclusive 
evidence regarding its efficacy, although the number of eli-
gible clinical trials for review was limited.5 Mannitol can be 
used to decrease brain mass before neurosurgery. The use of 
mannitol to facilitate diagnosis of ureteral obstruction has 
been described.6

Carbonic Anhydrase Inhibitors
Two types of carbonic anhydrase are located in the proximal 
tubule, both targeted by carbonic anhydrase inhibitors: type II, 
located in the cytoplasm; and type IV, located in the luminal 
and basolateral membranes (see Figure 17-1). In the lumen, H+ 
(generated from the Na+-H+ transporter) reacts with HCO3

− 
to form H2CO3, which, in the presence of brush border car-
bonic anhydrase, rapidly decomposes to water and CO2. The 
CO2 rapidly diffuses into the tubular cell, where it reacts with 
water to form H2CO3. This reaction normally proceeds slowly 
but is markedly accelerated by carbonic anhydrase in the cyto-
plasm. Because intracellular H+ is low (because of Na+-H+ 
co-transport), H2CO3 spontaneously ionizes to form H+ and 
HCO3

−. An electrochemical gradient moves Na+HCO3
– into 

the interstitial space, with water following. Chloride becomes 
concentrated in the lumen and diffuses down its gradient into 
the interstitium (see Figure 17-1).1 Carbonic anhydrase inhibi-
tors target both the cytoplasmic and membrane-bound car-
bonic anhydrase, completely impairing NaHCO3 reabsorption 
in the proximal tubule (see Figure 17-3). The collecting tubule 
is a secondary target. As a result, urine concentrations of bicar-
bonate increase, and up to 35% of the filtered load is excreted. 
Because hydrogen ions are not generated by the conversion 
of bicarbonate to CO2 and H2O, they are not available for 
exchange with sodium. Thus the amount of acid and ammonia 
excreted in urine also decreases. The loss of titratable acid and 
ammonia secretion in the collecting duct results in an increase 
in urinary pH to approximately 8 and the potential develop-
ment of metabolic acidosis.1 At least 65% of sodium bicarbon-
ate is reabsorbed through carbonic anhydrase– independent 
mechanisms. Sodium and chloride not reabsorbed in the 
proximal tubule are delivered to the loop of Henle, where most 
of the chloride and sodium subsequently are absorbed. Up to 
70% of potassium is excreted because of the increased sodium 
load. Bicarbonate remains in the urine, contributing to alkalin-
ity. Ultimately, however, much of the bicarbonate that remains 
in the proximal tubular lumen is resorbed distally in the neph-
ron by mechanisms that are not well understood.

Several sequelae result from the diuretic mechanism of car-
bonic anhydrase inhibitors. First, metabolic acidosis develops 
as bicarbonate is lost in the proximal tubules. Second, the fil-
tered load of HCO3

− decreases to the point that the uncata-
lyzed (spontaneous) reaction between CO2 and water leads 
to HCO3 reabsorption. This in turn decreases the response 
of the renal tubule to carbonic anhydrase inhibitors. Thus 
the diuretic effect of these drugs is self-limiting. However, in 
patients refractory to alternative diuretic therapy, the com-
bination of acetazolamide with diuretics that block sodium 

KEY POINT 17-2 Osmotic diuretics will be useful for reducing 
intracellular edema only if they surround but do not enter 
the target cell.
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resorption distally may result in marked naturiesis. Thus car-
bonic anhydrase inhibitors may be useful for combination 
therapy.1 In the distal tubule, as sodium is reabsorbed, potas-
sium excretion markedly increases. Carbonic anhydrase is 
located in other tissues. Aqueous humor and CSF formation 
are both decreased by carbonic anhydrase inhibitors. Accord-
ingly, the major indication for their use is glaucoma. The effect 
in the eye is direct and is not influenced by metabolic acidosis. 
The effect of carbonic anhydrase inhibition in the brain is not 
as well understood and may result from both the direct effects 
and the development of metabolic acidosis. Although carbonic 
anhydrase also is located in the gastric mucosa, only large 
doses of inhibitors reduce gastric acid secretion. Carbonic 
anhydrase activity in red blood cells will be impaired, causing 
an increase in CO2 levels in peripheral tissues and decreased 
levels in expired air. Carbonic anhydrase can increase delivery 
of solutes to the macula densa. Tubuloglomerular feedback 
may be triggered, increasing afferent arteriolar resistance and 
reducing renal blood flow and GFR.

Side effects of carbonic anhydrase inhibitors are not com-
mon. Large doses may cause drowsiness. Side effects can 
also result from urinary alkalinization or metabolic acidosis. 
Hepatic encephalopathy can be induced as renal ammonia is 
diverted from the urine. Precipitation of calcium phosphate 
may cause calculus formation. Respiratory or metabolic aci-
dosis can be worsened. Carbonic anhydrase inhibitors are 
contraindicated in patients with cirrhosis or other causes of 
hepatic encephalopathy or conditions associated with acido-
sis. The impact of carbonic anhydrase inhibitors on urinary 
pH can reduce the rate of excretion of weak bases.1

Acetazolamide (Figure 17-4) is a potent, reversible inhibi-
tor of carbonic anhydrase. Its primary indication in veterinary 
medicine is for the treatment of glaucoma with the intent to 
decrease aqueous humor formation. It is used less commonly 
to control CSF formation in patients with hydrocephalus or 
other causes of increased cerebral fluid pressure. Acetazol-
amide is characterized by some antiepileptic activity, although 
tolerance rapidly develops to this effect. Occasionally, acet-
azolamide might be used to alkalinize the urine. Indications 
might be for selected causes of crystalluria and to facilitate 
excretion of weakly acidic drugs, such as phenobarbital, and 
salicylate. Because its efficacy is self-limiting, combination 
with sodium bicarbonate may be indicated if persistent uri-
nary alkalinization is desired.

Acetazolamide is orally bioavailable, with peak concen-
trations occurring within 2 hours after administration. The 
drug is eliminated by active tubular secretion with some pas-
sive reabsorption. In humans the drug is totally eliminated 
in 24  hours. The drug is relatively safe, although metabolic 
acidosis may occur (is is usually self-limiting). In patients 
with hepatic encephalopathy, alkaline urine may increase the 
amount of urinary ammonia reabsorbed because a greater 
proportion will be un-ionized. This may result in exacerbation 
of neurologic dysfunction, and this drug should not be used 
in patients with severe hepatic dysfunction. Acetazolamide 
decreases iodide uptake by the thyroid gland (perhaps simi-
lar to other sulfonamide antibiotics) and should be avoided in 

hypothyroid patients or patients undergoing thyroid testing. 
Whether the drugs can render a euthyroid patient hypothy-
roid is not known. Drugs that depend on urine acidity are less 
effective when used with acetazolamide. This includes urinary 
antiseptics such as methenamine, which is rarely if ever indi-
cated in veterinary medicine; efficacy of weakly acidic antibi-
otics might also be impaired, whereas that of weak bases will 
be enhanced.

Methazolamide is among the orally administered carbonic 
anydrase inhibitors used to treat glaucoma in dogs. Its impact 
on intraocular pressure and aqueous humor flow rate was 
described in Beagles receiving a single dose of 25 or 50 mg 
(10 dogs per group; 5 control) followed by multiple twice-daily 
dosing for 9 days.7 A diurnal difference in intraocular pressure 
was measured in all animals, being highest in the morning. At 
25 and 50 mg, intraocular pressure decreased in the morning 
but increased in the evening compared with baseline. Com-
pared with baseline, aqueous humor flow rate increased in 
both groups. Although response to 50 mg (compared with 25) 
was greater for both intraocular pressure and aqueous humor 
flow rate, the difference was not significant, perhaps reflecting 
a small sample size.

Thiazide Diuretics
The thiazide diuretics, represented by chlorothiazide (see 
Figure 17-4), were developed to enhance the potency of 
carbonic anhydrase inhibitors.1 Although most do inhibit 
carbonic anhydrase to some degree, their efficacy as diuret-
ics reflects their ability to directly inhibit sodium chloride 
co-transport in the distal tubule, perhaps by competing 
with chloride for binding (see Figure 17-2).1 Newer diuret-
ics have been developed that act at the same site as the thia-
zides but are not thiazides; the term thiazide-like diuretics 
is applied to these latter drugs. The primary site of action 
of these drugs also is the distal tubule (see Figure 17-3), 
a site characterized by avid binding for thiazide diuretics. 
Although some action has also been described in the proxi-
mal tubule, this may reflect the weak carbonic anhydrase 
action of these drugs. Compared with other diuretics, the 
thiazide diuretics are less effective in causing sodium excre-
tion because close to 90% of reabsorption of sodium from 
the urine has occurred by the time passage through the dis-
tal and collecting tubules is complete. Because the tubular 
site of potassium secretion is distal to the site of thiazide 
action, potassium excretion is increased and more sodium 
is reabsorbed. Thiazides have variable effects on calcium 
excretion, with excretion decreasing with chronic admin-
istration. Thiazides cause magnesium excretion, and the 
potential advent of hypomagnesia is being recognized in 
humans receiving thiazides long term.1

The thiazides vary in their oral bioavailability, with that 
of chlorothiazide being the poorest (10% bioavailable in 
humans). The degree of protein binding varies among the 
drugs, and thus delivery to the kidneys via glomerular filtra-
tion may be limited. Active tubular secretion of the drugs can 
be antagonized by probenecid. Likewise, the elimination half-
life of the drugs is also variable, with that of chlorothiazide 
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being very short (1.5 hours in humans). For hydrochlorothia-
zide bioavailability (in humans) is 65%, whereas the elimina-
tion half-life is 2.5 hours. Thus the duration of diuretic effect 
is quite variable. The potency also is variable, with chlorothia-
zide 10 times more potent than hydrochlorothiazide. Thus 
doses also are quite variable.

The thiazide diuretics are characterized by a wide safety 
margin, and clinical toxicity is rare. As with the loop diuretics, 
most serious toxicities reflect overzealous use. Volume deple-
tion, hypotension, hyponatremia, hypochloremia, hypomag-
nesemia, and hypercalcemia have been reported. Potassium 
depletion can be clinically significant, particularly in patients 
with primary or secondary hyperaldosteronism. Oral potas-
sium supplementation is indicated for patients that become 
hypokalemic; this is particularly important for patients receiv-
ing digoxin because the risk of digoxin toxicity is enhanced 
in the hypokalemic patient. Alternatively, the thiazides can be 
used in combination with a potassium-sparing diuretic. Like 
the carbonic anhydrase inhibitors, thiazides may exacerbate 
neurologic dysfunctions associated with cirrhotic liver dis-
ease. Thiazides appear to diminish the effects of insulin, par-
ticularly in the hypokalemic patient, and should not be given 
to patients with diabetes mellitus.

Thiazides are involved in a number of drug interactions. 
They can diminish the effectiveness of anticoagulants, uricosu-
ric drugs (for treatment of gout), and insulin and may increase 
the effects of anesthetics, digitalis glycosides, lithium, and 
vitamin D. Thiazides do provide additive or synergistic effects 
when combined with loop diuretics. Efficacy of the thiazides is 
decreased by NSAIDs and methenamines (because of alkalini-
zation of urine). Hypokalemia induced by the thiazides may 
be worsened by amphotericin B or corticosteroids. Quinidine 
has reportedly caused lethal drug interactions with thiazides 
by causing ventricular tachycardia; however, this may reflect 
thiazide-induced hypokalemia.1

Thiazides are used primarily in the treatment of early con-
gestive heart failure. Although they may be less effective as 
diuretics, thiazides, in contrast to most other diuretics, mini-
mally affect the composition of ECF. Thiazides may directly 
decrease glomerular filtration, particularly after intravenous 
administration. Thus they should not be given to patients with 
compromised renal function. Thiazides decrease renal excre-
tion of calcium and are contraindicated in patients with hyper-
calcemia. In contrast, bromide excretion may be facilitated, 
and thiazides may be useful for treatment of bromide toxicity.

Drugs That Interfere with Renal Epithelial 
Sodium Transport
Potassium-Sparing Diuretics
Diuretics that are not associated with kaliuresis include the 
aldosterone antagonists (see later discussion), triamterene, 
and amiloride.1 The primary indication for the latter drugs is 
their ability to spare potassium wasting. Because they cause 
only a small amount of sodium wasting, however, they usu-
ally are combined with another diuretic. Both triamterene 
and amiloride impair electrogenic sodium reabsorption in 
the late distal tubule and the collecting systems, after much 

sodium reabsorption has already occurred. Because the nor-
mal electrical potential across the tubular epithelium is lost, 
the driving force for potassium secretion is reduced. The 
potassium-sparing effects of these drugs are most effective in 
the patient whose potassium excretion has markedly increased 
(i.e., by hyperaldosteronism or therapy with potassium-wast-
ing diuretics). Like the thiazides, amiloride decreases calcium 
excretion into the urine. The impact of either triamterene or 
amiloride on renal hemodynamics is minimal.

The drugs are orally bioavailable (50% to 60% in human 
patients). Both triamterene and amiloride are actively 
secreted into the proximal tubule (the route by which they 
reach their site of action), although a portion of triamterene 
undergoes hepatic metabolism to a metabolite that is active in 
humans. Both liver disease and hepatic disease can increase 
the risk of adverse reactions to triamterene. The most seri-
ous toxicity is hyperkalemia that is more likely to occur in a 
patient receiving angiotensin-converting enzyme inhibitors 
or aldosterone inhibitors. As such, the drugs are contraindi-
cated in patients  at risk for or already have developed hyper-
kalemia. NSAIDs and dietary potassium intake increase the 
risk of hyperkalemia. As a pteridine derivative, triamterene is 
a weak folic acid antagonist. Folic acid deficiency leading to 
megaloblastic anemia has been reported in human patients 
with cirrhosis.1 Triamterene also can reduce glucose toler-
ance. Amiloride, like triamterene, can cause gastrointestinal 
upset (vomiting, diarrhea). In general, these drugs are not 
effective diuretics unless combined with another diuretic 
and, usually, thiazides.

Aldosterone Antagonists
Aldosterone and mineralocorticoid agonists cause sodium 
and water retention in exchange for potassium and hydrogen 
excretion.1 Spironolactone (see Figure 17-2) competitively 
antagonizes the actions of aldosterone and other mineralo-
corticoids by binding to the receptor such that it is not active. 
The site of action is limited to the late distal tubule and the 
collecting duct (see Figure 17-3). Aldosterone causes sodium 
and water retention by interacting with mineralocorticoid 
receptors. Interaction with specific DNA sequences results in 
the expression of multiple gene products called aldosterone-
induced proteins. The proteins appear to activate or increase 
the expression of preexisting yet “silent” sodium channels 
and pumps in the cell membrane. Sodium moves into the 
cell from the luminal membrane, causing an electronegative 
lumen that is conducive to potassium excretion. As such, spi-
ronolactone (see Figure 17-4) is effective as a diuretic only in 
the presence of aldosterone, and efficacy will be impaired in 
the presence of high concentrations of aldosterone. In addi-
tion to several segments of the nephron, aldosterone receptors 
occur in the colon and salivary glands. Unlike the thiazides 
and carbonic anhydrase inhibitors, spironolactone causes 
calcium excretion in the urine. Spironolactone has no effect 
on renal hemodynamics. However, it has a variety of effects 
on the diseased myocardium. The recently discovered benefi-
cial effects of spironolactone on both acute myocardial dam-
age8 and chronic cardiac remodeling9 are briefly discussed in 
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Chapter 14 Spironolactone conceivably should be the drug 
of choice in high aldosterone states such as congestive heart 
failure or portal hypertension, but its efficacy is less than that 
of the loop-acting diuretics. Consequently, sole therapy with 
spironolactone occurs early in the respective syndrome or in 
combination with other diuretics. Supporting its early use in 
patients with congestive heart failure is the recognition that, 
in these patients, spironolactone promotes magnesium and 
potassium retention, increases uptake of myocardial norepi-
nephrine, attenuates formation of myocardial fibrosis, and 
decreases mortality associated with both progressive ventricu-
lar dysfunction and malignant ventricular arrhythmias.10,11 
Indeed, its apparent positive effects of decreasing mobidity 
and mortality rates led to early termination of a clinical trial 
examining these effects in humans.10

Spironolactone is 60% to 70% bioavailable (in humans), 
is highly protein bound, and undergoes extensive first-pass 
metabolism and enterohepatic circulation.1 In humans spi-
ronolactone is characterized by a short half-life (1.4 hours). Its 
active metabolite (canrenone, which is available outside of the 
United States as canrenoate, a prodrug of canrenone); however, 
has an elimination half-life that is much longer (16.5 hours). It 
is not clear what proportion of the drug is metabolized to the 
active metabolite in dogs and cats. Spironolactone (or other 
mineralocorticoid receptors) are the only diuretics that do not 
require access to the tubular lumen in order to cause diuresis 
(although the active metabolite apparently does).1

The most serious toxicity of spironolactone, like other 
potassium-sparing diuretics, is hyperkalemia, which is more 
likely to occur when the drug is given in combination with 
potassium-wasting diuretics and oral potassium supplementa-
tion. The contraindications and side effects that characterize 
the potassium-sparing diuretics also pertain to spironolac-
tone. In addition, spironolactone has induced metabolic aci-
dosis in patients with cirrhosis. Diarrhea, gastritis, gastric 
bleeding, and peptic ulceration have been reported in human 
patients receiving the drug; consequently, it is contraindicated 
in patients with gastric ulceration. Central nervous system 
adverse effects such as drowsiness, lethargy, ataxia, and con-
fusion have been reported in human patients. Androgen side 
effects (e.g., gynecomastia impotence) have been reported in 
human patients. Finally, the ability of spironolactone to induce 
malignancy has been raised.1 Aspirin (salicylates) reduce the 
efficacy of spironolactone by competing for active tubular 
secretion. Spironolactone alters the elimination of digitalis 
glycosides.

Spironolactone is most commonly used to control edema 
associated with hyperaldosteronism. It is generally, however, 
combined with either a thiazide or a loop-acting diuretic. 
Edema associated with hypertension and liver disease are 
among the more common indications. Spironolactone is the 
drug of choice for treatment of edema associated with chronic 

liver disease (secondary to hyperaldosteronism) in human 
patients.1 Rarer indications include syndromes associated 
with potassium depletion.

High-Ceiling Diuretics
The efficacy of diuretics acting on the proximal tubule is lim-
ited by the marked reabsorptive capacity of the thick ascend-
ing limb of the loop of Henle. Diuretics that act beyond the 
loop of Henle also are limited in efficacy because only a small 
percentage of the filtrate reaches that area. In contrast, drugs 
that act at the loop of Henle tend to be very effective.1 The term 
high ceiling refers to the peak diuretic effect of these drugs, 
which far surpasses that of other diuretics. The primary site of 
action is the thick ascending limb of the loop of Henle, where 
the drugs bind to and impair the luminally located Na+K+2Cl− 
co-transport mechanism (see Figure 17-2). Because of their 
site of action, these drugs also are referred to as loop diuret-
ics.1 Two isoforms of the Na+K+Cl− co-transport enzyme exist 
with the second isoform located in the apical membrane of 
the thick ascending loop. The second is located in many body 
tissues.12 The efficacy of high-ceiling loop diuretics reflects the 
large amount of filtrate that reaches this region of the kidney 
and the lack of a very efficient reabsorptive region beyond the 
loop. Ethacrynic acid is a phenoxyacetate derivative, and furo-
semide is a sulfonamide derivative (see Figure 17-4). Furose-
mide is the member of this class used in small animal patients. 
Abbott and Kovacic12 reviewed the use of furosemide in vet-
erinary medicine.

Furosemide causes a profound increase in Na+ and Cl– 
urinary excretion. Ultimately, as ECF decreases in response 
to furosemide, glomerular filtration decreases and proximal 
tubular reabsorption of sodium is enhanced. Species differ-
ences should be expected in response to furosemide. Dogs 
respond across a broad therapeutic range. Cats respond in a 
narrower range, but with a more rapid and intense saluresis 
and diuresis compared with dogs.12 Doses in cats greater than 
10 mg/kg, administered intramuscularly, may be associated 
with lethargy and decreased appetite that may last 24 to 48 
hours after dosing. In dogs the dose above which intolerance 
occurs is 50 mg/kg, administered intramuscularly. Blood pres-
sure will decline in both species at these doses, with hypo-
tension more profound in cats.12 Morbidity at higher doses 
may reflect volume contraction, hypotension, electrolyte 
abnormalities, and activation of neurohumoral endocrine 
responses. At massive doses furosemide inhibits carbonic 
anhydrase activity in the proximal tubule, but this minimally 
affects diuretic actions at normal doses. Like the thiazides, the 
mechanism of action of furosemide is proximal to the site of 
Na+ and K+ exchange; thus potassium excretion is increased. 
Furosemide also markedly enhances the excretion of calcium 
and magnesium but does not increase calcium reabsorption in 
the distal tubule, as do the thiazides. Thus furosemide is indi-
cated for treatment of hypercalcemia, although care must be 
taken to replace sodium and chloride losses. Because furose-
mide increases the excretion of acid and ammonia in the distal 
nephron, diuretic-induced metabolic alkalosis may develop. 
This can be exacerbated if ECF is rapidly mobilized such that 

KEY POINT 17-3 Because of its site of action, spironolactone 
might enhance the efficacy of any naturietic that acts proxi-
mal to its site of action in the distal tubule (see Figure 17-3).



634 Drugs Targeting Body Systems   SECTION 3

its volume contracts. The kidney’s ability to excrete a concen-
trated urine during hydropenia or a dilute urine during states 
of water diuresis is impaired by furosemide.

Furosemide will increase renal blood flow if volume deple-
tion is avoided. The effect is, however, variable. NSAIDs 
attenuate the diuretic response to loop diuretics, perhaps by 
altering prostaglandin-mediated increases in blood flow. Loop 
diuretics block tubuloglomerular feedback, presumably by 
inhibiting transport of NaCl to the macula densa.1 Because of 
this effect, they also are powerful stimulants of renin release; 
prostaglandin (prostacyclin) release may be involved in this 
response. During states of volume depletion, renin activation 
also may reflect stimulation of the sympathetic nervous sys-
tem and of intrarenal baroreceptor mechanisms.

Loop diuretics, particularly furosemide, increase venous 
capacity, possibly because of prostaglandin release. Although 
this effect is short lived, it enhances the initial diuretic 
response. This effect is likely to be blunted or inhibited by 
NSAIDs, including newer drugs that are more potent toward 
COX-2 compared with COX-1. Decreased peripheral vascular 
resistance also has been reported.12 The hemodynamic effects 
of furosemide may be of particular benefit in the patient with 
pulmonary edema: The capacity of veins increases, and left 
ventricular filling pressures subsequently decrease. Impaired 
electrolyte transport in other tissues generally is clinically 
irrelevant, with the exception of the endolymph, which may 
contribute to the ototoxicity characteristic of this group of 
diuretics. The pulmonary effects may contribute to potential 
efficacy in the treatment of the acute respiratory distress syn-
drome or acute lung injury (the latter when combined with 
albumin). In the dog furosemide dilates gastrointestinal vas-
cular beds.12

Furosemide appears to be renoprotective in states of isch-
emic damage; this may reflect a reduction in oxygen consump-
tion in response to inhibition of co-transport. However, it also 
has antioxidant effects and protects against free radicals at low 
doses (0.1 mg/kg/day in rats).12 Nonetheless, the use of furo-
semide in acute renal failure has not been consistently demon-
strated to reduce patient mortality rates in humans.12

Furosemide has a variety of actions other than vascular in 
the lungs. It attenuates bronchospasm in response to a number 
of stimuli and stimulates bronchodilation. Furosemide inhib-
its laryngeal irritant receptors in anesthetized dogs. Clinical 
signs of dyspnea may be relieved with inhaled furosemide.12

Interestingly, furosemide appears to have anticonvulsant 
properties. Its mechanism may reflect an increase in thresh-
old and decreased seizure propagation. Intraneuronal chlo-
ride may be maintained; this may reflect interaction with 
potassium chloride co-transport enzymes. Interaction may 
impart neuroprotection. Seizure-induced cellular swelling 
may be reduced.12 Furosemide may reduce production of CSF. 
The target enzymes are present in the choriod plexus. A 50% 

reduction in CSF has been reported in cats treated with 50 mg/
kg intravenously. However, furosemide should not be used to 
reduce CSF or intracerebral pressure in the presence of or at 
a dose sufficient to induced hypotension.12 Furosemide has 
been associated with a decrease in intracranial pressure but 
is more effective if it follows a dose of mannitol.12 In contrast 
to thoracic lymph flow, furosemide appears to decrease ascitic 
transudate from selected neoplasms.

Furosemide is rapidly absorbed from the gastrointestinal 
tract. Bioavailability is only about 60%, however, ranging from 
10% to 100% in the individual patient. Thus several differ-
ent oral doses must be given before therapeutic failure can be 
assumed. Intravenous administration is indicated in patients 
for whom lack of response due to oral absorption must be 
avoided. Alternatively, a drug that is 100% bioavailable after 
oral administration (e.g., bumetanide or torsemide in human 
patients) should be given. Furosemide is highly protein bound, 
which limits delivery through the glomerulus, but it is able to 
reach its site of action by active tubular secretion.

The most common toxicity associated with furosemide 
therapy generally reflects overzealous administration, result-
ing in altered electrolyte and fluid balance. Depletion of body 
sodium can cause hypotension, reduced GFR, circulatory col-
lapse, and thromboembolic episodes. In the patient with liver 
disease characterized by activation of the renin–angiotensin–
aldosterone system, furosemide can induce hepatic encepha-
lopathy. Continued Na+ delivery results in continued exchange 
for H+ and K+, causing hypochloremic alkalosis. Hypokalemia 
likewise can occur, particularly in patients with insufficient 
dietary intake or patients receiving digoxin therapy. Hypomag-
nesemia and hypocalcemia are less common, albeit possible, 
consequences of overzealous furosemide therapy.1 Furosemide 
depletes total body iodide, which may be of benefit in states of 
hyperiodism.12 Because of its impact in the developing fetus, 
furosemide is not recommended in pregnant or lactating ani-
mals. Furosemide increases lymph flow through the thoracic 
duct in dogs at 8 to 10 mg/kg. Accordingly, it might be avoided 
in animals with pleural effusion. Ototoxicity can lead to tin-
nitus (in human patients), deafness, vertigo, and (described 
in humans) “a sense of fullness in the ears.” Ototoxicity most 
commonly occurs with rapid intravenous administration, 
more with ethacrynic acid than with furosemide, and generally 
is reversible. Contraindications for furosemide therapy include 
severe Na+ or volume depletion, hypersensitivity to sulfon-
amides, and anuria that has not responded to a test dose of 
furosemide. In human patients furosemide should not be used 
during pregnancy. Chronic use of furosemide may result in 
renal hypertophy.12 The impact of furosemide on mucociliary 
transport rates is controversial, with some studies showing a 
detrimental effect.12 Avoidance of furosemide in patients with 
inflammatory lung disease, particularly that which is associ-
ated with airway secretions, is prudent. Although it contains 
a sulfur moiety, furosemide does not contain an aryl amine 
(see Chapters 4 and 7), and patients that are allergic to sul-
fonamides are not likely to show a cross-reactivity to furose-
mide. However, cross-allergy has been reported, albeit rarely, 
in humans. The sulfur moiety may play a role in pancreatitis, 

KEY POINT 17-4 In addition to its loop-diuretic effects, furo-
semide is useful for a variety of other physiologic effects, 
particularly in the vasculature
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which has been reported rarely in humans.12 Furosemide may 
directly inhibit insulin secretion; however, this effect is species 
specific, occurring in dogs and humans but not mice.

Drug interactions involving furosemide may become clini-
cally important. Furosemide is chemically incompatible with 
a number of drugs (demonstrated for diazepam, dopamine, 
dobutamine, metoclopramide, and morphine). As such, its use 
as a constant-rate infusion should be through its own line and 
not “piggybacked” onto lines containing other drugs. When 
administered as a constant-rate infusion, furosemide will 
likely have to be diluted. Stability has been demonstrated for 
at least 8 hours when diluted fivefold (to a concentration of 10 
mg/mL) in either 5% dextrose, lactated Ringer’s solution, 0.9% 
saline, or sterile water.13 Dilution to 5 mg/mL with water or 
5% dextrose is also apparently safe, but 0.9% saline or lactated 
Ringer’s solution may result in cloudiness. Presumed precipi-
tation with the latter probably reflects decreased solution pH.

Because it is highly protein bound (in humans), furosemide 
may compete with other drugs for protein-binding sites; clini-
cally relevant interactions have been attributed to competition. 
For example, anticoagulant activity may be enhanced in the 
presence of furosemide. Other drugs known to interact with 
furosemide, perhaps because of competition for protein bind-
ing, include propranolol and lithium (both characterized by 
higher plasma drug concentrations). Competitive binding may 
affect thyroid function tests; initial displacement of thyroxine, 
causing higher free concentrations, may negatively inhibit 
thyroid-stimulating hormone.12 The freed thyroxine will be 
cleared more rapidly and thus may not be interpreted as high. 
It is possible that total thyroxine will decrease; the low thyroid-
stimulating hormone may be interpreted as hypothyroid.

Potential ototoxicity induced by furosemide is enhanced by 
aminoglycosides (synergistic) and cisplatin. The risk of cardiac 
arrhythmias induced by digoxin also are increased by furose-
mide. Both NSAIDs and probenecid block diuretic response 
to furosemide, the former perhaps resulting from attenuation 
of response to renal prostaglandins and the latter from compe-
tition for active tubular secretion. In contrast, the thiazides act 
synergistically with furosemide to induce diuresis. The neph-
rotoxic potential of other drugs (e.g., cephalosporins, amino-
glycosides) is enhanced by furosemide.

Furosemide is used for a variety of indications (see Table 
17-1). Treatment of hypertension is limited to animals that 
have not responded to other therapies. Among the most com-
mon indications is edema of a variety of causes that reflect 
increased hydrostatic pressure and potentially decreased 
oncotic draw. However, edema associated with vascular per-
meability generally is not an indication; fluid loss in such cases 
generally is at the cost of decreases in total body water.

Furosemide is the drug of choice for the management of 
acute pulmonary edema. Its use in the long-term management 
of sodium retention might be postponed until other, less effec-
tive diuretics become ineffective. Edema associated with the 
nephrotic syndrome appears to respond only to loop diuret-
ics. For the patient with refractory edema, furosemide can be 
combined with other diuretics, preferably potassium sparing, 
such as the thiazides or spironolactone. Doses much higher 

than normal may be necessary to induce diuresis in patients 
with renal disease for two reasons. First, renal tubular function 
is abnormal, and response to furosemide may be impaired. 
Second, drug delivery to the site of action may be decreased. 
Administration as a constant-rate infusion (0.66 mg/kg load 
followed by 0.66 mg/kg/hr) will induce more diuresis, natri-
uresis, and calciuresis but less kaliuresis compared with inter-
mittent bolus administration.14 An advantage of constant-rate 
infusion is avoidance of toxic concentrations that have been 
associated with ototoxicy in humans. Because of its effects on 
iodine depletion, it may be useful in the cat with hyperthy-
roidism before radioiodine treatment, facilitating uptake, as 
has been demonstrated in humans receiving 40 mg/kg/day for 
5 days. Its use as an adjunct to surgery or to control thyroid 
storm in hyperthyroid cats warrants consideration.

Proteinuria caused by glomerular nephritis may also 
reduce the efficacy of furosemide because it binds to protein 
in the urine. The massive doses necessary for acute renal fail-
ure may cause hepatotoxicity. Once oliguria has been defini-
tively established, furosemide therapy should be discontinued. 
Because loop diuretics interfere with the kidney’s ability to 
produce a concentrated urine, when combined with hyper-
tonic saline, furosemide can be used to treat life-threatening 
hyponatremia. The use of furosemide to facilitate diagnosis of 
ureteral obstruction also has been described.6

Pressor Agents
Drugs that increase cardiac output should, by virtue of 
increased renal blood flow and glomerular filtration, increase 
urine output. Among the pressors used to support myocardial 
depression and hypotension is the positive inotrope dopa-
mine (see Chapter 14). Dopamine receptors in the renal vas-
culature of several species induce renal vasodilation, with the 
effect accomplished at low doses of dopamine. Higher doses 
cause release of epinephrine and subsequent renal arterial 
vasoconstriction. Dobutamine does not have a similar effect 
in the renal vasculature. Consequently, dopamine may be 
the preferred inotropic drug in the face of hypotension that 
threatens renal function. However, Sigrist15 has retrospec-
tively reviewed the role of dopamine in acute renal failure, 
including meta-analyses assessment in humans. In humans 
many of the studies cited for use have been implemented in 
animal models or healthy individuals. Because mortality does 
not change, the incidence of side effects no longer justifies its 
use. The lack of consistent response in the presence of disease 
may reflect receptor desensitization; further, profoundly ill 
patients are likely to realize changes in pharmacokinetics and 
pharmacodynamics that increase the risk of adversity. Finally, 
it is not clear if increase urine production stimulated through 
hemodynamic changes is in fact a positive response or if urine 
production is an indicator of improvement. Effects in animals 
are more likely to be realized in animal models of acute renal 
failure when administered in advance of the insult.

KEY POINT 17-5 Dopamine receptor activity of the feline kid-
ney is different from that of the canine kidney and accord-
ingly is less responsive to dopamine.
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Species differences exist in the renal response to dopa-
mine. Although dopamine receptors are present in the feline 
renal cortex, their numbers are lower compared with those of 
other species.16 The cat is among the species for which diuretic 
doses of dopamine do not cause renal arterial vasodilation, 
perhaps because of fewer dopamine receptors in the renal vas-
culature. Higher doses of dopamine do increase diuresis and 
natriuresis.17

Fenoldopam (see Figure 17-4) is a dopamine DA-1 agonist 
with no α or β adrenergic receptor effects used for treatment of 
emergency hypertension in humans. It also stimulates systemic 
vasodilation, natriuresis, and diuresis in human patients with 
renal disease.18 Renoprotection has been described, supporting 
its use in acute renal failure.19,20 In a dog exsanguination21 or 
aortic clamp (n =  8 Labrador Retrievers)19 models, fenoldopam 
(0.1 μg/kg/min) maintained renal blood flow before, during, 
and after induction of acute hypovolemia.21 Zimmerman-Pope 
and coworkers22 attempted to study the impact of fenoldopam 
on renal function after nephrotomy but found that the model 
insufficiently affected renal function. Unlike dopamine, feline 
kidneys respond to fenoldopam. It exhibited a 300-fold greater 
affinity for feline dopamine receptor, compared with dopa-
mine, suggesting that feline vasculature contains the receptors 
but lacks dopamine.17 Wohl and colleagues23 found no effect of 
low-dose (3 μg/kg/min) dopamine on indices of renal diuresis 
(urine output, renal blood flow, sodium excretion, fractional 
excretion, or creatinine clearance) in anesthetized healthy 
cats (n = 12). Arterial blood pressure did transiently decrease. 
In contrast, Simmons and coworkers20 found that feline kid-
neys responded to fenaldopam. Ketamine and diazepam were 
used to induce anesthesia for instrumentation purposes only; 
healthy awake cats were studied (n = 6). A 12-hour pretreat-
ment assessment of baseline (an infusion of 2.2 mL/kg/hr of 
saline) was followed by fenoldopam infusion over 2 hours 
(0.5 μg/kg/min). Parameters were then studied for 12 hours. 
Fenoldopam increased urine output, sodium excretion, and 
fractional excretion (with comparable changes in urine spe-
cific gravity); creatinine clearance also increased after a tran-
sient decrease. The effects were delayed: GFR was increased 
at 6 hours after fenoldopam administration, coinciding with 
increases in urine output. Central venous pressure simultane-
ously decreased. Studies in humans thus far have not clearly 
demonstrated a beneficial effect of fenoldopam in patients with 
acute renal failure; further studies are indicated.

THE USE OF DIURETICS IN SELECTED 
CLINICAL CONDITIONS

Congestive Heart Failure
The intial diuretic selection for human patients with mild con-
gestive heart failure is a thiazide; however, most patients will 
require a loop diuretic. In human patients the rate of oral absorp-
tion of diuretics is slowed, requiring longer to maximal response. 
Delivery of loop diuretics to their site of action is normal, and 
doses do not necessarily need to be increased unless there is evi-
dence of renal insufficiency. Renal response to diuretic therapy 
may be decreased, however, requiring more exposure to drugs. 

Although a dose increase may be indicated, a decrease in inter-
val may be more likely to cause a response. A thiazide diuretic 
should be added to therapy if dietary salt retention coupled with 
a loop diuretic have not been effective. Attention should be paid 
to ensure that hypokalemia and volume depletion do not occur 
with this combination. The use of spironolactone may increase 
as its effects on cardiac remodeling are further described.

Cirrhosis
Ascites that accompanies cirrhotic liver disease generally 
reflects a state of hyperaldosteronism and subsequent sodium 
and water retention. Therefore spironolactone is the diuretic 
of choice for human patients. Although the amount of diuresis 
can be expected to be only moderate, this is desirable because 
greater diuresis may negatively affect intravascular volume. 
In human patients repeated large-volume paracentesis mini-
mizes the need for more potent diuretics. The active metabo-
lites of spironolactone allow once-daily dosing, although 3 to 4 
days must elapse before full pharmacologic effects are realized. 
Insufficient response to spironolactone indicates the need for 
an additional diuretic; spironolactone should be continued. For 
human patients a thiazide is used initially, and a loop diuretic 
is used in place of the thiazide only if response has been inad-
equate. The decreased response to a loop diuretic in a patient 
with cirrhosis is not understood but does not reflect decreased 
drug delivery. Rather, the tubular cells do not respond maxi-
mally. Although higher doses may be of benefit, decreasing the 
interval may be more likely to increase response.

Nephrotic Syndrome
Response to diuretics in patients with the nephrotic syn-
drome may be less than ideal if hypoalbuminemia is sufficient 
to decrease binding of the diuretic (e.g., <2 g/dL). Unbound 
drug will diffuse into tissues (i.e., volume of distribution 
will increase), removing the drug from the site of action in 
the renal tubule. In such patients addition of albumin to the 
therapeutic regimen will increase response. Binding to albu-
min in tubular fluid also decreases response and is more likely 
to occur when urine albumin concentrations exceed 4 g/dL. 
Dose increases (twofold to threefold) may help compensate 
for increased tubular binding of the diuretic. Because tubules 
in patients with nephrotic syndrome may not respond to drugs 
in general as well as those in the normal patient, decreasing 
the interval (such that the duration of exposure is longer) also 
may increase response.

DRUGS THAT ALTER RENAL 
CONSERVATION OF WATER: 
ANTIDIURETIC HORMONE

Antidiuretic hormone (ADH) is released by the posterior pitu-
itary in response to increased plasma osmolality (as little as 
2%, or 280 mOsm/kg) and depleted ECF volume. The latter 

KEY POINT 17-6 In patients with congestive heart failure, care 
must be taken with diuretics to avoid overzealous therapy 
that may stimulate neurohumoral endocrine responses.
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might occur, for example, resulting from acute causes such as 
hypovolemia, sodium depletion, and hemorrhage or chronic 
causes such as cardiac failure, hepatic cirrhosis with ascites, 
hypothyroidism, and excessive use of diuretics.. Antidiuresis 
involves the hypothalamus, neurohypophysis, posterior pitu-
itary, and kidney. Neurons of osmoreceptors, baroreceptors, 
and higher cerebral centers stimulate the hypothalamus. Cal-
cium-mediated degranulation results in the release of ADH as 
well as oxytocin and other mediators. A number of chemical 
mediators are also associated with the release of ADH, includ-
ing angiotensin II, prostaglandins, and acetylcholine. Inhibi-
tors of release include opioids, atrial natriuretic peptide, and 
γ-aminobutyric acid.

The actions of ADH are receptor mediated. At least two 
receptors have been identified. Both receptors are located in 
the kidney, although the specific tissue site varies. Glomeru-
lar, vasa recta, and interstitial medullary receptors (V1) par-
ticipate in the control of the GFR, medullary blood flow, and 
prostaglandin synthesis, respectively. The predominant effect 
of ADH occurs in the collecting duct and is mediated by V2 
receptors. In the presence of ADH, the collecting ducts of the 
cortex and medulla become permeable to water, which follows 
the osmotic drag.

A number of therapeutic drugs can alter ADH secretion 
either directly or indirectly. Drugs that alter the osmolality of 
urine may indirectly alter the secretion of ADH. Drugs that 
stimulate ADH secretion include the vinca alkaloids, cyclo-
phosphamide, tricyclic antidepressants, and isoproterenol. 
Inhibitors of ADH secretion include ethanol, mineralocorti-
coids, and glucocorticoids. The effect of mineralocorticoids 
results from volume depletion that accompanies sodium loss. 
Inhibition by glucocorticoids, on the other hand, probably 
results from both a central effect and cardiac effects. Drugs 
that inhibit prostaglandin synthesis also will facilitate the 
action of ADH. Lithium is an example of a drug that inhibits 
the effects of ADH.

DRUGS THAT ALTER URINARY pH

Urinary acidification or alkalinization depends on normal 
renal function. Changes in urine pH are at best modest, and 
the effect on systemic acid–base status is equally modest. In 
the face of renal deficiency, the use of acidifying salts may be 
harmful. Changes in urinary pH are implemented to enhance 
efficacy of a drug in the urine, to enhance solubility of a drug 
or other solute in the urine, to facilitate urinary excretion of a 
toxin, or to promote an unfavorable environment for micro-
bial growth. Excretion of an acidic compound is likely to be 
enhanced if the pKa of the compound is within the range of 
3 to 7.5; for a basic compound a pka 7.5 to 10.5 is necessary.

Urinary Acidifiers
Ammonium chloride is a urinary acidifier. Ammonium ion 
(NH4

+) serves as a proton donor. Ammonia (NH3) formed by 
the kidney is excreted in an acid urine as the ammonium ion. 
In states of acidosis, renal production of ammonia is stimu-
lated, increasing the concentration of a proton acceptor, thus 

buffering urinary acid by allowing secretion of protons in 
tubular fluid. The ammonium of orally administered ammo-
nium chloride is converted by the liver to urea, freeing hydro-
gen ion, which subsequently decreases bicarbonate. Thus 
efficacy depends on hepatic conversion of ammonia to urea. 
Of the urinary acidifiers, ammonium chloride probably pro-
vides the most consistent changes in pH. The use of ammo-
nium chloride is contraindicated in hepatic insufficiency.

Acetohydroxamic acid (5 mg/kg every 8 hr orally) is 
structurally similar to urea that acts as a potent and irrevers-
ible inhibitor of bacterial urease. It has been used in humans  
as adjuvant therapy to treat urinary tract infections associated 
with  urease-producing bacteria (e.g, Staphylococcus, Klebsi-
ella, Corynebacterium urealyticum,Pseudomonas, and Provi-
dencia). Approximately 15% of patients have had laboratory 
findings characteristic of a hemolytic anemia; accordingly, 
care might be particularly taken in cats.

Other urinary acidifiers include DL-methionine, ethyl-
enediamine dihydrochloride, and sodium acid phosphate. 
Methemoglobinemia has been reported in cats receiving phos-
phate-containing urinary acidifiers.

Cysteine Urolithiasis
Cystinuria also is generally accompanied by increased 
urinary excretion of lysine, arginine, and ornithine in the 
urine. Cystine is a non-esssential amino acid composed of 
two cysteine amino acids joined at their sulfur atoms. It 
can be synthesized in the body from the essential amino 
acid, methionine. Cystine solubility in urine decreases as 
pH increases, predisposing to urolith formation. Cysteine 
urolithiasis represents a small proportion of uroliths in 
the dog (1% to 22%).24 Cystinuria appears to decline with 
age in dogs with uroliths.24 Therapies have been variable 
in choice and effect. Dietary management has included 
low methionine or sodium diets, the latter reducing the 
transport of cysteine into the urine in return for sodium.24 
Pharmacologic management has included conversion 
of cysteine to a more soluble compound with the heavy 
metal chelator D-penicillamine or tioproinin. However, 
side effects limit the successful use of D-penicillamine. 
The use of tioproinin has been reported in an open study 
of 88 dogs with cystinuria and uroliths.24 Dogs in which 
uroliths had been removed were treated with 30 mg/kg, 
and dogs with uroliths present received 40 mg/kg orally 
every 12 hours. Treatment duration ranged from 1 month 
to 13 years (mean 2.8 years), with the median less than 1 
year. Stones resolved in 63% of dogs receiving tioproinin, 
with the mean time to dissolution being 1.6 months. How-
ever, uroliths re-formed in 12 of the dogs (between 3 to 36 
months) receiving tioproinin prophylactically at 30 mg/kg, 
with dissolution occurring in five of those when the dose 
was increased to 40 mg/kg. Side effects occurred in 12% of 
animals, with the most common being myopathy related 
to chewing or swallowing and aggression. Disconcert-
ingly, proteinuria (n = 3) and thrombocytopenia (n = 4) 
also were reported. The authors emphasized the  potential 
importance of lifelong therapy.
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Because the potential for cysteine crystal formation is 
enhanced in an acidic urinary pH, one strategy for prevention 
of cysteine uroliths has been an increase in urinary pH. Urine 
pH should be sustained at or above 7.5 to dissolve or prevent 
the formation of cystine uroliths. Although sodium bicar-
bonate can be used to maintain an alkaline urine pH, dietary 
sodium may enhance cystinuria in humans. Further, alkalini-
zation was not a successful treatment in six cysteinuric dogs 
also receiving tioproinin.24 Thus potassium citrate may be the 
preferred urinary alkalinizer in patients with cystine uroliths.

Calcium Oxalate Urolithiasis
Close to 50% of urinary calculi in cats are calcium oxylate 
rather than struvite, with cats older than 7 years of age more 
commonly afflicted.25 Uroliths composed of calcium are dif-
ficult to dissolve with diet or medications.26-30 Medications 
that alter urine concentrations of calcium are likely to detri-
mentally alter normal calcium homeostasis. Thiazide diuretics 
decrease renal excretion of calcium by virtue of their effect on 
the Na-Cl transporter: decreased intracellular sodium results 
in increases calcium reasorption via the Na+/Ca2+ counter-
transporter. Volume contraction results in both sodium and 
calcium reabsorption. Potentiation of the effects of parathy-
roid hormone on tubular reabsorption of calcium may also be 
beneficial. Although human patients suffering from normo-
calcemic hypercalciuria benefit from thiazide therapy, efficacy 
in comparable small animal patients has not been established. 
Thiazides may prove useful for patients whose hypercalciuria 
is associated with normocalcemia but are contraindicated for 
hypercalcemic patients. Hypokalemia is a potential undesir-
able side effect of thiazide therapy and can be prevented by 
oral administration of potassium citrate.

Potassium citrate therapy may also benefit the patient with 
calcium oxalate urolithiasis. Citrates complex with calcium 
to form salts that are more soluble than oxalate salts. Citrate 
also is metabolized to bicarbonate, which may alkalinize 
the urine, and in dogs, may increase citrate excretion in the 
urine. Low concentrations of citrate occur in up to 63% of 
patients with calcium oxalate urolithiasis, but a similar role 
has not been identified in dogs or cats. Potassium citrate is 
available in a wax matrix, slow-release preparation. Delayed 
absorption results in prolonged maintenance of urine citrate 
concentrations. Potassium citrate is more likely to be effec-
tive in dogs with calcium oxalate urolithiasis if hypocitratu-
ria can be documented. Dosing regimens may be guided by 
measuring urinary pH, which should be maintained at or 
above 7. Vitamin B6 (2 to 10 mg/kg every 24 hours) and B12 
(1 mg/kg every 24 hours) has been recommended to decrease 
oxalate urolithiasis although clinical trials supporting this 
use are controversial. Supplementation may be indicated in 
cases of potential vitamin B deficiency (e,g., senior cats with 
bowel disease). Dietary management and encouragement 
of fluid intake (including slightly salting the diet) also are 
recommended.

Anaerobic microbial oxalate degradation in the gastro-
intestinal tract appears to be an important mechanism by 
which the incidence of hyperoxaluria occurs. Deficiency of 

Oxalobacter formigenes may be associated with calcium oxa-
late. Supplementation of gastrointestinal flora with the organ-
ism in human volunteers was associated with a reduction in 
urinary oxylate excretion, which suggests that this may be an 
alternative therapy.31

Urate Urolithiasis
In addition to low-protein diets, dissolution of urate stones 
can be facilitated by urine alkalinization and administration 
of allopurinol.26-30 Urinary pH should be maintained at 7 to 
7.5 with oral sodium bicarbonate or potassium citrate. Allopu-
rinol competitively inhibits xanthine oxidase, the enzyme that 
forms uric acid from xanthines. Plasma and thus urinary con-
centrations of uric acid are decreased. Because serum concen-
trations of xanthine increase with allopurinol therapy, urinary 
alkalinization is recommended with allopurinol therapy in 
human patients suffering from gout to prevent the formation 
of xanthine stones. Although allopurinol is recommended for 
treatment of Dalmatian urate urolithiasis, its use for patients 
with urate stones associated with portosystemic shunting 
should be implemented cautiously   because the efficacy of 
allopurinol depends, in part, on hepatic metabolism. Alka-
linization also is not recommended for these patients because 
of the potential for hepatic encephalopathy. The disposition 
of allopurinol has been described in Dalmations.32 After oral 
administration of 10 mg/kg, peak plasma concentrations 
(Cmax) was 6.43 ± 0.18 μg/mL at 3 hours, and the elimination 
half-life approximated 2.5 to 3 hours. A dosing regimen was 
not recommended by the authors because of the variability 
of hyperuricosuria in dogs and the lack of determination of 
a dose–response relationship to identify a target therapeutic 
concentration.

Although generally safe, allopurinol is associated with sev-
eral adverse effects in humans. Included are cutaneous reac-
tions; fever and malaise; and sequelae of drug interactions. 
Sequential urine urate: creatinine ratios have been advocated 
for monitoring response to dietary and medical manage-
ment of urate urolithiasis. A controlled study in healthy dogs, 
however, found no relationship between random urine sam-
ples and 24-hour quantitation of uric acid excretion.33 Thus 
24-hour uric acid measurements probably provide the best 
means for evaluating response to therapy. Note, however, that 
urates are easily crystallized and may be difficult to measure in 
urine. Medications should be continued at least 4 weeks after 
radiographic evidence of stone dissolution. If dissolution is 
not evident by 6 to 8 weeks, it is possible that the stones are 
composed of materials other than urate.
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FAILURE

Pathophysiology
Acute renal failure results from a sudden, severe decline in 
renal function, which may be initiated by prerenal, renal, or 
postrenal causes. Although several specific renal diseases can 
cause acute renal decompensation, in veterinary medicine 
acute intrinsic renal failure is most commonly caused by a 
nephrotoxicant or an infectious or ischemic injury. The pro-
portionately high blood flow and large capillary surface area 
in the kidney increase the organ’s sensitivity to blood-borne 
toxicants. Additionally, the sophisticated transport mecha-
nisms, intensive metabolic activity, and refined concentrating 
mechanisms found in renal tubules increase the likelihood of 
toxic injury. Glomeruli, too, are susceptible to direct destruc-
tion and immunologic injury. The most common nephrotoxi-
cants encountered in veterinary medicine are ethylene glycol 
and therapeutic agents such as aminoglycosides, amphoteri-
cin B, cisplatin, radiographic contrast agents, and analgesics. 

Additional nephrotoxins include lilies, which are toxic in cats 
only, and raisins and grapes, which are toxic in dogs.1

Ischemic injury may result from any insult that compromises 
perfusion of afferent arteriolar blood flow. Hypoperfusion 
from shock, dehydration, or hypotension is the most common 
mechanism of renal ischemia. Trauma, anesthesia, cardiac out-
put failure, and persistent vomiting or diarrhea are potential 
ischemic events encountered in small animals. Thrombosis, 
hyperviscosity, and polycythemia are additional, less common 
disorders that interfere with renal blood flow. Angiotensin-
converting enzyme (ACE) inhibitors, widely used in the man-
agement of congestive heart failure in dogs and proteinuric 
disorders, inhibit production of the vasopressor angiotensin II. 
In the glomerulus angiotensin II blockade preferentially dilates 
efferent arterioles, which may lead to loss of glomerular capil-
lary pressure and reduction in glomerular filtration (see Chap-
ter 14). The vasodilatory effect is most prominent in diseased or 
poorly perfused kidneys and can lead to progressive azotemia 
or overt acute renal failure in treated patients.2,3
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The administration of nonsteroidal antiinflammatory 
drugs (NSAIDs) may inhibit vasodilatory prostaglandin pro-
duction in the kidneys. The effect of NSAIDs is minimal in 
healthy kidneys but can be devastating when superimposed on 
marginally functioning kidneys, hypovolemia, or other vaso-
constrictive states (anesthesia, surgery, sepsis, heart failure, 
liver failure, nephrotic syndrome).4 In these disorders renal 
blood flow and glomerular filtration rate become increas-
ingly dependent on prostaglandin synthesis; administration 
of NSAIDs can precipitate renal ischemia and failure. Many 
systemic diseases increase the risk of acute renal failure by 
ischemic or vascular mechanisms. These disorders include 
pancreatitis, hepatic failure, immune-mediated hemolytic 
anemia, heat stroke, disseminated intravascular coagulopathy, 
rickettsial disease, babesiosis, and bacterial endocarditis.5,6

Both toxicant and ischemic insults to nephrons lead to 
impairment of cellular transport mechanisms, cellular swell-
ing, and death. Cellular hypoxia and intracellular calcium 
overload lead to additional membrane damage and oxy-
gen free radical formation. Vascular congestion and tubular 
obstruction result from cellular swelling and act as common 
mechanisms perpetuating renal ischemia and renal failure.7 
Therapeutic measures employed in acute renal failure attempt 
to support renal excretory function, attenuate cellular damage, 
and favor renal recovery.

General Considerations in Management
Goals of management of established acute renal failure are to 
(1) treat or minimize underlying disease processes; (2) cor-
rect fluid, electrolyte, and acid–base disorders; (3) initiate a 
diuresis; (4) manage systemic complications; and (5) establish 
a prognosis. The first principle in managing any disease pro-
cess is to “treat the treatable.” In acute renal failure “treatable” 
problems may include dehydration or hypovolemia, postrenal 
obstruction, cardiac or hepatic disease, leptospirosis, rickett-
sial disease, bacterial endocarditis, pyelonephritis, hypercalce-
mia, renal lymphoma, and hemoglobinuria. Early recognition 
of potential toxicant-induced renal failure allows for treatment 
with specific antidotes (e.g., 4-methylpyrazole or ethanol for 
ethylene glycol) or with nonspecific measures such as gastric 
lavage, fluid therapy, and cathartics. Administration of any 
potentially nephrotoxic agents should be stopped.

Fluid Therapy
After identification of underlying disorders, the management 
of acute renal failure relies largely on management of fluid, 
electrolyte, and acid–base imbalances. Fluid deficits are esti-
mated (estimated percentage dehydration × body weight in 
kilograms = liters required) and replaced rapidly, within 4 to 6 
hours. Initial fluid choices include 0.9% saline or other replace-
ment solutions. Low-sodium fluids such as 0.45% saline/2.5% 

dextrose or half-strength lactated Ringer’s solution in 2.5% 
dextrose may be used for patients with cardiac insufficiency or 
hypernatremia. Fluids for maintenance requirements (40 to 60 
mL/kg per day) and ongoing losses (polyuria, vomiting, diar-
rhea) should be added to the daily fluid total. In most cases 
rehydration fluid requirements will equal two to three times 
maintenance requirements; careful calculation of deficits and 
ongoing needs is recommended to prevent underestimation of 
fluid needs (Table 18-1).

Urine output should be measured during the rehydration 
phase to document appropriate diuresis and to calculate future 
fluid requirements. After adequate volume replacement, urine 
output should reach at least 1 to 2 mL/kg per hour. Oliguric 
patients, in which urine output is less than 1 mL/kg per hour, 
require additional treatment. If the animal is not overhydrated, 
mild volume expansion may be considered. Administration of 
an additional 3% to 5% of the animal’s body weight in fluid 
should eliminate any remaining, undetected volume deficits 
and enhance renal perfusion and glomerular filtration rate 
(GFR).8 If volume expansion is attempted, the patient must 
be carefully monitored for signs of overhydration, including 
inappropriate weight gain, systemic hypertension, increased 
bronchovesicular sounds, tachypnea, tachycardia, restlessness, 
chemosis, and serous nasal discharge. Note that dry mucous 
membranes can be a consequence of uremia and are not good 
indicators of hydration status in acute renal failure.9 Appro-
priate volume expansion is documented by a modest increase 
in body weight and modest reductions in the hematocrit and 
plasma protein concentrations. Volume overload is a com-
mon complication of fluid therapy in oligoanuric renal fail-
ure patients. Roughly two thirds of dogs and cats referred for 
hemodialysis management of uremic crises are hypervolemic. 
Without dialytic support this complication can be difficult to 
reverse unless urine production increases.9

Methods to Enhance Urine Production
If urine production remains poor after rehydration and vol-
ume expansion, pharmacologic manipulation of oliguria is 
warranted. Furosemide, dopamine, and osmotic diuretics 
have been standard options for management of oliguric and 
anuric renal failure despite a lack of clinical studies confirming 
efficacy (see Chapter 17 and for dopamine, see Chapter 14). 
Despite the lack of proven clinical efficacy, furosemide (2 to 3 
mg/kg intravenously every 6 to 8 hours) is often chosen as an 
initial treatment for oliguria because it is readily available and 
easy to administer. A constant-rate infusion (CRI) of furose-
mide (1 mg/kg per hour) has also been recommended.8,10

As a loop diuretic, furosemide helps increase tubular flow 
and improve renal blood flow but does not significantly affect 
GFR.7 It is also speculated that the activity of furosemide may 

KEY POINT 18-1 Early recognition and treatment of reversible 
disease, appropriate fluid therapy, and maintaining urine 
production are the keys to medical management of acute 
renal failure.

KEY POINT 18-2 Fluid therapy must be tailored to the 
individual patient, based on variable urine production and 
ongoing losses. If urine production is poor, significant 
adjustments in fluid rate and pharmacologic treatments are 
usually necessary.
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protect cells of the thick ascending loop of Henle by reduc-
ing active transport at this site. Furosemide may be useful 
in managing overhydration and hyperkalemia and enhanc-
ing toxin elimination in acute renal failure.9 Furosemide has 
been shown to exacerbate gentamicin toxicity and should be 
avoided in patients recently treated with aminoglycosides.11 
If urine output does not increase in 30 to 60 minutes, furo-
semide may be repeated at 4 to 6 mg/kg intravenously at 
30- to 60-minute intervals; concurrent dopamine administra-
tion should also be considered. The efficacy of furosemide in 
reversing oliguria appears to be improved with the concurrent 
administration of dopamine.12 Dopamine in this instance may 
improve delivery of furosemide to sites of activity. If diuresis 
is established with furosemide administration, intravenous 
bolus doses may be repeated every 6-8 hours or a CRI can be 

maintained at 0.25 to 1 mg/kg/hr.9 In healthy Greyhounds a 
furosemide infusion resulted in more diuresis, natriuresis, and 
calciuresis and less kaliuresis than bolus doses.13 High-dose 
furosemide did not increase survival rates in people with acute 
renal failure in a prospective, double-blinded, randomized 
placebo-controlled trial.14 An influence on survival in cats and 
dogs has not been established. Extracellular fluid volume and 
potassium requirements should be carefully addressed during 
furosemide treatment.

Dopamine is a catecholamine (a norepinephrine precur-
sor) that in low doses causes increases in renal blood flow. In 
dogs dopamine acts at specific splanchnic and renal recep-
tors to cause efferent arteriolar vasodilation, enhancing renal 
blood flow and sodium excretion. Dilation of mesenteric, cor-
onary, and intracerebral vascular beds also is expected. Effects 

Table 18-1  Drugs Used in the Management of Acute Renal Failure
Agent Actions Dosage Adverse Effects Contraindications
Agents Used to Enhance Urine Production
Furosemide Loop diuretic

↑ RBF
2-3 mg/kg IV q 6-8h
2-6 mg/kg IV q 30-60 min
0.25-1 mg/kg/h IV CRI

Volume depletion, hypoka-
lemia

Gentamicin, nephro-
toxicity

Dopamine ↑ RBF, ↑ GFR
↑ Natriuresis

1-5 μg/kg/min IV CRI Arrhythmias, hypertension, 
vomiting

Mannitol Osmotic diuresis
↓ Cellular edema
Free radical scavenger

0.5-1.0 g/kg IV slow bolus (10%-
20% solution)

1-2 mg/kg/min IV CRI (5%-10% 
solution)

Pulmonary edema, GI upset Overhydration, cardiac 
disease

10%-20% Dextrose Osmotic diuresis
Caloric support

25-50 mL/kg IV slow infusion 
q8-12h

Volume expansion, hypergly-
cemia, hyperosmolality

Agents Used to Treat Hyperkalemia
Calcium gluconate 

(10% solution)
Cardioprotection 0.5-1.0 mL/kg IV slow bolus Arrhythmias

Sodium bicarbonate Alkalinization of ECF 0.5-2 mEq/kg IV slow bolus Hypernatremia, ↓ ionized 
calcium, hypokalemia

Hypocalcemia

Dextrose ↑ Insulin 0.1-0.5 g/kg IV (102 mL/kg 25% 
solution)

Hyperglycemia, hyperosmo-
lality

Insulin/dextrose Intracellular movement of 
potassium

0.25-0.5 U/kg insulin with 1-2 g 
dextrose per unit

Insulin given

Hypoglycemia

Sodium polystyrene 
sulfonate

Exchange resin 0.5 g/kg PO or per rectum or  
6 hrs

Nausea, constipation, gastro-
intestinal ulcers

Agents Used to Treat Metabolic Acidosis
Sodium bicarbonate Alkalinization See text for dosage information Hypernatremia, hypokale-

mia, ↓ ionized calcium
Agents Used to Treat Nausea/Vomiting
Famotidine H2 antagonist 0.5-1 mg/kg IV q 12-24 hr
Ranitidine H2 antagonist 2 mg/kg IV q 8-12 hr Severe renal or hepatic 

failure (adjust dose)
Dolasetron Serotonin recepter antagonist 0.6 mg IV q 6 hr
Metoclopramide Dopamine antagonist 0.2-0.4 mg/kg IV or 1-2 mg/kg q 

24 hr IV CRI
CNS signs, interference with 

dopamine, constipation
GI obstruction, sei-

zures
Misoprostol Prostaglandin analog 1-5 μg/kg PO q 6-12 hr GI upset, uterine  Contraction Pregnancy, hyperten-

sion, seizures

RBF, Renal blood flow; IV, intravenous; GFR, glomerular filtration rate; CRI, constant-rate infusion; GI, gastrointestinal; ECF, extracellular fluid; CNS, central nervous system.
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on GFR are modest.15 In cats dopamine appears to stimulate 
α-adrenergic receptors, leading to increased blood pressure 
and natriuresis.16 Dopamine must be administered as a CRI, 
ideally with an automated fluid infusion pump. Dopamine 
is administered diluted in nonalkaline fluids, usually normal 
saline or dextrose solutions. Infusion rates of 1 to 5 μg/kg per 
minute are recommended. Infusion is usually started at 1 to 2 
μg/kg per minute while the patient is monitored for changes 
in heart rate or rhythm. Tachycardia, ectopic or premature 
ventricular beats, nausea, vomiting, and hypertension are 
adverse effects, predominantly seen at higher doses. The pres-
sor effects of dopamine are variable and can be detrimental 
to renal function; monitoring of urine output and degree of 
azotemia is imperative in individual patients. The half-life of 
dopamine is approximately 2 minutes; effects are withdrawn 
within 10 minutes after the infusion is discontinued. The drug 
is metabolized to inactive compounds by monoamine oxidase 
and catechol-O-methyltransferase in the kidney, liver, and 
plasma.17 Recent prospective, randomized, double-blinded, 
placebo-controlled trials in humans have failed to show effi-
cacy of low-dose dopamine in management of acute renal 
failure. Dopamine may also cause detrimental gastrointesti-
nal, respiratory, endocrine, and immunologic effects.18 Use of 
dopamine for management of acute renal failure has fallen out 
of favor, except as needed for pressor response.

Fenoldopam and other new selective dopamine subtype 
DA-1 receptor agonists may more effectively increase renal 
blood flow in dogs8 and possibly in cats. Results of these selec-
tive dopaminergic compounds have not been reported in clin-
ically affected patients in acute renal failure.

Osmotic diuretics currently represent the optimal phar-
macologic option for enhancing urine flow. Osmotic agents 
such as mannitol enhance urine production by increasing 
both intravascular volume and tubular fluid flow. Mannitol 
is freely filtered at the glomerulus and poorly reabsorbed in 
renal tubules, creating an osmotic effect such that water is not 
reabsorbed from the tubular lumen. Osmotic agents also pre-
vent tubular and vascular obstruction by minimizing cellular 
swelling. Mannitol also possesses weak renal vasodilatory and 
cellular free radical scavenging actions.19 Adverse effects of 
mannitol infusion include volume overload and pulmonary 
edema, gastrointestinal upset, and central nervous system 
effects (usually at high doses). The drug is contraindicated for 
overhydrated or dehydrated patients and for patients with pre-
existing cardiac disease or suspected intracranial hemorrhage. 
Mannitol (20% to 25% solution) may be administered at a dos-
age of 0.5 to 1.0 g/kg intravenously as a slow bolus (over 15 
to 20 minutes).20 Another protocol entails administration of 
partial dosages (0.5 mg/kg each) every 15 minutes for three 
treatments.21 Urine output should improve within 1 hour. 

A second bolus may be attempted if the agent is unsuccessful, 
but the potential for volume overexpansion and edema forma-
tion increases. When mannitol is beneficial, intermittent bolus 
injections (0.5 to 1 g/kg intravenously every 6 to 8 hours) or 
CRI of a 5% to 10% solution (2 to 5 mL/min) may be given up 
to 2 g/kg per day.13 Lower doses given more frequently (0.25 to 
0.5 g/kg intravenously every 4 hours) or a CRI of 1 to 2 mg/kg/
min also have been recommended.9 One author recommends 
maintaining diuresis with an infusion of mannitol diluted in 
lactated Ringer’s solution.8

Hypertonic dextrose solutions have been useful as an alter-
native osmotic agent. Once the renal threshold for glucose 
transport has been exceeded, dextrose solutions create effects 
similar to those of mannitol on tubular flow and urine output. 
Solutions of 10% or 20% dextrose are formulated and adminis-
tered as intermittent slow boluses of 25 to 50 mL/kg (over 1 to 2 
hours) two or three times per day. The initial infusion rate may 
be as high as 2 to 10 mL/min in order to rapidly create hyper-
glycemia. The infusion rate may subsequently be dropped to 
1 to 5 mL/min.21,22 Advantages of dextrose solutions include 
low cost, availability, and relative safety. Dextrose solutions 
also provide nominal caloric supplementation. Urine glucose 
is easily monitored to ensure that sufficient hyperglycemia and 
filtration of glucose are continuing; urine volume still must 
be quantitated because glycosuria can occur without signifi-
cant increases in urine production. Dextrose solutions may be 
inferior to mannitol in other respects, however, because the 
osmotic effects on cellular swelling and tubular obstruction 
will be minimized by intracellular equilibration of glucose 
across cell membranes, an effect that does not occur with man-
nitol.8 Hypertonic glucose also lacks the vasodilatory and free 
radical scavenging effects of mannitol. The rapid movement of 
glucose intracellularly does, however, minimize the potential 
development of vascular overload and pulmonary edema.

For patients who become fluid overloaded and have 
decreased renal output, fluid removal is an essential part of 
management. Standard treatment in human medicine that is 
also available for veterinary patients includes peritoneal dial-
ysis and hemodialysis. A promising new treatment is cross-
linked polyelectrolyte sorbents. This oral solution can absorb 
as much as 50 times its weight in gastrointestinal water (up to 
a liter of fluid in a 30 kg dog) as well as urea, creatinine, and 
potassium, allowing an alternative to renal excretion of exces-
sive fluid and solutes.23

The choice of initial treatment protocol for oliguria varies 
with clinician preference, experience, available technical sup-
port, and patient variables. Furosemide or dopamine (or both) 
historically were employed initially, but this practice must be 
critically assessed because dopamine may actually cause det-
rimental effects. Mannitol is probably, however, the preferred 
agent for treatment of nephrotoxic and ischemic renal failure 
in patients that are not overhydrated. If one protocol is inef-
fective, another protocol may be attempted. Polyuric renal 
failure generally is easier to manage and has a better progno-
sis than oliguric renal failure. The effects of all measures to 
reverse oliguria appear to diminish as the duration of oliguria 
is prolonged.

KEY POINT 18-3 The primary benefit of diuretic administra-
tion is to increase urine production and simplify manage-
ment. Minimal, if any, benefits on glomerular filtration rate 
or survival are likely.
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Management of Hyperkalemia and Metabolic 
Acidosis
Patients with acute renal failure may be hypokalemic, nor-
mokalemic, or hyperkalemic. Hyperkalemia is most likely 
observed with oliguric or anuric renal failure. Management 
of hyperkalemia and other electrolyte disturbances is ide-
ally based on serum electrolyte determinations; however, an 
estimate of potassium status can often be made on the basis 
of an electrocardiogram. Administration of potassium-free 
 fluids and initiation of a diuresis is usually sufficient to correct 
mild to moderate hyperkalemia. Longer-term control of mild 
hyperkalemia may be gained with exchange resins. Sodium 
polystyrene sulfonate (Kayexalate) is given as a suspension 
in 20% sorbitol (2 g/kg/day by mouth or by rectum in 3 to 
4 divided doses). Nausea, constipation, and gastrointestinal 
ulceration or erosion are possible complications of this prod-
uct and have limited its tolerance in veterinary patients.9

Peaked T waves, bradycardia, prolonged PR intervals, flat-
tened P waves, and widened QRS complexes may be seen with 
moderate elevations in serum potassium. Severe hyperkale-
mia may result in a loss of P waves, idioventricular rhythms, 
atrial standstill, or ventricular fibrillation and represents a 
life-threatening emergency. With severe electrocardiographic 
changes, administration of calcium gluconate (0.5 to 1 mL/kg  
of a 10% solution given intravenously over 10 to 15 minutes) 
offers cardioprotective actions. Calcium ions counteract potas-
sium without lowering serum potassium; other measures must 
be initiated to prevent subsequent cardiac toxicity.24

Bicarbonate administration facilitates an intracellular shift 
of potassium ions and is another useful initial treatment for 
moderate hyperkalemia. Sodium bicarbonate is administered 
as a slow intravenous injection of 0.5 to 2 mEq/kg.24 Alter-
natively, bicarbonate deficits can be determined on the basis 
of serum bicarbonate, total CO2, or base deficit measurement. 
The deficit is calculated by the formula: 0.3 × body weight 
(kg) × base deficit or (20 − serum bicarbonate or total CO2 
concentration). A portion of the deficit (usually one fourth or 
one half) is given as a slow bolus or in fluids, and the acid–
base status is reassessed. An advantage of sodium bicarbon-
ate administration is concurrent correction of coexisting 
metabolic acidosis. In the absence of hyperkalemia, bicarbon-
ate administration is reserved for severe acidosis (blood pH 
<7.2 or total CO2 <12 to 15 mEq/L). Overzealous bicarbonate 
administration may have serious detrimental results, includ-
ing hypernatremia, hyperosmolality, ionized calcium deficits, 
reduced plasma potassium concentrations, metabolic alkalo-
sis, and paradoxical acidosis of the cerebrospinal fluid.

An alternative method of therapy for acute hyperkalemia 
includes the administration of glucose (dextrose 0.1 to 0.5 g/kg  
as a 20% solution or 1 to 2 mL/kg 50% dextrose diluted to 
25%).20 Administration of glucose triggers endogenous insu-
lin secretion; both glucose and insulin facilitate intracellular 
movement of potassium. Protocols utilizing insulin and glu-
cose (0.25 to 0.5 U/kg insulin followed by 1 to 2 g glucose per 
unit of insulin administered) have also been recommended. 
Exogenous insulin administration can promote hypoglyce-
mia; blood glucose monitoring is required.

Disorders of calcium are occasionally found in acute renal 
failure. Hypercalcemia may be a cause of acute renal damage. 
Calcium levels usually drop with fluid or diuretic administra-
tion; investigation into the etiology of hypercalcemia should 
proceed, however. Severe hypocalcemia is rare except in 
 ethylene glycol intoxication. Alkalinizing therapy may further 
reduce ionized calcium levels, resulting in symptomatic hypo-
calcemia. Calcium administration may be necessary in some 
cases.

Maintenance Fluid Therapy
Once a diuresis has been established, and in cases of nono-
liguric acute renal failure, fluid therapy should be tailored to 
match urine volume and other sensible and insensible losses. 
Insensible losses (e.g., water lost from respiration) are esti-
mated at 13 to 22 mL/kg per day. Urine output (the most vari-
able sensible loss in patients with renal failure) is quantitated 
during 6- or 8-hour intervals; the amount lost is replaced dur-
ing an equivalent period. Ongoing gastrointestinal losses also 
are estimated and replaced. Some clinicians factor in a 3% to 
5% estimate to provide for subclinical dehydration each day, 
regardless of physical examination findings (except for signs 
of overhydration). Intervals can be extended as the animal is 
stabilized.

Fluid composition during maintenance therapy should be 
tailored to the individual. Polyionic replacement solutions 
that provide buffering activity and electrolyte replacement 
(e.g., lactated Ringer’s solution, Normosol-R, Plasma-Lyte 56) 
may be administered during the first few days of treatment, 
especially if gastrointestinal or electrolyte losses are great. For 
longer-term therapy, lower sodium solutions designed to meet 
maintenance fluid needs (e.g., half-strength lactated Ringer’s 
solution or 0.45% saline in 2.5% dextrose, Normosol-M,  
or Plasma-Lyte 56) are preferred, insofar as most ongoing 
losses will consist of free water losses in polyuria.8 Alternat-
ing administration of 5% dextrose solutions with high-sodium 
replacement solutions may also be effective in preventing 
hypernatremia in patients requiring long-term fluid therapy.21 
Potassium supplementation in excess of amounts supplied in 
commercial fluids is usually required during the maintenance 
phase of treatment; a total of 20 to 30 mEq KCl per liter of fluid 
administered is typically sufficient.

Other Considerations
Multiple complications may be encountered during the course 
of treatment of acute renal failure. Complications are usually 
a result of uremia and include oral ulceration, vomiting, diar-
rhea, malnutrition, infection, hemorrhage, anemia, hyperten-
sion, and neurologic deterioration. Most of these complications 
are best ameliorated by minimizing azotemia. Anorexia and 
vomiting are typically due to activation of the chemoreceptor 
trigger zone, uremic gastritis, and mucosal intestinal ulcer-
ation. Management of gastrointestinal complications of ure-
mia is described in the later discussion of chronic renal failure. 
Note that metoclopramide and histamine-2 receptor blockers 
such as ranitidine and famotidine are renally excreted; doses 
should be modified for severely uremic animals. Aggressive 
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nutritional support may be required in patients with acute 
renal failure undergoing long periods of treatment. A diet pro-
viding 2 to 3 g protein/kg per day and 70 to 110 kcal/kg per 
day is optimal for critically ill patients with renal failure. A 
reduced protein diet is designed to minimize uremia and aci-
dosis associated with acute renal failure. In recovering, mildly 
azotemic patients, a high-protein diet may enhance renal 
recovery.25

Although often considered a hallmark of chronic disease, 
anemia may become severe in the course of acute renal failure 
because of depressed erythropoiesis and hemorrhage. Trans-
fusion support and attention to gastrointestinal or generalized 
hemorrhage may be needed. Careful attention to aseptic care 
of intravenous catheters, urinary catheters, and wounds is 
important to prevent infection in patients with acute renal fail-
ure. Neurologic disturbances, including ataxia, stupor, trem-
ors, head bobbing, and seizures, may be observed in animals 
with severe anemia. Neurologic symptoms may be attributed 
to hypocalcemia, uremic encephalopathy, cerebral edema, 
dialysis, or an underlying toxicant (e.g., ethylene glycol). Reso-
lution of uremia, control of hypocalcemia, or administration 
of low-dose diazepam may be required for management.

Cellular Protectants
Many agents have been investigated as potential cellular pro-
tectants or stimulants of cellular regeneration in acute renal 
failure. Agents such as magnesium, adenosine triphosphate 
(ATP), thyroxine, and glycine have been considered for their 
potential to restore intracellular energy stores. Atrial natri-
uetic peptide (ANP), brain natriuetic peptide (BNP), and 
other similar peptides increase GFR and have renoprotec-
tive effects in ischemic renal injury. ANP has caused severe 
hypotension in patients with renal failure, but BNP appears to 
increase GFR without causing systemic hypotension.26 Oxy-
gen free radical scavengers and calcium channel blockers have 
been investigated as methods of alleviating reperfusion injury 
in renal epithelial cells. Growth factors may promote cellular 
repair and regeneration. Most of these agents remain in the 
experimental stages, however, and have found limited clinical 
application in human or veterinary medicine. Manipulation of 
the cell biology of acute renal failure is likely to provide thera-
peutic options in the future, however.27,28

MANAGEMENT OF CHRONIC KIDNEY 
DISEASE

Many varied insults can lead to progressive renal dysfunction 
in small animals. Infectious diseases, obstructive disorders, 
hypercalcemia, glomerular disease, and some neoplastic dis-
orders may be identified and specific treatment pursued. In 
many cases, however, a specific etiology is not determined, 
and management is directed toward alleviation of clinical 
signs; correction of metabolic consequences; and, ideally, 
slowed progression of the disease process. Principles of 
medical management are to (1) stage the disease and pursue 
appropriate diagnostic strategies, (2) consider renoprotec-
tive maneuvers that may retard progression of renal damage,  

(3) identify and manage sequelae of renal failure (hyperten-
sion, anemia, metabolic acidosis, and gastrointestinal ulcer-
ation), (4) intervene as necessary in crises, and (5) plan and 
initiate appropriate monitoring and follow-up evaluations. 
Excellent reviews of staging criteria and management consid-
erations are available,29 and updated guidelines are available 
from the International Renal Interest Society (IRIS) at iris-
kidney.org. In general, dietary and other therapeutic maneu-
vers should be instituted in a stepwise approach, with serial 
monitoring implemented to tailor management (Figure 18-1).

Pathophysiology
The clinical and pathophysiologic consequences of renal disease 
result from complex events set into motion as excretory, homeo-
static, and other renal functions are lost. When approximately 
66% of total nephron mass is lost, fluid excretion per nephron is 
increased to facilitate waste excretion. Solute diuresis in remain-
ing nephrons and developing tubular dysfunction lead to poly-
uria and compensatory polydipsia. As nephron loss progresses 
to 75% or greater, excretory function is compromised and azo-
temia develops. With progressive reduction in GFR, excretion 
of phosphorus and endogenous acids is impaired, leading to 
hyperphosphatemia, hypocalcemia, metabolic acidosis, and 
secondary hyperparathyroidism. Diseased kidneys also fail to 
produce or regulate other important metabolic and endocrine 
compounds, leading to systemic hypertension, anemia, and a 
catabolic state. Widespread polysystemic effects of uremia are 
possible as well, affecting gastrointestinal mucosa, neuromus-
cular function, cardiopulmonary function, and immunologic 
function. Management strategies are designed to blunt these 
effects of progressive renal dysfunction (Table 18-2).

Dietary Strategies
Protein
Reduction in protein intake (compared with protein content 
of maintenance commercial dog foods) has been advocated 
for dogs and cats with renal disease. Dietary protein restriction 
has been advocated on the basis of the hyperfiltration theory of 
progressive renal disease.30 In rats with induced renal disease, 
the compensatory response of remaining nephrons includes 
increases in single nephron blood flow, single nephron filtra-
tion rate, and elevated glomerular capillary pressure.31 These 
responses are ultimately detrimental in rodent models, leading 
to progressive renal injury,30 an effect that can be blunted by 
reduced protein diets that minimize glomerular hypertension.

Although glomerular hypertension and hypertrophy occur 
in dogs with experimental renal disease,32 a significant effect 
of protein restriction alone on the course of renal failure in 
dogs or cats has not yet been demonstrated.33-36 Reduc-
tion in protein intake is undeniably beneficial in moderately 
to severely affected patients by reducing the production of 
nitrogenous wastes and acid by-products that contribute to 
uremia and metabolic acidosis. In such patients (usually with 
blood urea nitrogen >60 to 75 mg/dL or mmol/L), moderate 
restriction of protein intake can be expected to reduce blood 
urea concentrations, alleviate metabolic acidosis, and indi-
rectly minimize phosphorus intake.37 Recommended dietary 
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protein intake for initial management is 2 to 3.5g/kg per day in 
dogs. This level is generally provided by diets containing high 
biologic value protein at approximately 13% of gross energy 
when fed at maintenance caloric requirements.37 The protein 
requirement for dogs in renal failure is higher than the mini-
mum protein requirements for healthy dogs; however, most 
commercial maintenance diets are 20% to 30% protein. In cats 
protein requirements are 3.5 to 4.0 g/kcal per day and may 
be provided by diets containing approximately 21% of gross 
energy as protein.37 Products that provide high-quality pro-
tein in homemade diets include eggs, liver, cottage cheese, and 
lean meats.

Further reduction in protein intake should be reserved for 
refractory patients in which signs of uremia persist on the pre-
viously described diet. Excessive protein restriction may lead 
to protein malnutrition, hypoalbuminemia, and anemia. Pro-
tein or other nutrient deficiencies can inadvertently develop 
if adequate quantities of a moderately restricted diet are not 
consumed; intake of adequate energy should take precedence 

in dietary formulations. Protein depletion also may adversely 
affect renal function by contributing to alterations in renal 
hemodynamics and accentuating muscle catabolism, ane-
mia, and acidosis. Animals with protein malnutrition exhibit 
weight loss, poor hair coats, and muscle wasting. Although 
reduced protein intake may improve clinical signs of renal 
disease, this dietary maneuver is unlikely to prevent renal dis-
ease in normal animals, dramatically slow progression of renal 
disease, or enhance renal function. Thus the role of reduced 
protein intake in animals with early renal disease is less clear. 
Again, moderate restriction of protein may be appropriate in 
these individuals, with regular monitoring for evidence of pro-
tein malnutrition and for progression of azotemia.

Patient Monitoring Flowsheet: Chronic Renal Failure

Date
Patient History*:
Current medications

Current diet
Caloric intake
Appetite
Physical Examination*:
Body weight
Body condition
Hydration status
Blood pressure
Fundic examination
Clinical Pathology:
Packed cell volume*
Plasma protein*
Serum albumin
BUN/Urea*
Creatinine*
Phosphorus
Calcium
Sodium
Potassium
TCO2 or HCO2

Urine-specific gravity
Urine pH
Urine protein
Sediment
Comments:

Figure 18-1 Example of a flowsheet for monitoring the clinical and clinicopathologic features of chronic renal  failure. 
*Minimal components of frequent serial monitoring.

KEY POINT 18-4 Progressive reduction in phosphorus and 
protein intake is justified in chronic kidney disease in an 
effort to reduce nitrogenous wastes, acid by-products, and 
mineral deposition in the kidneys and other soft tissues.
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Table 18-2  Drugs Used in the Management of Chronic Renal Failure
Agent Action Dosage Adverse Effects Contraindications
Agents Used to Treat Hyperphosphatemia/Hyperparathyroidism
Aluminum hydroxide Phosphorus binder 30-100 mg/kg/day PO GI upset, constipation,  

aluminum toxicity
Aluminum carbonate
Calcium acetate Phosphorus binder 60-90 mg/kg/day PO Hypercalcemia
Calcium carbonate Phosphorus binder 90-150 mg/kg/day PO Hypercalcemia Hypercalcemia
Calcitriol ↑ Serum calcium

↓ PTH
2.5-3.5 mg/kg/day PO or
0.75-5.0 mg/kg/day PO, effective  

dose varies

Hypercalcemia Hypercalcemia,  
hyperphosphatemia

Agents Used to Treat Metabolic Acidosis
Sodium bicarbonate Alkalinizing 8-12 mg/kg PO q 8-12 hr Hypernatremia Hypertension
Potassium citrate Alkalinizing 35 mg/kg PO q 8 hr

Potassium supplement
Calcium acetate Alkalinizing 100 mg/kg/day PO Hypernatremia

Phosphorus binder
Calcium supplement

Agents Used to Treat Systemic Hypertension
Furosemide Loop diuretic 2-4 mg/kg/day PO Volume depletion
Enalapril ACE inhibition 0.25-0.5 mg/kg PO q 12-24 hr Renal decompensation,  

GI upset
Benazepril ACE inhibition 0.5-1.0 mg/kg PO q 24 hr
Diltiazem Calcium channel blocker 0.5-1.0 mg/kg PO q 8-12 hr (D)

1.0-2.25 mg/kg PO q8-12h (C)
Hypotension
Bradycardia

Avoid using with beta-
blockers

Amlodipine Calcium channel blocker 0.625-1.25 mg/kg orally q 24 hr As for diltiazem
Atenolol Beta-adrenergic antagonist 2 mg/kg/day Hypotension
Propranolol Beta-adrenergic antagonist 2.5-10 mg PO q 8-12 hr (D)

2.5-5 mg PO q 8-12 h (C)
Hypotension, broncho-

constriction
Prazosin Alpha-adrenergic  

antagonist
0.25-2.0 mg PO q 8-12 hr (D)
0.25-1.0 mg PO q 8-12 hr (C)

Hypotension, GI upset

Agents Used to Treat Anemia
Recombinant human 

erythropoietin
↑ Erythropoiesis 100 U/kg SC 3 times weekly; taper 

when target hematrocrit reached
Polycythemia hyperten-

sion, seizures
Untreated iron defi-

ciency, hypertension
Stanozolol Anabolic steroid 1-4 mg/dog PO q 12 hr; not recom-

mended in cats
As for nandrolone As for nandrolone

Agents Used to Treat Anorexia, Vomiting
Famotidine H2 antagonist 0.5-1 mg/kg PO or IV q 24 hr Severe renal or hepatic 

failure
Ranitidine H2 antagonist 0.5-2.0 mg/kg PO q 12 hr Severe renal or hepatic 

failure
Metoclopramide Dopamine antagonist 0.2-0.4 mg/kg SC, IM, or PO q  

8 hr
CNS signs, constipation GI obstruction, 

 seizures
Misoprostol Prostaglandin analog 1-5 μg/kg PO q 6-8 hr GI upset, uterine  

contraction
Pregnancy, hyperten-

sion, seizures
Sucralfate Mucosal protectant 0.25-1.0 g PO q 6-8 hr Constipation
Diazepam Benzodiazepine 0.05-0.15 mg/kg IV Sedation
Agents Used in the Management of Glomerular Disease
Enalapril ACE inhibition 0.5 mg/kg PO q12-24h Hypotension

Hypercalcemia
Benazepril ACE inhibition 0.5-1 mg/kg PO q24h Decreased renal 

 perfusion as for 
enalapril

Continued
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Table 18-2  Drugs Used in the Management of Chronic Renal Failure—Cont’d

Agent Action Dosage Adverse Effects Contraindications
Fish oil Omega-3 fatty acid supple-

mentation
Dietary supplement, see labels Coagulopathy, 

 Gastrointestinal 
 irritation (high doses)

Pregnancy

Aspirin Cyclooxygenase inhibition 0.5-5 mg/kg PO q 12 hr Coagulopathy, 
 Gastrointestinal 
 ulceration

Furosemide Diuretic 2.2 mg/kg PO q 12-24 hr Dehydration, 
 Hypokalemia

Volume depletion

Colchicine Prevent amyloid deposition 0.01-0.03 mg/kg/day PO Gastrointestinal  
irritation

Severe renal or hepatic 
failure

DMSO Antifibrotic (amyloidosis) 90 mg/kg SC 3 times weekly (diluted 
solution, see text)

Local effects, Hypoten-
sion

Dehydration

PO, By mouth; GI, gastrointestinal; PTH, parathyroid hormone; ACE, angiotensin-converting enzyme; D, dog; C, cat; SC, subcutaneous; IV, intravenous; IM, intramuscular; CNS, central 
nervous system; DMSO, dimethylsulfoxide.

Phosphorus
Restriction of dietary phosphorus is advocated for patients 
with renal failure to minimize hyperphosphatemia, secondary 
hyperparathyroidism, and dystrophic mineralization. Feeding 
to maintain a calcium × phosphorus solubility product below 
60 to 70 is recommended to minimize soft tissue and renal min-
eralization. In experimental studies in dogs with induced renal 
disease, phosphorus and calcium restriction improved survival 
times but did not prevent renal mineralization.38 In a prospec-
tive clinical study in cats, feeding a phosphorus- and protein-
restricted diet, and administering phosphorus binders if needed, 
improved survival times from a mean of 383 days to 616 days.39 
Cats fed the renal diet also had reduced plasma urea and phos-
phorus concentrations when compared with cats fed other diets.

Although phosphorus restriction can be advocated more 
reliably and earlier than protein restriction, most diets for-
mulated for renal disease are restricted in both protein and 
phosphorus content because meat proteins are the primary 
source of phosphorus in the diet. Appropriate canine diets 
are 0.13% to 0.28% phosphorus on a dry weight basis, pro-
viding 0.3 to 0.5 mg phosphorus/kcal, whereas feline diets 
are approximately 0.5% phosphorus, providing 0.9 mg phos-
phorus/kcal.40 Supplemental phosphate-binding agents may 
be required if dietary restriction is inadequate to minimize 
hyperphosphatemia and normalize the calcium × phospho-
rus solubility product (see later discussions of dietary supple-
ments and secondary hyperparathyroidism).

Sodium
Moderate sodium restriction is beneficial for dogs with 
renal disease, particularly those with systemic hypertension. 
Although single nephron adaptive responses are remarkably 
efficient for maintaining solute and water balance in renal dis-
ease, handling of large fluid and solute loads is limited, and 
conservation of water and solute is impaired. Sodium excre-
tion increases with declining GFRs to maintain homeostasis; 
however, response to a sodium challenge may be impaired, 
and excess sodium intake could lead to volume expansion. 
Conversely, sodium cannot be maximally conserved in the 

presence of acute restriction in intake or volume depletion. 
Diets should provide 15 to 50 mg/kg per day, usually 0.1% to 
0.3% on a dry matter basis.41 Changes in sodium intake should 
be made gradually if possible to prevent rapid changes in fluid 
homeostasis and extracellular fluid volume. A recent study of 
the effects of dietary sodium intake on renal function in normal 
cats and cats with experimentally induced renal disease indi-
cated that low sodium intake may actually contribute to hypo-
kalemic nephropathy and progressive renal injury in cats.42 
More research must be done to determine the optimal level of 
sodium intake for cats with renal insufficiency or failure.

Lipids
Abnormalities of lipid metabolism in renal disease may lead to 
hypercholesterolemia, hypertriglyceridemia, and elevated low-
density lipoprotein concentrations. High saturated fatty acid 
intake has been shown to accelerate glomerulosclerosis and 
progressive renal injury in rat models. Dietary lipid composi-
tion may be manipulated to minimize hypercholesterolemia, 
minimize inflammation, and protect renal hemodynamic func-
tion. In one study of dogs with induced renal failure, dogs fed 
a diet supplemented with omega-3 polyunsaturated fatty acids 
(provided by menhaden fish oil) had reduced intraglomerular 
pressure, reduced proteinuria, and better indices of renal func-
tion than dogs supplemented with omega-6 polyunsaturated 
fatty acids.43 Supplementation of omega-3 polyunsaturated fatty 
acids may be expected to favor vasodilatory eicosanoid produc-
tion, inhibit intrarenal platelet aggregation, and minimize sys-
temic and glomerular hypertension. Whether any appreciable 
effect of dietary lipid manipulation will be seen over the long-
term course of chronic renal failure remains unknown.43,44

Energy
Appropriate caloric intake is a frequently overlooked goal of 
dietary management of renal failure patients. A catabolic state 
may be perpetuated despite the best manipulations of dietary 
content if sufficient calories for body energy requirements are 
not ingested. Energy depletion and protein malnutrition in 
turn exacerbate azotemia and hamper renal compensatory or 
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regenerative responses. Energy requirements for patients with 
chronic renal failure have been estimated at 60 to 110 kcal/
kg per day; a reasonable starting point is 75 kcal/kg per day.31 
Frequent monitoring of body weight and body condition is 
imperative to ensure that appropriate weight is maintained.

As renal failure progresses, intake of appropriate calo-
ries becomes more important than the composition of the 
diet. Caloric supplements composed of fat and carbohydrate 
sources may be offered to provide additional energy. Occa-
sionally, obese patients with renal disease are encountered. 
Because obesity may contribute to systemic hypertension 
and impair other organ system functions, weight reduction 
is desirable in these patients. Adjustments in weight must be 
gradual, however, and excessive restriction of calories and pro-
tein intake should be avoided.

Dietary Supplements
Intestinal Phosphate-Binding Agents
If dietary phosphorus reduction is ineffective in maintaining a 
serum phosphorus level of less than 6 mg/dL and a calcium ×  
phosphorus solubility product less than 70, phosphorous-
binding agents may be administered.45 These agents are 
generally ineffective if dietary phosphorus is not restricted 
concurrently and are most effective when given just before 
or with a meal. Liquid or encapsulated preparations are pref-
erable to tablet forms because they more readily mix with 
ingesta in the intestinal tract. These agents prevent absorption 
of ingested phophorus or phosphorus secreted in saliva, bile, 
or intestinal fluid. Tablet forms can be crushed and given with 
food. Aluminum-based products (aluminum hydroxide, alu-
minum carbonate) are widely available and are administered 
at daily dosages of 30 to 100 mg/kg divided into two or three 
feedings.46 Magnesium-based products should be avoided in 
patients with renal failure.45

Calcium-based products (calcium acetate, 60 to 90 mg/kg 
per day; calcium carbonate, 90 to 150 mg/kg per day) are alter-
native phosphorus-binding agents with additional alkalinizing 
effects. Calcium-based products can also be used to minimize 
or correct hypocalcemia. Calcium acetate is recommended in 
normocalcemic to mildly hypercalcemic patients, insofar as 
calcium carbonate is more likely to lead to hypercalcemia. Cal-
cium-based products and aluminum-based agents also may 
be administered concurrently for added phosphorus-binding 
effects.37,45 Serum calcium and phosphorus concentrations 
should be monitored every 2 weeks initially, then monthly 
or as needed during chronic therapy. Adverse effects of phos-
phorus-binding agents include nausea, gastrointestinal upset, 
constipation, and hypophosphatemia. Toxic effects of alumi-
num are theoretically possible with long-term administration, 
including anemia, encephalopathy, and osteomalacia.47 Alu-
minum toxicity appears to be unlikely in dogs and cats.

Alkalinizers
Although dietary protein restriction helps reduce acid metab-
olites and metabolic acidosis, alkalinization therapy may be 
required in animals with moderate to severe metabolic aci-
dosis. Chronic untreated metabolic acidosis may accelerate 

protein catabolism and azotemia, promote renal ammonia-
genesis contributing to progressive renal tissue damage, and 
lead to increased calcium and potassium losses. Acid–base 
derangements also likely contribute to the clinical manifesta-
tions of renal failure, including anorexia, vomiting, and weight 
loss.48,49 Alkalinizing therapy is ideally planned on the basis of 
serial blood gas analyses. Serum total CO2 (TCO2) measure-
ment is a reasonable guide to management in most patients. 
Oral alkalinization is recommended when bicarbonate or 
TCO2 measurements fall below 15 to 17 mmol/L, whereas 
parenteral supplementation may be needed if the TCO2 falls 
below 10 to 12 mmol/L.

Alkalinizing agents include potassium citrate (35 mg/kg 
orally every 8 hours or 0.3 to 0.5 mEq potassium/kg orally 
every 12 hours) and calcium carbonate or calcium acetate 
(100 mg/kg daily).31,50 These agents are particularly valuable 
when hypokalemia (potassium citrate), hyperphosphatemia, 
or hypocalcemia (calcium-based agents) is a concurrent prob-
lem (discussed elsewhere). Oral sodium bicarbonate may be 
administered at 8 to 12 mg/kg every 8 to 12 hours (1 mEq/cat 
every 8 to 12 hours for cats). Household baking soda supplies 
approximately 4000 mg bicarbonate per teaspoon (or 12 mEq 
bicarbonate/g); 5- and 10-grain tablet preparations are also 
available. Alternatively, a 1 mEq/mL solution of bicarbonate 
can be prepared by adding 5 or 6 tablespoons of baking soda 
to 1 L of water (or one third of an 8 ounce box is added to 1 
quart of water).48 Because of the added sodium intake, sodium 
bicarbonate may be inadvisable in hypertensive patients, and 
some clinicians prefer to use alternative alkalinizing agents in 
all renal failure patients. It is questionable, however, whether 
the sodium salt in sodium bicarbonate contributes to hyper-
tensive disease in dogs and cats.

Dosages of all alkalinizing agents may be titrated to effect. 
The goal of treatment is to modify bicarbonate concentrations 
to approximately 18 to 24 mmol/L. Overcorrection of acidosis 
can lead to metabolic alkalosis, hypokalemia, or ionized cal-
cium deficits.

Potassium
Renal failure and metabolic acidosis have been identified as 
risk factors for hypokalemic myopathy in cats.51,52 Increased 
fractional excretion of potassium is observed, although 
24-hour potassium loss is variable. Hypokalemia may be exac-
erbated by chronic metabolic acidosis, especially in cats fed 
acidifying diets. Potassium depletion in turn induces acidosis 
and depresses GFR, intensifying renal disease and potassium 
loss.52-54 From these observations it has been hypothesized 
that supplementation of potassium in cats with renal insuffi-
ciency may stabilize or improve renal function. A beneficial 
effect on renal function and overall outcome in chronic kidney 
disease has not yet been proven; however, potassium supple-
mentation can increase total body potassium somewhat and 
appears to be well tolerated.

Most commercial renal diets have been adjusted to provide 
potassium beyond requirements for healthy animals, but cats 
with mild to moderate hypokalemia (K 3.5 to 4.5 mEq/L) will 
benefit from potassium supplementation at 2 to 5 mEq/day. 
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Low-dose supplementation (2 mEq/cat per day) may be justi-
fied in normokalemic cats to prevent potassium depletion.52 
Cats with severe hypokalemia may require intensive replace-
ment with intravenous potassium chloride or increased supple-
mentation (5 to 10 mEq/day). Potassium supplementation may 
be initiated at 1 to 6 mEq/kg per day if other dietary measures 
do not correct the hypokalemia.31 Potassium concentration 
should be carefully monitored in cats and in dogs undergoing 
fluid diuresis for renal disease. Chronically, dogs with polyuric 
renal failure also may become hypokalemic but seem more 
resistant to this sequela of renal disease. Some renal failure diets 
may in fact oversupply potassium for canine needs.

Potassium supplements are available in powder or liquid 
form for long-term oral administration. Potassium gluconate 
powder mixed in food appears to be the most palatable and 
best-tolerated product; flavored potassium gluconate elixirs 
also are available. A relatively new flavored gel preparation also 
may be acceptable to cats. Potassium citrate solution or diluted 
potassium chloride for injection (dilute 1:1 with water) also 
may be given orally. Gastrointestinal ulceration, nausea, vom-
iting, and food aversion may develop with liquid preparations.

Summary of Dietary Recommendations
On the basis of current information, the ideal diet for small 
animals in mild to moderate chronic renal failure should be 
moderately reduced in protein, phosphorous, and sodium con-
tent; contain high-quality protein sources; be highly digestible; 
and provide adequate potassium, nutrient, and caloric density. 
In a recent study, feeding a diet appropriately modified in pro-
tein, phosphorus, lipids, and sodium was associated with stable 
renal function and delayed onset of uremia in dogs with mod-
erate chronic renal failure.55 These dogs had a better perceived 
quality of life, lower risk of death, and prolonged survival 
(>13 months) compared with dogs fed a maintenance diet. 
In these studies other treatments appropriate to the stage and 
consequences of renal failure were initiated as needed, lend-
ing support to the long-term benefits of a carefully crafted and 
monitored treatment regimen for chronic renal diseases. Simi-
larly, in 45 cats with mild to moderate renal failure followed 
for up to 2 years, cats fed a renal diet had significantly lower 
all-cause mortality rates and no uremic crises or renal mortal-
ity compared to cats fed a maintenance diet. Cats fed the diet 
formulated for renal disease also had reduced azotemia and 
acidosis during the study period.56 The composition and nutri-
ent profiles for commercial renal diets are available in manu-
facturers’ product information and summarized in a review by 
Bartges and Brown.57Dietary supplements or homemade diets 
may be required to meet the needs of individual patients.

Management of Anorexia and Vomiting
The best dietary strategy is ineffective if the patient becomes 
anorectic, cannot consume adequate calories for energy 
needs, or is vomiting and intolerant of enteral feeding. Many 

metabolic consequences of renal failure may affect appetite, 
including hydration status, severity of uremia, degree of ane-
mia, acidosis, secondary hyperparathyroidism, gastrointes-
tinal complications, and electrolyte imbalances. In the sick, 
uremic animal, correction of dehydration, acidosis, electrolyte 
abnormalities, and gastrointestinal complications should be 
accomplished before attempting to introduce a therapeutic 
renal diet58 Supplementation of water-soluble vitamins and 
correction of anemia also may improve appetite. ACE inhibi-
tors, some antimicrobials, and many other therapeutic agents 
can contribute to anorexia, and their potential benefit should 
be reviewed critically in intolerant patients.

In anorectic patients with chronic renal failure, a review of 
previous diets, dietary habits, and drug therapy is advised. As 
with all dietary changes, new diets should be introduced grad-
ually, and small, more frequent meals may be preferable for 
many patients. Owners and nursing staff can tailor the feed-
ing schedule and feeding environment to enhance appetite by 
avoiding hurried, noisy feeding or feeding in close association 
with painful or stressful procedures. Some animals respond to 
hand feeding or feeding during petting and socialization, espe-
cially in a quiet ward or outside the hospital area. Warming of 
food, moistening food, and ensuring easy access to food are 
practical methods of improving acceptance.58 Flavoring agents 
can also be added, including animal fat, bouillon, clam juice, 
tuna broth, brewer’s yeast, garlic, butter, or cottage cheese.37 
An added benefit of flavored liquids is enhanced fluid intake, 
although broths high in sodium and phosphorus should be 
avoided. Supplementation of vegetable oils, margarine, cream, 
or complex sugars may be used to increase caloric intake.31 If 
oral ulcers that limit food intake are observed, application of 
xylocaine gels or cool tea flushes may be used to alleviate pain. 
Enteral feeding using esophagostomy or gastrostomy tubes are 
another option for managing chronic renal failure in dogs and 
cats. They allow easy administration of medications and fluids 
in addition to providing adequate nutrition to an anorectic or 
hyporexic patient.

Gastrointestinal effects of uremia include mucosal irrita-
tion from nitrogenous waste products, impaired gastrointesti-
nal mucosal barriers, and hypergastrinemia. Central receptors 
for appetite and nausea also are affected by retained substances 
and increased parathyroid hormone (PTH) concentrations. 
Anorexia, vomiting, and diarrhea are common complications 
of advanced renal failure. In patients with chronic renal failure, 
sporadic vomiting, nausea, and anorexia may be alleviated by 
the administration of histamine blockers such as cimetidine 
(5 mg/kg orally, intramuscularly, or intravenously every 6 to 8 
hours), famotidine (0.5 to 1 mg/kg orally every 12 to 24 hours), 
or ranitidine (0.5 to 2 mg/kg orally every 12 hours). Cimeti-
dine inhibits hepatic metabolism of many drugs, includ-
ing β-blockers and calcium channel blockers, and should be 
avoided in patients receiving these drugs. Alternately, admin-
istration of a proton pump inhibitor (omeprazole 0.7 to 1.5 
mg/kg orally every 12 to 24 hours in cats or 0.5-1 mg/kg orally 
every 24 hours) may be effective in cases refractory to hista-
mine blockers. The addition of sucralfate, a gastrointestinal 
mucosal protectant, may be useful for patients with severe 

KEY POINT 18-5 The overall effects of feeding a diet formu-
lated for renal disease include enhanced quality and length 
of life.
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gastritis or suspected gastrointestinal hemorrhage. Because 
sucralfate is most effective in an acidic stomach environment, 
other antiemetics or antacid medications should be given at 
least 30 minutes after administration of sucralfate when used 
concurrently. For refractory vomiting metoclopramide (0.2 to 
0.4 mg/kg subcutaneously, intramuscularly, or orally every 8 
hours) may be administered to improve gastric emptying and 
reduce centrally mediated nausea. Dolasetron is a serotonin 
receptor antagonist that has been used extensively in people to 
decrease nausea and vomiting associated with chemotherapy 
and anesthesia. Little published information is available about 
the efficacy and pharmacokinetics of this drug in dogs or cats, 
but its use in veterinary medicine is growing. It has potential 
use in managing nausea and vomiting in dogs and cats caused 
by chemotherapy; anesthesia; enteritis; and metabolic diseases, 
including renal failure. A dose of 0.6 mg/kg intravenously or 
orally every 24 hours is recommended to prevent nausea and 
vomiting, whereas a higher dose of 1 mg/kg intravenously or 
orally every 24 hours is recommended for treatment of clini-
cal emesis and nausea. It can be used in combination with 
other antiemetics, including metoclopramide.59 Ondasetron, 
another serotonin receptor antagonist, was shown to be about 
twice as effective as metoclopramide in alleviating nausea and 
vomiting in uremic human patients.60 Maropitant, a novel syn-
thetic nonpeptide neurokinin type 1 (NK1) selective receptor 
antagonist, prevents and treats emesis and is licensed for use 
in dogs. The dose of 1 mg/kg orally or subcutaneously every 
24 hours for up to 5 days is recommended for dogs to manage 
nausea and vomiting caused by a variety of factors, whereas 
a higher dose is recommend for prevention of motion sick-
ness.61 Maropitant has not been approved for use in cats. One 
published study concerning its use in cats demonstrated that 
it is safe and effective in reducing the incidence of vomit-
ing induced in laboratory cats by xylazine administration or 
motion sickness.62

Misoprostol, a synthetic prostaglandin analog, inhibits gas-
tric acid and pepsin secretion and has a cytoprotective effect 
on gastric mucosa. The drug may be useful in renal failure–
induced gastritis at a dosage of 1 to 5 μg/kg orally every 6 to 
8 hours. Transient gastrointestinal upset is a possible adverse 
effect of misoprostol administration that may be managed by 
adjusting the drug dosage and giving the drug with food.17 
Anorexia or gastrointestinal complications of drug adminis-
tration must be addressed quickly in patients with renal fail-
ure, however, because dehydration and renal decompensation 
can occur.

Pharmacologic manipulation of appetite also has been 
attempted in anorectic patients. In the short term, intravenous 
administration of low-dose diazepam (0.05 to 0.15 mg/kg 
intravenously) may be successful in reviving appetite or stimu-
lating food intake. Oral administration of benzodiazepines, 
such as oxazepam, may result in unacceptable sedation. Oral 
diazepam also has been associated with behavior changes and 
incidences of hepatic failure in cats. The metabolism of ben-
zodiazepines may be reduced with concurrent administration 
of cimetidine. Cyproheptadine, dosed at 2 to 4 mg/cat orally 
every 12 to 24 hours, is an additional appetite stimulant. Other 

agents, such as anabolic steroids, glucocorticoids, and proges-
tins, are of questionable benefit in stimulating appetite. Gluco-
corticoids are not recommended for most patients with renal 
failure because they may promote tissue catabolism, contribute 
to gastrointestinal ulceration, and result in fluid and sodium 
retention and glomerular hyperfiltration. Mirtazapine is a 
noradrenergic and specific serotonergic antidepressant that 
has been used in dogs and cats for management of nausea and 
vomiting, although no published data confirm its efficacy and 
safety.

Management of Systemic Hypertension
In animals with chronic kidney disease, the afferent arteriole 
dilates, which leads to increased intraglomerular pressure. The 
kidney is susceptible to hypertensive damage, on account of 
both elevated systemic arterial blood pressure and intraglo-
merular pressure. In dogs there is a close association between 
elevated intraglomerular pressure and progressive renal 
injury. Systemic hypertension is observed in more than 60% of 
dogs and cats with renal disease, particularly in animals with 
glomerular disorders, renal vascular disease, and renal neo-
plasia.41 Multiple mechanisms may contribute to the devel-
opment of hypertension in renal failure, including decreased 
glomerular filtration, impaired sodium and water handling, 
local activation of the renin–angiotensin–aldosterone system, 
and impaired production of renal vasodilatory substances. 
High systolic blood pressure (>163 mm Hg) in dogs at the 
time of diagnosis of chronic renal failure was associated with 
increased risk of developing a uremic crisis and dying, com-
pared with dogs that had lower blood pressure.63 Controlling 
hypertension may decrease the rate of progression of chronic 
renal failure. Clinical signs of hypertension in small animals 
are usually manifestations of ocular complications, including 
blindness, retinal hemorrhages, retinal detachment, and glau-
coma, but they may include cardiac failure, neurologic signs, 
hemorrhage, and effusions. Overt signs are often inapparent, 
however, and blood pressure recordings should be routinely 
monitored in patients with renal disease.

Moderate restriction of sodium intake is one step in man-
agement of mild systemic hypertension. Dietary sodium con-
tent of 0.1% to 0.3% sodium by dry matter is recommended 
for initial management.41,64 Most commercial “renal” diets 
provide appropriate sodium content, limiting sodium intake 
to 10 to 40 mg/kg per day. Sodium restriction should be grad-
ual so as not to precipitate volume depletion. If necessary, 
additional sodium restriction may be accomplished by feed-
ing homemade diets or diets formulated for cardiac disease.

Pharmacologic manipulation of blood pressure may be 
indicated in animals with moderate to severe hypertension 
(systolic blood pressure >180-200 mm Hg), clinical signs 
attributable to hypertension, or persistent hypertension 

KEY POINT 18-6 Pharmacologic management plays an 
important role in ameliorating the effects of systemic hyper-
tension and proteinuria, two key risk factors for progression 
of chronic kidney disease in dogs and cats.
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despite sodium restriction. There is evidence that dogs with 
renal failure have great variability in blood pressure, and it may 
be appropriate to initiate antihypertension drugs in dogs with 
intermittently elevated blood pressure (>160/100 mm Hg).46 
The choice of agent must be based on the potential risks and 
benefits in the individual animal and the clinician’s experience 
and preference. A variety of agents have been proposed for use 
in hypertension, including ACE inhibitors and calcium chan-
nel blockers, diuretics and β-blockers.

In dogs ACE inhibitors are the first choice for management 
of hypertension. Inhibition of angiotensin II production leads 
to decreased aldosterone secretion, decreased blood pressure, 
efferent arteriolar dilation, and reduced intraglomerular capil-
lary pressure. In glomerular disease ACE inhibitors are helpful 
in controlling hypertension and minimizing proteinuria. In 
dogs with experimentally induced chronic renal insufficiency, 
enalapril was shown to decrease proteinuria and glomerular 
capillary pressure after 3 and 6 months of therapy, respectively. 
Dogs receiving enalapril had fewer glomerular and tubuloint-
erstitial lesions than the placebo-treated group.65

Potential risks of ACE inhibitor administration include 
hypotension; decreased renal perfusion; hyperkalemia; gas-
trointestinal upset; and, rarely, myelosuppression or seizures. 
Excessive reductions in renal perfusion and GFR are most 
worrisome because they may lead to acute decompensation of 
renal failure. To prevent this complication, administration of 
ACE inhibitors is initiated at a low dosage while blood pres-
sure, blood urea nitrogen, and creatinine concentration are 
measured. The drug may be slowly increased to an effective 
dosage. Starting dosages of enalapril and benazepril are 0.25 to 
0.5 mg/kg orally per day. Benazepril is less likely to cause renal 
damage than enalapril and has been shown to decrease systolic 
blood pressure in dogs and cats. A dose of 0.5 to 1 mg/kg orally 
every 24 hours successfully decreased blood pressure in cats 
with experimentally induced renal disease, without decreas-
ing GFR.66 Irbesartan (5 mg/kg orally every 12 to 24 hours) is 
an angiotensin II–receptor blocker that will also lower blood 
pressure in dogs.67 Further research is needed to determine 
whether all cats and dogs with chronic renal failure or renal 
insufficiency would benefit from ACE inhibitor therapy. This 
class of drugs may be renoprotective without lowering sys-
temic blood pressure.

Calcium channel blockers such as diltiazem or amlodipine 
also are attractive agents for the management of hypertension 
in patients with renal failure. Amlodipine (0.625 to 1.25 mg/cat  
daily by mouth) has become the preferred agent for cats.68 In 
dogs that are nonresponsive to ACE inhibitors or in which the 
drugs are contraindicated, amlodipine (0.05 to 0.25 mg/kg  
orally every 24 hours) can be administered. Calcium chan-
nel blockers reduce blood pressure by peripheral vasodilatory 

effects; potency varies with the preparation. Calcium channel 
blockers increase peripheral resistance, leading to a decrease 
in blood pressure, but they also dilate afferent renal arteriole, 
which can be detrimental. There are some concerns about pos-
sible detrimental effects of calcium channel blockers, which 
were associated with exacerbation of renal injury, proteinuria, 
or both in studies of people and diabetic dogs. Newer classes 
of calcium channel blockers may offer increased renoprotec-
tive effects by dilating both the efferent and afferent renal arte-
rioles.67 Calcium channel blockers also possess cytoprotective 
qualities that may be helpful in acute or chronic renal dam-
age. Calcium channel blockers are negative inotropes and may 
cause hypotension, cardiac arrhythmias, and gastrointestinal 
upset in some patients.

Diuretics are the mainstay of treatment of early volume-
dependent hypertension in human patients; however, they 
may contribute to dehydration and potassium loss and may be 
inadvisable for patients with chronic renal failure. The diuretic 
spironolactone acts by inhibiting aldosterone. Aldosterone 
has hemodynamic effects that preferentially dilate the affer-
ent arteriole, raising intraglomerular pressure; thus spirono-
lactone and eplerenone (another aldosterone antagonist) may 
be useful drugs in the management of patients with renal fail-
ure.67 Further studies are necessary.

Beta-blockers such as propranolol and atenolol are agents 
with negative inotropic and vasodilatory actions. Atenolol 
(2 mg/kg daily for cats, 0.25 to 2 mg/kg daily for dogs) may 
be preferred over propranolol because of its duration of action 
and β1-receptor specificity. Atenolol is less likely to cause bron-
choconstrictive side effects than propranolol.64 Both diuretics 
and β-blocking agents appear to be minimally effective in dogs 
with hypertension of renal failure, although β-blockers may be 
effective in cats.69 Clinical application now is limited.

Serial monitoring of blood pressure, hydration status, and 
renal and cardiac function is imperative for the appropriate 
management of hypertensive disease (reduction to approxi-
mately 150 to 170 mm Hg). Weekly blood pressure recordings 
should be made initially as dietary and then pharmacologic 
management is initiated. Biweekly or monthly recordings 
can be continued during maintenance treatment. Refractory 
hypertension may respond to combination therapy or addi-
tion of a direct vasodilator such as hydralazine. Administra-
tion of a calcium channel blocker with a β-blocking agent 
is not recommended because of additive negative inotropic 
effects. Control of hypertension in patients with renal failure 
may slow the progression of disease and minimize the ocular, 
cardiovascular, and neurologic complications that can develop 
with uncontrolled hypertension.

Management of Secondary Hyperparathyroidism
Hyperphosphatemia, hypocalcemia, and impaired activation 
of vitamin D metabolites contribute to the development of 
secondary hyperparathyroidism in animals with renal failure. 

KEY POINT 18-7 Angiotensin-converting enzyme inhibi-
tors are the first choice antihypertensive agent for dogs. 
They are administered at low doses initially and titrated to 
achieve ideal effect without worsening azotemia or electro-
lyte disturbances.

KEY POINT 18-8 The calcium channel blocker amlodipine is 
the first-line antihypertensive agent for cats.
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PTH plays an important role in regulating plasma calcium 
and phosphorous concentrations through effects on the gas-
trointestinal tract, kidney, and bone. The primary stimulus 
for PTH release is a drop in plasma calcium concentration; in 
renal failure phosphorous retention and hyperphosphatemia 
may lead to hypocalcemia. Additionally, and perhaps more 
important, impaired conversion of 25-hydroxycholecalciferol 
(25-hydroxyvitamin D) to the active 1,25-hydroxycholecalcif-
erol (1,25-hydroxyvitamin D, or calcitriol) by 1-α-hydroxylase 
impairs gastrointestinal absorption of calcium. Calcitriol also 
plays an important role in the regulation of PTH by exerting 
an inhibitory (negative feedback) effect on PTH production 
and release.

The classic effect of secondary hyperparathyroidism in ani-
mals with renal failure is the development of renal osteodystro-
phy, usually seen as “rubber jaw,” which results from excessive 
calcium and phosphorous removal from bone. This compli-
cation appears to be rare in dogs and cats but may develop 
with long-standing disease or juvenile renal disease. Second-
ary hyperparathyroidism has, however, been implicated as a 
contributor to many other manifestations of uremia in human 
patients, including anemia, glucose intolerance, hyperlipid-
emia, encephalopathies, neuropathies, cardiac damage, mus-
cle damage, and immunologic dysfunction. Furthermore, soft 
tissue mineralization associated with hyperparathyroidism 
may contribute to the progression of renal failure.

Dietary restriction of phosphorus, administration of phos-
phorus-binding agents, and calcium supplementation may 
be sufficient to minimize secondary hyperparathyroidism in 
early chronic renal failure (see earlier discussions of phospho-
rus binders and alkalinizers). Supplementation of the active 
vitamin D metabolite calcitriol may be valuable in further 
management of hyperparathyroidism and renal failure. Cal-
citriol acts to enhance calcium absorption in the intestines, 
enhance reabsorption of calcium in the kidneys, facilitate 
PTH-mediated removal of calcium from bone, and directly 
inhibit PTH secretion.70,71 Calcitriol supplementation should 
help normalize plasma calcium and phosphorous concentra-
tions and minimize the clinical and clinicopathologic effects 
of secondary hyperparathyroidism.

Calcitriol supplementation has been recommended in low-
dose (2.5 to 3.5 ng/kg per day)70 and high-dose (6.6 ng/kg 
per day)71 protocols. Formulations of 250- and 500-ng cap-
sules are available; other doses may be prepared by special 
order from compounding pharmacies. Serum calcium con-
centrations should be normal, and serum phosphorus con-
centrations should be maintained at less than 6 mg/dL before 
initiation of calcitriol supplementation. Frequent monitoring 
of calcium and phosphorus concentrations is required dur-
ing administration. The first assessment should be completed  
7 to 14 days after initiation of treatment, followed by monthly 
rechecks. Ideally, efficacy of treatment should be assessed by 
PTH measurements on pooled blood samples obtained before 
and during the first 6 months of treatment. The major com-
plication of calcitriol supplementation is the development of 
hypercalcemia. Hypercalcemia can be managed by adjusting 
calcium-based phosphorus-binding agents used concurrently, 

reducing the dosage of calcitriol, or discontinuing administra-
tion of calcitriol temporarily and reinstituting the drug at a 
lower dosage when calcium concentrations return to normal.70 
If phosphorus-binding agents are required to help normalize 
serum phosphorus, calcium acetate or aluminum-based bind-
ing agents may be preferable to calcium carbonate to minimize 
the propensity for hypercalcemia.

Calcitriol administration reportedly results in rapid reduc-
tion of serum PTH levels, normalization of serum calcium 
concentrations, and subjective improvement in the general 
well-being of treated dogs.70 Some investigators advocate its 
use early in renal failure as a method of improving quality of 
life in patients with renal failure and as a method of poten-
tially slowing progression of renal disease. However, other 
investigators reserve calcitriol supplementation for animals 
in which hyperparathyroidism has been documented.71 Pre-
liminary results from a double-blind randomized controlled 
clinical trial of calcitriol administration in dogs with spon-
taneous mild to moderate chronic kidney disease indicate 
prolonged survival and reduced mortality in dogs receiving 
calcitriol. PTH measurements and ionized calcium measure-
ments were conducted frequently so that the dosage could 
be tailored appropriately; effective doses ranged from 0.75 to  
5.0 ng/kg/day.72 As with other medical manipulations in 
patients with renal failure, careful monitoring of treatment is 
essential, with the potential benefits and possible risks weighed 
for each individual patient.

Management of Anemia
Progressive, nonregenerative anemia is a common complica-
tion of chronic renal dysfunction. Moderate to severe anemia 
is responsible for many of the clinical signs of renal disease, 
including apathy, lethargy, weakness, poor appetite, and poor 
body condition. A number of pathophysiologic mechanisms 
probably contribute to the anemia observed in renal failure, 
including depressed erythrocyte production, shortened red 
blood cell life spans, concurrent chronic inflammatory disease, 
and blood loss caused by gastrointestinal bleeding.73 Gastroin-
testinal blood loss and erythropoietin lack appear to be the 
most important mechanisms of anemia. Dramatic responses 
to erythropoietin supplementation are seen in some cases.

Recombinant human erythropoietinrh (EPO), a genetically 
engineered replica of human erythropoietin, became avail-
able in the late 1980s and has been used in dogs and cats with 
anemia of renal failure. Erythropoietin is administered at an 
initial dosage of 100 U/kg subcutaneously three times weekly 
until the hematocrit is normalized. A rapid loading phase of 
150 U/kg/day for the first week has been recommended for 
severely anemic (<14% packed cell volume) patients.46 Target 
hematocrits are 0.37 to 0.45 L/L in dogs and 0.30 to 0.40 L/L 
in cats. Initial monitoring includes reevaluation of packed cell 

KEY POINT 18-9 When administered and monitored appropri-
ately, calcitriol appears to improve quality and length of life 
in dogs with moderate-stage chronic kidney disease.
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volume or hematocrit measurements at 7- to 14-day inter-
vals. In most cases rapid, progressive increases in red blood 
cell count, hemoglobin concentration, and hematocrit are 
observed, along with improvement in clinical parameters such 
as appetite, body condition, alertness, and activity.74,75 Lower 
initial dosages (50 to 75 U/kg) may be used if a slower response 
is desired, in hypertensive patients, or if the drug is cost pro-
hibitive. If a response is not observed in 3 to 4 weeks, the dos-
age may be increased incrementally to 125 to 150 U/kg three 
times weekly. If a poor response is seen, the animal should be 
evaluated for untreated blood loss, iron deficiency, concur-
rent inflammatory disease. As target hematocrits are reached, 
the dosage and frequency of administration are tapered, with 
required maintenance dosages usually at 75 to 100 U/kg every 
4 to 7 days. Follow-up monitoring can then be performed at 
monthly intervals if a stable clinical course has been observed.

Unfortunately, resistance to rhEPO is observed in some 
dogs and cats after several weeks of treatment. Anti-rhEPO 
antibodies are formed in 25% to 50%74 of treated patients, 
blocking the erythropoietin effect. A rapid decline in hema-
tocrit, red blood cell count, and hemoglobin concentra-
tion, along with erythroid hypoplasia of the bone marrow, 
is observed 4 to 16 weeks after initiation of therapy. Anti-
rhEPO antibodies may also interfere with remaining endog-
enous erythropoietin and result in life-threatening anemia 
or a transfusion-dependent anemia. Because of the potential 
development of cross-reacting antibodies, rhEPO treatment is 
generally reserved for dogs and cats with symptomatic severe 
anemia, usually when the hematocrit drops below 20% to 25% 
in dogs or 17% to 20% in cats. Anecdotal evidence suggests 
that darbepoetin, a second-generation erythropoietin analog 
with a longer duration of action, may be less antigenic in dogs 
and cats than rhEPO.

A suboptimal response to rhEPO treatment also may be 
attributed to depleted iron stores. Iron status, including serum 
iron concentration and total iron-binding capacity, should be 
evaluated before initiating treatment and reevaluated monthly 
or if apparent resistance to treatment is observed. Some authors 
recommend iron supplementation for all animals treated with 
rhEPO.74 Ferrous sulfate is given orally at a dosage of 100 to 
300 mg/day (dogs) or 50 to 100 mg/day (cats). Gastrointestinal 
side effects may be minimized by dividing the dose into smaller 
doses. Iron dextran can be given intramuscularly to ensure 
administration; however, anaphylaxis and iron overload are 
possible. Systemic and intrarenal hypertension are additional 
consequences of rhEPO administration that may develop as a 
result of the increased red cell volume and adaptive increased 
peripheral vascular resistance. Initiation of rhEPO treatment 
is contraindicated for patients with uncontrolled hypertensive 
disease. Other adverse effects uncommonly observed with 
rhEPO administration include allergic reactions, fevers, sei-
zures, vomiting, and polycythemia.76

Ideally, recombinant feline and canine EPO would be used 
in anemic patients with chronic renal failure, but these prod-
ucts are not available commercially. Recombinant canine EPO 
(rcEPO) was shown to be effective in stimulating erythropoi-
esis in 19 dogs with anemia caused by chronic renal failure but 

had less efficacy in dogs with red cell aplasia caused by previ-
ous therapy with rhEPO.77

The androgenic effects of anabolic steroids also may stimu-
late red blood cell production in renal failure patients. Andro-
gens increase renal and extrarenal erythropoietin secretion, 
stimulate erythroid precursors in the bone marrow, and may 
stimulate heme synthesis. Testosterone esters, nandrolone 
decanoate, and stanozol are readily available and inexpensive 
agents, but they may be controlled substances in some areas. 
These agents have been recommended for their nonspecific 
effects on appetite, strength, body condition, and general 
well-being, effects that are largely anecdotal. Administration 
of anabolic steroids may promote sodium and fluid retention 
and cause hepatotoxicity, so their use in animals with renal or 
cardiac dysfunction is not entirely innocuous. For the most 
part, rhEPO has replaced anabolic steroids in the management 
of renal failure.46

MANAGEMENT OF GLOMERULAR 
DISEASE

Pathophysiology and General Considerations
Glomerular disease is a common cause of proteinuria and 
progressive renal disease in dogs and is encountered occa-
sionally in cats. In glomerulonephritis (GN) the deposition 
of immune complexes in glomerular capillary walls initiates 
a local inflammatory response, including complement activa-
tion, activation of the membrane attack complex, chemotaxis 
of neutrophils and macrophages, and production of oxygen 
free radicals. Immune complexes may form in circulation in 
response to numerous antigens or when antibodies react with 
endogenous or planted glomerular antigens in situ. GN in 
dogs has been associated with numerous systemic infectious 
and inflammatory diseases, including canine adenovirus, bac-
terial endocarditis, brucellosis, dirofilariasis, ehrlichiosis, bor-
reliosis, neoplasia, pancreatitis, systemic lupus erythematosus, 
and other immune-mediated and chronic inflammatory dis-
orders (including neoplastic disease). In cats feline leukemia 
virus, feline infectious peritonitis, polyarthritis, pancreatitis, 
and other immune-mediated diseases are implicated. Many of 
these are treatable diseases; however, a source of antigen is not 
identified in many cases of GN; familial and idiopathic glo-
merulopathies are recognized.78

Proteinuria is a typical sequela of glomerular damage and 
may be the earliest detectable laboratory abnormality. Leakage 
of protein across the glomerulus can lead to tubulointerstitial 
injury and progression of renal damage. In humans, dogs, and 
cats, proteinuria is linked to progression of renal disease. Two 
studies have shown that higher urine protein:creatinine ratios 
in cats are inversely related to survival in cats with chronic 
renal failure and proteinuria. Benazepril has been shown to 
decrease proteinuria in cats.79

In renal amyloidosis deposition of amyloid A, derived from 
the acute phase reactant serum amyloid A, predominates. In 
dogs and cats, renal amyloidosis is usually a component of 
reactive systemic amyloidosis triggered by chronic inflam-
matory disease.80 Familial forms of systemic amyloidosis are 
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observed in the Abyssinian cat and Chinese Shar-Pei dog. In 
both GN and renal amyloidosis, glomerular surface area, func-
tion, and permeability are affected, leading to proteinuria and 
glomerular hyperfiltration. Ultimately, the nephron becomes 
nonfunctional; azotemia and renal failure ensue.81

Other sequelae of progressive glomerular disease include 
systemic hypertension, hypercoagulability, hyperlipidemia, 
and nephrotic syndrome.41,82 Systemic hypertension develops 
commonly in glomerular disease as a result of sodium reten-
tion and complex intrarenal mechanisms leading to depressed 
vasodilatory and enhanced vasoconstrictive responses. A 
hypercoagulable state is favored not only by loss of antithrom-
bin III but also by increased concentrations of fibrinogen; 
factors V, VIII, and X; and enhanced platelet aggregability 
in glomerular disease.82 Dogs with antithrombin III con-
centrations less than 70% of normal and with fibrinogen 
concentrations of more than 300 mg/dL are at high risk for 
thromboembolic events.

Goals of management of glomerular disease are (1) to iden-
tify and treat the underlying disease process if possible, (2) to 
minimize proteinuria, and (3) to manage the consequences of 
glomerular disease and renal failure as they occur. Additional 
information about the disease and improved management 
strategies can be expected if renal lesions are appropriately 
characterized in biopsy specimens.78

Glomerulonephritis
If an underlying disease process is not found or is not revers-
ible, adjunctive treatments are initiated. Intervention is recom-
mended early in the disease process and should be instigated 
before the development of renal azotemia when possible. 
Once a dog or cat is diagnosed with persistent proteinuria 
(urine protein:creatinine ratio >2 or >0.5, respectively), medi-
cal intervention should be considered.83

ACE inhibitor therapy should be initiated at the time of 
diagnosis of GN. Enalapril (0.5 mg/kg orally every 12 to 24 
hours) has been shown to decrease proteinuria, serum cre-
atinine, and blood pressure, compared with a placebo, in dogs 
with idiopathic membranous and membranoproliferative 
GN.84 Enalapril is used in proteinuric, normotensive dogs as 
well as hypertensive dogs with GN. Benazepril has not been 
objectively assessed for treatment of GN in dogs but may be 
as efficacious. Dosages should be started low and titrated to 
effect while renal function and blood pressure are monitored 
carefully because administration of ACE inhibitors can cause 
acute decompensation of renal function, especially if volume 
status is poor.

Immunosuppressive therapy is often considered to counter 
the immunologic components of glomerular diseases. Cor-
ticosteroids, although often potent immunosuppressive and 

antiinflammatory agents, have potential disadvantages in the 
treatment of glomerular disease. Steroids may increase glo-
merular permeability and worsen proteinuria. Steroid treat-
ment may accelerate muscle catabolism, worsen azotemia, 
contribute to hypercoagulability and thromboembolism, exac-
erbate hypertension, and immunosuppress already-debilitated 
patients.85 Because of these effects and the lack of convinc-
ing evidence of the efficacy of steroids in glomerular disease, 
steroid treatment is generally reserved for patients in which 
the underlying disease process is steroid responsive, such as 
systemic lupus erythematosus.81 One histologic variant of 
glomerular disease in humans, minimal change disease, is 
responsive to corticosteroids; if lesions are consistent with this 
diagnosis in a dog, corticosteroid treatment should be more 
strongly considered.78 Other cytotoxic agents such as azathio-
prine, cyclophosphamide, and chlorambucil may be chosen 
for immunosuppressive effects in cases of rapidly progressive 
GN. Human patients with membranous nephropathy respond 
best to a combination of corticosteroid and alkylating agent.78 
However, efficacy of many of these agents as single agents or 
in combination has not been adequately determined in dogs. 
Cyclosporine was not beneficial for dogs with idiopathic GN 
in one study.86

Inflammation may be modified by other means. Throm-
boxane synthetase inhibitors are effective in decreasing pro-
teinuria, platelet aggregation, and thromboxane generation in 
experimental models of GN and can prevent histologic devel-
opment of GN if administered at the time of the glomerular 
insult.87 The drug may decrease proteinuria even when admin-
istered after the insult.88 The NSAID aspirin is advocated in 
glomerular disease for its antithrombotic effects, but it may 
also influence glomerular inflammation by inhibiting platelet 
activation and aggregation. Low-dose aspirin administration 
(0.5 to 5 mg/kg every 12 hours) is designed to allow inhibition 
of platelet cyclooxygenase without affecting prostacyclin for-
mation, an important vasodilatory compound and an antago-
nist of platelet aggregation.89 Low-dose aspirin administration 
also may reduce the risk of thromboembolic complications in 
dogs with glomerular disease.78

Dietary lipid composition has been shown to affect glo-
merular hypertrophy, glomerular capillary pressure, and 
renal function in dogs with experimentally reduced renal 
mass (15/16 nephrectomy).90 In humans with nephrotic syn-
drome, omega-3 fatty acid supplementation has been effective 
in reducing triglyceride concentration and platelet aggrega-
tion.91 These effects may be important because hypercholes-
terolemia may contribute to progressive glomerular damage 
and increased proteinuria.

Dietary protein is also manipulated in glomerular dis-
ease. Although protein supplementation may appear logical 
in patients with urinary protein loss and hypoalbuminemia, 
moderate restriction of protein has been more effective in 
minimizing proteinuria and effective protein loss. Recom-
mendations are similar to those for other types of chronic 
renal failure. Certainly, protein synthesis is affected by dietary 
protein intake, however, and appropriate dietary protein 
levels must be determined for individual patients. Sodium 

KEY POINT 18-10 Pharmacologic treatment should be initi-
ated in dogs and cats with persistent proteinuria (urine 
protein creatinine > 2.0 or >0.5, respectively). Medical 
management is most effective when initiated early in the 
disease process (before azotemia) and when a treatable 
underlying disease can be identified.
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restriction also is implemented, as for chronic renal failure, 
and is particularly important in glomerular disease to prevent 
or minimize hypertension and edema.

Diuretics may be required for management of the edema-
tous patient with nephrotic syndrome. Furosemide (2.2 mg/kg  
orally every 12 to 24 hours) is reasonably effective. Patients 
should be monitored for volume depletion or hypokalemia 
associated with furosemide administration.

A logical overall approach to the patient with GN is as fol-
lows. Baseline measurements of renal function, albumin, blood 
pressure, antithrombin III levels, and urinary protein loss are 
measured. Dietary manipulation, ACE inhibitor therapy, fatty 
acid supplementation and aspirin administration are initiated, 
and the patient is reevaluated in 1 to 2 weeks. Reductions in 
the urine protein:creatinine ratio, along with stable renal func-
tion, indicate good response. Ancillary treatment for renal 
failure or nephrotic syndrome may be initiated as needed in 
individual cases. Although some cases resolve with treatment 
of underlying disease or spontaneous remission, many cases 
are steadily progressive. Patients with nephrotic syndrome or 
established azotemia have a poor prognosis.

Renal Amyloidosis
Renal amyloidosis carries a poor prognosis, especially if renal 
failure and uremia are evident. Underlying inflammatory and 
neoplastic diseases should be identified and managed if pos-
sible; however, few interventions will affect established amy-
loid deposits. Dimethylsulfoxide (DMSO) has been suggested 
in the treatment of amyloidosis. The drug may enhance solu-
bilization of amyloid fibrils, reduce serum amyloid A protein 
concentrations, and reduce associated interstitial inflamma-
tion and fibrosis. The latter effect is most likely to be beneficial 
in improving renal function and reducing proteinuria. Long-
term management of a few dogs with DMSO injections has 
been described.81,92 DMSO (90% solution) may be diluted 1:4 
with sterile water and administered subcutaneously at a dos-
age of 90 mg/kg three times weekly.81 Adverse effects of DMSO 
include nausea, a garliclike odor, and pain on injection. Oral 
daily dosages have been described, ranging from 250 to 300 
mg/kg per day.93,94

Colchicine is another agent that impairs the release of serum 
amyloid A from hepatocytes and may prevent the produc-
tion of amyloid-enhancing factor.78 The agent is used to pre-
vent development and progression of amyloidosis in human 
patients with familial Mediterranean fever. Like DMSO, the 
agent is unlikely to be helpful after the development of renal 
failure. Low doses of colchicine (0.01 to 0.03 mg/kg daily) may 
be considered prophylactically for Chinese Shar-Pei dogs with 
recurrent fevers and joint disease, which may be precursors 
to systemic or renal amyloid deposition.78,81 Both colchicine 

and DMSO are most effective in the early phases of amyloid 
deposition; colchicine may reduce proteinuria as well. As with 
other types of glomerular disease, metabolic complications 
such as hypertension and hypercoagulability must be identi-
fied and addressed.

DIALYTIC THERAPY

Dialytic therapy is available to remove excess water or solutes 
from plasma using osmotic gradients across a semipermeable 
membrane. In hemodialysis the membrane is an extracorpo-
real synthetic membrane, whereas in peritoneal dialysis the 
peritoneum serves as the membrane for exchange. By these 
methods urea, creatinine, and other retained molecules can 
be eliminated in the patient with renal failure. Although peri-
toneal and hemodialysis techniques have been described in 
many animal models, their clinical application in small animal 
veterinary medicine has been limited by the extensive tech-
nical, equipment, and financial requirements involved.95-102 
Dialytic therapy is generally considered most appropriate 
as a temporary, short-term measure in reversible renal and 
postrenal disorders. It can, however, be an effective means of 
supplementing medical management in refractory end-stage 
chronic renal failure. It is also used to manage feline transplant 
recipients and cats with ureteral obstruction before surgical 
intervention. Intermittent hemodialysis has been successful 
in reducing the average urea concentration in dogs and cats 
with chronic renal disease and moderate azotemia.100,101,103 
Indications for dialytic therapy in acute renal failure include 
failure of conservative therapy; refractory oliguria or anuric, 
life-threatening fluid overload; or life-threatening electro-
lyte or acid–base disturbances. Hemodialysis also is useful in 
the early management of toxicoses, especially ethylene gly-
col intoxication, as well as adjunctive treatment of refractory 
leptospirosis. In chronic renal failure, dialysis is considered 
when uremic signs are unresponsive to therapy, usually when 
azotemia is advanced. The procedure requires reliable vas-
cular access, an appropriate hemodialyzer and dialysis deliv-
ery system, and dedicated technical team.101,103 Currently, 
hemodialysis is available at the University of California–Davis 
Companion Animal Dialysis Unit, Davis, California, and San 
Diego, California; and the Animal Medical Center, New York, 
New York. Continuous renal replacement may be available at 
additional specialty centers or veterinary teaching hospitals. 
The development of additional centers for intermittent dialy-
sis in dogs may increase the application of the technique for 
improved management and prolonged survival in selected 
cases. Peritoneal dialysis may be initiated in the practice or 
referral center setting after placement of an intraabdominal 
dialysis catheter.98 Straight, acute peritoneal dialysis catheters 
are available for emergency dialysis, whereas column disk or 
T-fluted catheters are preferred for long-term dialysis. Dialy-
sate solutions of 1.5% to 4.25% dextrose are infused to create 
an osmotic gradient within the abdomen. Substances such as 
urea, creatinine, phosphorus, electrolytes, and other uremia 
molecules can pass through intercellular channels of the peri-
toneum into the dialysate for removal. A dedicated technical 

KEY POINT 18-11 Dietary management, angiotensin-
converting enzyme inhibitor administration, fatty acid 
supplementation, and aspirin provide the cornerstones for 
management of glomerular disease. Goals of treatment 
include a reduction in urine protein creatinine, avoidance of 
complications, and stable renal function.
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support team is required to manage the frequent exchanges 
and potential complications of the procedure. Peritonitis, 
hypoalbuminemia, electrolyte abnormalities, and leakage 
around the catheter are common complications.99

RENAL TRANSPLANTATION

Renal transplantation is the definitive mode of management 
of chronic renal diseases in human patients and has become a 
viable option in veterinary medicine in selected circumstances. 
A successful clinical renal transplantation program has been 
developed for cats at the Veterinary Medical Teaching Hospi-
tal, University of California, Davis,104-106 and is now available 
at several veterinary referral hospitals in the United States and 
Canada. With transplantation of a healthy donor kidney and 
appropriate immunosuppressive therapy, uncomplicated cases 
can expect good-quality posttransplant survival times of 1 to 
3 years. Of 61 cats receiving renal transplants between 1996 
and 1999 at the University of Davis, approximately 60% sur-
vived 6 months after the operation, whereas the 3-year sur-
vival rate was about 40%.107 Cats 10 to 14 years of age had a 
higher risk of death, especially during the 6-month postop-
erative period.107 The best candidates for renal transplantation 
are cats in early renal failure, with less than 20% weight loss 
and no other disease conditions. Candidates are screened for 
cardiac disease, neoplasia, concurrent metabolic disease, uri-
nary tract infection, feline leukemia virus, and feline immu-
nodeficiency virus.

Immunosuppressive therapy with cyclosporine and pred-
nisolone is initiated perioperatively and continued indefi-
nitely. Treatment is monitored by frequent measurements of 
trough blood levels of cyclosporine. Potential complications of 
transplantation include anesthetic and surgical complications, 
obstruction of the transplanted ureter, infections caused by 
immunosuppression, pyelonephritis, postoperative hyperten-
sion, central nervous system disease, hypercalcemia, and acute 
or chronic graft rejection.107,108 De novo malignant neoplasia 
was diagnosed in 9.5% of 95 feline transplant recipients 2 to 
28 months after transplantation and may be associated with 
immunosuppressive therapy.109Transplantation cannot be 
regarded as a cure for renal disease or an option for emergency 
treatment of renal failure, but it can be expected to provide an 
improved quality of life and enhanced survival in some cats 
with renal failure. Details of the program, surgical procedure, 
and criteria for case selection are available.105,106 Canine trans-
plantation remains problematic, although newer immunosup-
pressive strategies have been developed.110

MANAGEMENT OF MICTURITION 
DISORDERS

Physiology of Micturition
The storage phase of micturition is characterized by sympa-
thetic dominance, with sympathetic innervation to the blad-
der and urethra supplied by the hypogastric nerve. Activation 
of β-adrenergic receptors in the urinary bladder facilitates 
relaxation of the detrusor muscle, whereas stimulation of 

α-adrenergic receptors in the bladder neck and urethra facili-
tates smooth muscle contraction and closure of the outlet. 
Additional urethral resistance is supplied by the striated mus-
cle of the external urethral sphincter. As bladder volume and 
pressure increase with filling, afferent information is transmit-
ted to the central nervous system by way of the pelvic nerve 
and spinal afferent pathways. Voiding is initiated by voluntary 
control centers in the cerebral cortex and midbrain. Efferent 
impulses are transmitted by spinal pathways and the pelvic 
nerve in the parasympathetic system, initiating contraction 
by stimulating cholinergic receptors in the detrusor muscle 
of the urinary bladder. The sympathetic input to the bladder 
and urethra is inhibited, allowing outlet resistance to drop 
appropriately. After complete voiding, the system is reset for 
storage.111

Disorders of urine storage usually result in urine leakage, 
whereas disorders of voiding result in urine retention, incom-
plete voiding, or incontinence. Most disorders of micturition 
can be classified and managed according to the status of uri-
nary bladder (hypocontractile or hypercontractile) and ure-
thral (hypotonic or hypertonic) function.112,113 Diagnosis is 
usually based on evaluation of historical, physical, and obser-
vational findings, although specialized urodynamic testing is 
required in some instances. Pharmacologic agents are valu-
able in the management of functional micturition disorders; 
manipulation of urinary bladder or urethral smooth muscle 
tone can aid in facilitating normal micturition. Because phar-
macologic activity is directed at the end organ (postganglionic 
receptors in the urinary bladder or urethra), agents are applied 
similarly in both neurogenic and non-neurogenic disorders 
(Table 18-3). Practical reviews regarding the management of 
major micturition disorders are available.114,115

The Hypocontractile Urinary Bladder
Problems resulting in hypocontractile urinary bladders include 
sacral or suprasacral neurologic lesions, acute or chronic over-
distention of the urinary bladder, disorders causing general 
muscle weakness, or dysautonomia. Urinary bladder contrac-
tion is primarily controlled by parasympathetic (cholinergic) 
input. Cholinergic agents have been used to promote bladder 
emptying in atonic bladders, although the success of orally 
administered agents is unreliable.116 Bethanechol chloride is 
administered at starting dosages of 1.25 to 2.5 mg (cats), 5 
mg (small dogs), and 10 mg (larger dogs) every 8 to 12 hours. 
Full effects of the drug should be apparent within 1 to 2 days. 
When effective, voiding is usually observed within 2 hours. 
The dosage may be increased by 2.5- to 5-mg increments up to 
25 mg every 8 hours in dogs and 7.5 mg every 8 hours in cats if 
ineffective.113 Parenteral administration of bethanechol (2.5 to 
10 mg given subcutaneously every 8 hours) may be effective in 
refractory dogs with bladder atony; however, the likelihood of 
adverse effects is increased with this route.117,118

KEY POINT 18-12 Pharmacologic manipulation of micturition 
is aimed at the target end-organ receptors (in the urinary 
bladder or urethral muscle), so treatments are applied simi-
larly regardless of the cause of the dysfunction.
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Table 18-3  Pharmacologic Agents Used in the Management of Micturition Disorders
Agent Actions Dosages Adverse Effects Contraindications
Agents Used to Increase Bladder Contractility
Bethanechol  

(Urecholine)
Parasympathomimetic Dog: 5-25 mg PO three times daily

Cat: 1.25-5.0 mg PO three time  
daily

Vomiting, cramping
Ptyalism, anorexia

Urethral obstruction, 
GI disease, hyper-
thyroidism

Cisapride Smooth muscle prokinetic
Agents Used to Decrease Bladder Contractility
Oxybutynin (Ditropan) Anticholinergic,  

antispasmodic
Dog: 1.25-5 mg PO two to three  

times daily
Cat: 0.5-1.25 mg PO two to three 

times daily

Vomiting, diarrhea,  
urine retention, 
 sedation

Glaucoma, car-
diac disease, GI 
obstruction

Propantheline  
(Pro-Banthine)

Anticholinergic Dog: 7.5-15 mg PO three times daily
Cat: 5-7.5 mg/cat PO three times 

daily or as needed

As for oxybutynin As for oxybutynin

Dicyclomine (Bentyl) Anticholinergic, smooth 
muscle relaxant

Dog: 10 mg/dog PO three times  
daily

Cat: not determined

As for oxybutynin As for oxybutynin

Imipramine (Tofranil) Tricyclic antidepressant,  
anticholinergic and  
adrenergic effects

Dog: 5-15 mg PO twice daily
Cat: 2.5-5 mg PO three times daily

Tremors, seizures, 
 tachycardia, 
 excitability

Agents Used to Increase Urethral Resistance
Diethylstilbestrol (DES) Reproductive hormone 

(female)
Dog: 0.1-1.0 mg/dog PO daily for 5 

days, followed by 0.1-1.0 mg q  
5-14 days as needed

Signs of estrus, bone 
marrow suppression, 
pyometra

Immune-mediated 
disease, pregnancy

Stilbestrol Reproductive hormone 
(female)

Dog: As for DES, or 0.01-0.02 
daily (see text)

As for DES As for DES

Estriol Reproductive hormone 
(female)

Dog: 0.5-2 mg/dog PO q 24-48 hr As for DES, GI upset As for DES

Premarin (conjugated  
estrogen)

Reproductive hormone 
(female)

Dog: 0.02 mg/kg PO q 48-72 hr  
or as needed

As for DES As for DES

Testosterone  
proprionate

Reproductive hormone  
(male)

Dog: 2.2 mg/kg SC or IM q  
2-3 days

Cat: 5-10 mg IM as needed

Aggression, prostatic  
disease, perianal 
disease

Prostate disorders

Testosterone cypionate Reproductive hormone  
(male)

Dog: 2.2 mg/kg IM or  
200 mg/dog IM q 30-60 days

As for testosterone  
propionate

Prostatic disease

Phenylpropanolamine Alpha-agonist Dog: 1.5 mg/kg PO two to three  
times daily

Cat: 1.5-2.2 mg/kg PO two to three 
times daily

Tachycardia, hyperten-
sion, restlessness, 
anorexia

Cardiac disease, glau-
coma, hyperten-
sive disease

Ephedrine  
(Pseudoephedrine)

Alpha-agonist Dog: 1.2 mg/kg PO two to three  
times daily

Cat: 2-4 mg/cat PO two to three  
times daily

As for phenylpropanol-
amine

Deslorelin GnRH analog Dog: 5-10 mg depot injection once  
or twice (see reference for details)

Agents Used to Decrease Urethral Resistance
Phenoxybenzamine  

(Dibenzyline)
Alpha-antagonist,  

urethral smooth  
muscle relaxation

Dog: 0.25 mg/kg PO twice daily
Cat: 1.25-7.5 mg/cat PO once to  

twice daily

Hypotension, GI upset, 
tachycardia

Cardiac disease, 
glaucoma, diabetes 
mellitus, renal 
failure

Prazosin (Minipress) Alpha-antagonist,  
urethral smooth  
muscle relaxation

Dog: 1 mg/15 kg PO three times  
daily

Cat: 0.5 mg PO three times daily or 
0.03 mg/kg IV

As for phenoxybenza-
mine

As for phenoxyben-
zamine
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Adverse effects of cholinergic agents include muscarinic 
effects such as salivation, defecation, and abdominal cramp-
ing. Vomiting, diarrhea, and anorexia also are possible compli-
cations. Overdosage or parenteral administration can (rarely) 
result in a cholinergic crisis and death; atropine is useful as an 
antidote. Parasympathomimetic agents are contraindicated in 
the face of urinary or gastrointestinal obstruction and should 
be used with caution in animals with bronchial disease or ulcer-
ative gastrointestinal disease. Bethanechol administration may 
increase smooth muscle tone at the bladder neck and outlet;119 
urethral resistance must be minimized with α-antagonists, stri-
ated muscle relaxants, or both before bethanechol treatment 
is initiated. Intermittent urinary catheterization or indwelling 
urinary catheterization may be necessary during early therapy 
to ensure a patent outlet and to maintain a small urinary blad-
der, facilitating recovery of smooth muscle function.

Recovery of urinary contractile function is most likely in 
animals with acute overdistention of urinary bladder or with 
reversible neurologic lesions creating detrusor atony. Alter-
native pharmacologic agents enhancing bladder motility are 
lacking; cholinesterase inhibitors, β-antagonists, dopamine 
antagonists, and prostaglandin treatments have been inves-
tigated in human beings but have not received much atten-
tion in veterinary patients. Increased urinary frequency and 
enhanced contractile indices have been observed with cis-
apride administration in human patients.120,121 This prokinetic 
agent increases acetylcholine release at neuromuscular junc-
tions and may ultimately be valuable in stimulating bladder 
smooth muscle in dogs and cats, but urinary effects remain 
unproved and availability is limited to veterinary compound-
ing pharmacies.115,122

The Hypercontractile Urinary Bladder
Accommodation, or compliance, of the urinary bladder 
may be affected by congenital disorders, chronic inflamma-
tion, infiltrative masses, neurologic disorders, or idiopathic 
causes. In cats bladder hypercontractility (detrusor instabil-
ity) has been described in feline leukemia–associated urinary 
incontinence.123 Filling of the bladder is impaired, and invol-
untary bladder contractions occur at low bladder pressures 
and volumes. Clinically, disorders of bladder accommoda-
tion are manifested by urinary incontinence and pollakiuria. 

Management of urinary bladder storage dysfunction may 
include treatment of urinary tract infections, correction of 
neurologic disorders, or pharmacologic intervention.

Agents with anticholinergic properties may be used to alle-
viate the signs associated with bladder contractility or reduced 
bladder storage function. These agents appear to be quite 
effective in dogs and cats with idiopathic and feline leukemia–
associated urinary incontinence but may be less effective in 
bladders with severe inflammatory disease, neoplastic dis-
eases, or fibrotic changes. Oxybutynin, with anticholinergic, 
antispasmodic, and local anesthetic actions on the urinary 
bladder, has been used in veterinary patients and is available 
in tablet form (5-mg tablets) and in a liquid syrup. In dogs 
dosages of approximately 0.2 mg/kg have been effective.123 
Small dogs usually respond to 0.75 to 1.25 mg oxybutynin 
every 8 to 12 hours, whereas larger dogs may require 2.5 to 5 
mg every 8 to 12 hours. In cats a dosage of 0.5 to 1.25 every 
8 to 12 hours is recommended.124 Long-acting formulations 
have recently become available. Tolterodine is a competitive, 
pure muscarinic receptor antagonist that is the drug of choice 
in humans for treating destrusor instability in human beings, 
which results in a hyperactive or hyperreflexive bladder. It has 
fewer side effects than oxybutynin, which was previously the 
drug of first choice.125 At this time there is not information on 
appropriate doses in veterinary patients.

Other agents with anticholinergic or antispasmodic activity 
include dicyclomine, tricyclic antidepressants, propantheline, 
and tolterodine. Dicyclomine is a similar, less expensive agent 
that has been as effective as oxybutynin in preliminary studies 
in dogs. Dosages of 5 to 10 mg every 8 hours are recommended 
in dogs.126 Use of this drug in cats has not been reported.

The tricyclic antidepressant imipramine is another agent 
with anticholinergic properties. Imipramine also has mild 
stimulatory effects on α- and β-receptors in the bladder 
and urethra, which serve to further facilitate urine storage. 

Table 18-3  Pharmacologic Agents Used in the Management of Micturition Disorders—Cont’d
Agent Actions Dosages Adverse Effects Contraindications
Baclofen (Lioresal) Skeletal muscle relaxant Dog: 5-10 mg PO three times daily

Cat: Not recommended
Weakness, pruritus, GI 

upset
Dantrolene (Dantrium) Skeletal muscle relaxant Dog: 1-5 mg PO two to three times 

daily
Cat: 0.5-2 mg/kg PO three times 

daily, 1.0 mg/kg IV

Weakness, GI upset, 
sedation, hepatotox-
icity

Cardiopulmonary 
disease

Diazepam (Valium) Benzodiazepine, skeletal 
muscle relaxant

Dog: 2-10 mg/dog PO three times 
daily

Cat: 1-2.5 mg/cat PO three time daily 
(or 0.5 mg/kg IV)

Sedation, polyphagia, 
paradoxical excite-
ment, hepatotoxicity

Hepatic disease, 
pregnancy

PO, By mouth; GI, gastrointestinal; SC, subcutaneous; IM, intramuscular; IV, intravenous.

KEY POINT 18-13 Urinary bladder overactivity is rare in small 
animals but responds well to pharmacologic treatment. 
Treatment of urinary tract infection and inflammation and 
consideration of behavioral disorders should precede trial 
treatment.
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Recommended dosages of imipramine are 5 to 15 mg orally 
every 8 to 12 hours in dogs and 2.5 to 5 mg orally every 12 
hours in cats.112 Propantheline is an alternative anticholiner-
gic agent. Recommended dosages of propantheline range from 
5 to 7.5 mg as needed in cats (frequency varies from every 8 
hours to every 2 or 3 days)112,127,128 and 7.5 to 30 mg every 12 
hours in dogs.113 Starting doses of 5 mg/day in cats and 7.5 to 
15 mg every 12 hours in dogs are reasonable.

Ptyalism is a common complication of anticholinergic 
administration in cats that can be minimized by placing the 
product in gelatin capsules. Other adverse effects of anti-
cholinergic agents include drowsiness, ileus and vomiting, 
constipation, and urine retention. Dry mouth, dry eyes, and 
mydriasis have been reported in humans. Anticholinergic 
agents are contraindicated in animals with glaucoma. Many 
alternative agents have been employed for detrusor instability 
in people, including tolterodine, β-agonists, calcium channel 
blockers, and other smooth muscle relaxants. Success rates 
have varied, and these agents have not been investigated in 
veterinary medicine.

The Hypotonic Urethra
Reproductive Hormones
Poor outlet resistance (urethral incompetence) is a common 
disorder of middle-aged, neutered, medium- to large-breed 
dogs, and predisposing factors include caudal bladder posi-
tion, a short urethra, poor urethral tone, neutering, breed, 
and obesity. German Shepherd Dogs, Doberman Pinschers, 
Old English Sheepdogs, Springer Spaniels, Boxers, Rottwei-
lers, Weimaraners, and Irish Setters are overrepresented.129 
Urethral incompetence can also be attributed to congenital, 
inflammatory, and neurogenic disorders. Because of the prev-
alence of this problem in older, neutered animals, reproduc-
tive hormone supplementation has been used extensively with 
good results. Affected animals do not appear to be deficient in 
reproductive hormones; improved continence observed with 
reproductive hormone administration is likely due to a vari-
ety of effects on the urethra. The major action of reproductive 
hormones in the lower urinary tract may be sensitization and 
upregulation of α-adrenergic receptors in the bladder neck 
and urethra. Mucosal integrity, collagen content, and capillary 
vascularity in the urethra also are enhanced by estrogens, con-
tributing to a more effective urethral mucosal “seal.”130

Diethylstilbestrol and stilbestrol are effective and reason-
ably safe choices for female dogs with urethral incompetence. 
Diethylstilbestrol is initially administered at a total dosage 
of 0.1 to 1 mg (approximate 0.02 mg/kg) orally each day for  
5 to 7 days, followed by a similar dosage administered every 
5 to 14 days.112 Daily estrogen treatment, using minimal dos-
ages of stilbestrol, also has been recommended. The protocol 

includes starting dosages of 0.04 to 0.06 mg orally adminis-
tered daily for 1 week and then reduced at weekly intervals 
to 0.01 mg daily. After 4 weeks the treatment is discontin-
ued. A prolonged residual effect may be observed. If incon-
tinence recurs, the protocol may be repeated or the drug may 
be administered indefinitely at 0.01 to 0.02 mg/dog daily.131 
Commercially available alternative estrogens include conju-
gated estrogens (Premarin, 0.02 mg/kg orally every 2 to 4 days 
and estriol, 0.5 to 2.0 mg/dog every 2 to 3 days). As for dieth-
ylstilbesterol, daily loading doses are advised for the first 5 to 7 
days. More frequent dosing (two to three times per week) are 
usually necessary with these preparations.

Response to estriol was studied in a group of 129 incon-
tinent adult spayed female dogs in an open label trial. Dogs 
were given 2 mg of estriol daily for 1 week, then the dose was 
reduced at weekly intervals to the minimal effective dose (0.5 
to 2 mg/dog every 24 to 48 hours). Veterinarians reported con-
tinence in 61% and improvement in an additional 22% of the 
dogs; owner-reported responses were slightly less favorable.132 
Favorable experience with natural, conjugated estrogen 
(similar to Premarin) has been described in nine incontinent 
large-breed dogs followed in a prospective manner. All dogs 
responded well to estrogen administration; daily adminis-
tration was continued until 2 weeks of continence had been 
achieved. In seven of nine dogs in which dose information 
was reported, maintenance dosages ranged from 0.625 mg to 
1.25 mg per dog, administered orally every 12 to 72 hours. In 
the remaining two dogs, administration every 4 to 7 days was 
effective.133 No hematologic effects of estrogen were observed 
in estrogen-treated dogs in either study.132,133

Significant inter-animal variation in accumulation and 
recirculation of the drug was noted in pharmacokinetic 
studies.134 Potential adverse effects of estrogen administra-
tion include bone marrow suppression, alopecia, behavioral 
changes, and signs of estrus, although the risks are minimal 
when the drug is used properly. Periodic monitoring of com-
plete blood counts is advised for dogs receiving long-term 
estrogen administration. In addition to toxic effects, estrogens 
frequently cause signs of estrus in cats and are not recom-
mended in that species.112

Many spayed female dogs respond well to estrogen admin-
istration. A response rate of 60% to 70% can be expected.131 
A residual effect may be observed in some dogs such that the 
drug can be discontinued intermittently; however, most dogs 
require constant treatment and ultimately become refrac-
tory to the drug. Dosage and frequency adjustments can be 
attempted when treatment failure occurs; however, switch-
ing to or combining with an alternative agent may be more 
effective.

Testosterone administration may be used similarly for the 
treatment of urethral incompetence in male dogs and cats. 
The potential for adverse effects is significant; effects include 
aggression, other behavioral changes, prostatic disease, and 
aggravation of disorders such as perianal adenomas and 
perineal hernias. Other disadvantages of the drug include 
the ineffectiveness of oral preparations and its classifica-
tion as a controlled drug. Testosterone proprionate may be 

KEY POINT 18-14 Urethral sphincter mechanism incompe-
tence is the most common cause of urinary incontinence 
in dogs. Most affected dogs leak urine intermittently at rest 
and respond well to alpha-adrenergic agents, reproductive 
hormones, or a combination of the two.
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administered parenterally at dosages of 2.2 mg/kg subcutane-
ously or intramuscularly (dogs) or 5 to 10 mg/cat every 2 to 3 
days. Testosterone cypionate or testosterone enanate may be 
administered every 30 to 60 days at a similar dosage. Some 
dogs require higher doses; a dosage of 200 mg/dog adminis-
tered intramuscularly has been effective.135 Experiences with 
oral preparations (methytestosterone) for urinary inconti-
nence have not been reported. The many disadvantages of this 
drug limit its application in the treatment of urinary inconti-
nence, although it may be useful in some neutered male dogs 
with acquired urethral incompetence. If the product is mini-
mally effective or frequent injections are required, alternative 
agents should be used.

α-Adrenergic Agonists
Sympathomomimetic agents (Alpha-agonists) are effec-
tive agents for the treatment of urethral incompetence. 
α-adrenergic agents probably enhance urethral closure through 
release of endogenous norepinephrine and direct stimulation 
of α-receptors in the bladder neck and urethra. The agents are 
usually well tolerated and may be used in animals of either sex. 
Phenylpropanolamine preparations are effective and available 
from veterinary suppliers. The agent is no longer found in over-
the-counter decongestant preparations. Approximate dosages 
of 1.5 to 3 mg/kg orally every 8 to 12 hours are recommended. 
The best responses appear to be gained by starting at a dosage 
of at least 1.5 mg/kg every 8 hours and then adjusting the dos-
ing frequency after a few weeks. Many dogs can be maintained 
with once- or twice-daily administration of phenylpropanol-
amine, especially in timed-release formulations. Ephedrine 
(ephedrine, pseudoephedrine) is an alternative α-agonist also 
available in over-the-counter preparations. However, many of 
these preparations are also under pharmacist control at this 
time and cannot be purchased in bulk amounts. Dosages are 
similar to phenylpropanolamine (1.2 mg/kg orally every 8 to 
12 hours).112 Dogs usually receive 12.5 to 50 mg orally two to 
three times daily. Efficacy of ephedrine compounds is slightly 
less predictable than that of phenylpropanolamine.

In cats the administration of α-agonists is somewhat prob-
lematic. One-half of a 25-mg phenylpropanolamine tablet 
may be given orally every 8 to 12 hours. Some experts rec-
ommend sprinkling 1⁄12 of a 75-mg capsule onto food twice 
daily.136 The effectiveness of α-agonists in cats is questionable, 
however. Only small portions of the urethra are composed 
predominantly of smooth muscle and expected to respond to 

α-agonists. Fortunately, pure urethral incompetence is rare in 
cats.

Adverse effects of α-agonists include anorexia, weight loss, 
hyperexcitability, and tachycardia. The author has observed 
occasional instances of gastrointestinal upset and skin erup-
tion with phenylpropanolamine administration. Systemic 
hypertension is a serious theoretical complication, although 
it has not yet been reported with clinical use.137,138 The drug 
should be avoided or used cautiously in dogs with cardiac or 
hypertensive disorders, including renal disease and diabetes 
mellitus. In human patients the drug is contraindicated in the 
face of prostatic hypertrophy, hyperthyroidism, and glaucoma.

Response to appropriate dosages of phenylpropanolamine 
are usually good. Excellent clinical responses or “cures” can 
be expected in 75% to 90% of dogs,131,137,139,140 with signifi-
cant improvement noted in almost all patients treated with 
the drug. In a large (n = 50) prospective, blinded, placebo-
controlled study, Scott et al.141 found 55% of treated dogs 
(phenylpropanolamine 1 mg/kg orally every 8 hours) became 
continent after 7 days of treatment, as opposed to 26% of 
placebo-treated dogs. After 28 days the percentage of conti-
nent dogs rose to 85.7% in the phenylpropanolamine group, 
as opposed to 33% of placebo-treated dogs.141 In another ran-
domized, double-blinded study, female dogs responded well 
to phenylpropanolamine (1.5 mg/kg every 12 hours); 21 of 24 
dogs were continent and another 2 improved.142

Although most resources recommend administration 
of phenylpropanolamine two or three times daily for best 
effect, the dose is adjusted to the minimal amount needed 
to achieve continence. As with reproductive hormones, it is 
usually beneficial to start with the optimal dose until conti-
nence is achieved. However, a recent investigation in healthy 
intact Beagles challenges this assumption. Dogs were treated 
with phenylpropanolamine at once-, twice-, or thrice-daily 
intervals. Urodynamic changes (increased urethral pressure) 
were similar for all dosing frequencies, leading the authors 
to recommend once-daily treatment for incontinent dogs.143 
Desensitization of receptors was suspected with thrice-daily 
administration. Responses in intact Beagles may not parallel 
those in incontinent spayed dogs; however, reduced frequency 
of administration may be effective in some dogs and may pre-
vent development of tolerance during long-term treatment.

Although over-the-counter availability of ephedrine and 
pseudoephedrine makes their use convenient, outcomes are 
slightly less favorable with these agents. With ephedrine com-
pounds, 82.4%144 and 74%139 continence rates are reported. 
In another group of nine female dogs studied in a crossover 
design, improvement in continence score, maximal urethral 
closure pressure, and functional area of the urethral pres-
sure profile was observed after pseudoephedrine (1.5 mg/kg  
every 8 hours) administration.138

Although most dogs exhibit excellent response to alpha 
agonists, refractory incontinence does occur. Patients that do 
not respond tend to be younger dogs with congenital urethral 
incompetence or dogs in which incontinence develops before 
or soon after ovariohysterectomy. These patients may respond 
to an increased therapeutic dosage; combination treatment 

KEY POINT 18-15 When used at appropriate dose and 
frequency of administration, estrogen treatment of urinary 
incontinence is safe in dogs and highly unlikely to cause 
bone marrow suppression.

KEY POINT 18-16 Phenylpropanolamine remains the most 
reliable pharmacologic treatment for urethral incompe-
tence in dogs. Adjustments in dose, frequency, and type of 
product may improve response in the small percentage of 
affected dogs with refractory incontinence.
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with reproductive hormones; or other treatment modalities, 
such as urethral injection of collagen.

Alternative agents currently under investigation include 
gonadotropin-releasing hormone (GnRH) analogs and dulox-
etine. Reichler145 reported their experience with luprolide, 
buserelin, and deslorelin, GnRH analogs that suppress the 
release of sex hormone. Their use in incontinence is based on 
the theory that chronically unsuppressed follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) release (due to 
lack of negative feedback) in ovariectomized dogs may contrib-
ute to urinary incontinence. Administration of analogs para-
doxically results in reduced FSH and LH over time. In 12 of 13 
dogs with refractory incontinence, the drug appeared useful, 
either alone or in combination with alpha agonists. Deslore-
lin (5 to 10 mg depot injection) became the preferred treat-
ment in this study. In a subsequent trial, 9 of 23 incontinent 
dogs treated with long-acting leuprolide were continent for 
prolonged periods (70 to 575 days); another 10 of the dogs 
had partial response. These 23 dogs, however, also responded 
to phenylpropanolamine, with 92% overall reduction in urine 
leakage.146 Urethral closure pressures did not increase in these 
dogs, however. The only urodynamic parameter that changed 
after depot leuprolide injection in spayed Beagles was cysto-
metric threshold volume (an indicator of capacity and accom-
modation).147 There were no apparent adverse effects of GnRH 
treatment reported in this study, but long-term use of these 
drugs in dogs has not been evaluated. GnRH analogs may prove 
to be a valuable long-acting treatment that would alleviate the 
need for daily or weekly medication; however, availability and 
cost of GnRH analogs limit their use in the United States.

Duloxetine, a serotonin and norepinephrine reuptake 
inhibitor, has proven useful in women with stress inconti-
nence and may improve striated muscle resistance as well as 
bladder capacity.148 Adverse effects included nausea, fatigue, 
insomnia, constipation, diarrhea, and headache, but these 
symptoms were infrequent and mild. Experience is limited in 
small animals at this time.

For incontinent dogs that fail to respond to appropriate 
pharmacologic treatment, a search for underlying urinary 
tract infection, neurologic abnormalities, and other causes of 
incontinence is indicated. For refractory female dogs, a bulk-
ing agent such as collagen can be injected into the urethral 
submucosa to generate increased urethral resistance. This 
minimally invasive, endoscopic-assisted procedure provides 
significant improvement for up to several years and can be 
repeated when effectiveness wanes.149-151 Alternatively, surgi-
cal options, including episioplasty, colposuspension, or ure-
thropexy, are reasonable for some dogs that fail to respond to 
medical management.152,153 Many dogs undergoing urethral 
injections or surgical procedures require phenylpropanol-
amine treatment after surgery to achieve the best outcome.

The Hypertonic Urethra (Functional Urethral 
Obstruction)
Inappropriate urethral resistance may lead to functional ure-
thral obstruction and urine retention. Urethral inflammation 
or spasm can develop after urethral obstruction with uroliths 

or urethral plugs. Urethral resistance also may be uncoordi-
nated with bladder contraction as a result of neurologic disor-
ders or idiopathic causes. Urethral resistance also may increase 
when bethanechol is administered for hypocontractile urinary 
bladders; the drug also stimulates contractions of musculature 
at the bladder neck. In these situations pharmacologic manip-
ulation may be instituted to decrease smooth or striated mus-
cle contractility in the urethra and reduce outlet resistance.

Alpha-Adrenergic Antagonists
Alpha-adrenergic antagonists are the preferred agents for 
decreasing urethral smooth muscle tone and are experi-
mentally effective in reducing overall urethral resistance in 
dogs.154Their activity is less predictable in cats, in which stri-
ated muscle predominates in the urethra. Phenoxybenza-
mine has been a commonly used α-antagonist in both dogs 
and cats.155,156 Phenoxybenzamine irreversibly inactivates 
α-receptors and may have a central effect on striated muscu-
lature.157 The drug is available in 10-mg capsules and is dosed 
at approximately 0.25 mg/kg orally every 12 to 24 hours.112 
Total dosages usually range from 5 to 20 mg (dogs) and 2.5 
to 5 mg (cats). Efficacy may be discerned by judging the qual-
ity of urine stream produced. Phenoxybenzamine is expensive 
and unavailable in some areas. The drug’s availability may be 
further limited because of the discovery of its carcinogenic 
potential in rats157 as well as its obsolescence relative to newer 
alpha antagonists used in human beings.

An alternative, and more selective, α1-antagonist is prazo-
sin, a drug that has been recommended in the management of 
heart failure and systemic hypertension in dogs. Extrapolated 
dosages are 1 mg per 15 kg body weight orally every 8 to 12 
hours in dogs; dosages of 0.25 to 0.5 mg every 12 to 24 hours 
seem reasonable for cats. Because total dosages of 1.5 to 3 mg 
orally every 8 hours are used for functional urethral obstruc-
tion in humans, however, lower dosages may be effective in 
small animals. Prazosin was shown to produce superior ure-
thral pressure reduction compared with phenoxybenzamine, 
although prazosin therapy was associated with a significant 
drop in blood pressure.158 Additional α-blocking agents have 
included terazosin and doxazosin.157,159 No reports are avail-
able regarding their use in small animals, although a starting 
dose of 0.125 to 0.25 mg/dog orally every 24 hours can be 
extrapolated from human dose recommendations.

Tamsulosin is a newer antagonist that exhibits strong selec-
tivity for urinary α1 receptors (α1A) over vascular α1 receptors 
(α1B), minimizing the risk of hypotension.160,161 Because gluc-
uronidation is probably required for metabolism, tamsulosin 
cannot currently be recommended for use in cats. In experi-
mental studies in dogs, doses of 1 to 100 μg/kg intravenously 
and orally have been used to evaluate the effect of tamsulosin 
on urethral pressure and arterial blood pressure.160,162,163 Oral 
tamsulosin doses of 1 to 10 μg/kg produced dose-dependent 
blockade of phenylephrine-induced urethral pressure.163 For 
clinical application in dogs, 10 μg/kg orally every 24 hours is 
recommended on the basis of anecdotal evidence.

Silodosin is another commercially available α1 antagonist 
that shows even greater α1A receptor selectivity in canine 
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tissues than does tamsulosin and may prove to be a useful 
therapy, but veterinary clinical data and experience with silo-
dosin are lacking at this point.164

Adverse effects of α-antagonists include hypotension, reflex 
tachycardia, and gastrointestinal irritation. Nausea can be 
minimized by administration of the drug with food. The drug 
may be dangerous to animals with cardiac disease receiving 
other vasodilators or diuretics and to animals with renal dis-
ease, in which drops in perfusion pressure could precipitate an 
acute crisis. Any evidence of weakness should prompt with-
drawal of the drug or adjustment of the dosage.

Striated Muscle Relaxants
If manipulation of urethral smooth muscle does not suffi-
ciently improve voiding, addition of a striated muscle relaxant 
may be considered. Striated muscle relaxants are particularly 
useful in dysuric patients with upper motor neuron lesions 
and in cats with functional urethral obstruction. In this spe-
cies striated muscle predominates in the distal urethra and 
likely contributes most to functional obstruction. The most 
common muscle relaxant used for urethral resistance is the 
benzodiazepine diazepam. The drug serves as a short-acting 
muscle relaxant by centrally mediated actions, and its effect on 
urethral striated muscle is variable.

Diazepam (0.2 to 0.5 mg/kg orally) is recommended as a 
temporary agent to facilitate bladder expression or to augment 
weak voiding; the agent is given 15 to 30 minutes before expres-
sion.156 Dosages for cats range from 1.25 to 2.5 mg/cat every 8 
to 12 hours; sedation is common with higher dosages.155,156 In 
dogs total dosages of 2 to 10 mg/dog are given.117,118 Adverse 
effects of diazepam administration include sedation, weak-
ness, and paradoxical excitement. In cats behavior changes 
and idiosyncratic hepatotoxicity are additional concerns. 
Alprazolam is a reasonable alternative if chronic administra-
tion is needed.

Dantrolene is an alternative striated muscle relaxant that 
has been investigated in cats. Dantrolene acts as a direct muscle 
relaxant by inhibiting calcium movement from the sarcoplas-
mic reticulum in muscle cells. The agent (1 mg/kg, administered 
intravenously) was effective in reducing segmental urethral 
pressures in healthy male cats165 and in moderately reduc-
ing urethral pressures in a small group of recently obstructed 
cats.166 The effect on urethral musculature was enhanced by the 
concurrent administration of prazosin.166 Recommended oral 
dosages are 1 to 5 mg/kg orally every 8 hours in dogs and 0.5 to 
2 mg/kg orally every 8 hours in cats.167 Potential adverse effects 
include sedation, dizziness, weakness, and gastrointestinal 
upset; the drug is contraindicated in patients with cardiopul-
monary disease. Hepatotoxicity is a worrisome adverse effect 
of dantrolene administration in humans, usually after long-
term treatment at high dosages.17 Although oral dantrolene has 
been recommended for several years, clinical reports regard-
ing its use in small animals are lacking. Other striated muscle 
relaxants include baclofen, cyclobenzaprine, and botulinum 
toxin injections.159 On the basis of anecdotal reports relayed to 
the authors, baclofen cannot be recommended because of poor 
tolerance of the drug in dogs and cats.

Treatment of detrusor–urethral dyssynergia has been unre-
warding in reported cases.155,168-170 In the authors’ experience, 
dogs with dysfunctional voiding in the absence of compres-
sive neurologic disease are often responsive to manipulation of 
smooth muscle resistance.171 Pharmacologic manipulation of 
urethral tone in cats with dyssynergia or functional obstruc-
tion and dogs with suspected striated urethral dyssynergia is 
less rewarding. Recovery is also related to the degree of detru-
sor damage sustained by the time of diagnosis. In chronic 
cases circumvention of urethral resistance using intermittent 
urinary catheterization or urethral stents may be necessary for 
temporary or prolonged relief of obstruction.159

PHARMACOLOGIC AGENTS THAT 
TARGET URETERAL MOTILITY

With an increase in obstructive ureteroliths observed in small 
animal practice, interest in pharmacologic strategies to pro-
mote passage of ureteroliths through the urethra has increased. 
Fluid therapy and diuretics may be useful in increasing urine 
flow and hydrostatic pressure proximal to a ureterolith, but 
this approach must be done with caution so that affected ani-
mals, especially those with complete obstruction, are not over-
hydrated. Alleviating ureteral spasm can be attempted. Alpha 
antagonists, calcium channel blocking agents, and antiinflam-
matory agents can facilitate ureteral relaxation.172 These drugs 
do appear to facilitate ureterolith passage in humans but have 
not been well studied in dogs or cats. Glucagon appears to 
reduce ureteral contractions in dogs and has been used in cats 
with ureteral obstruction. In cats, however, the drug did not 
appear overly efficacious and can lead to acute adverse reac-
tions, characterized by tachypnea, dyspnea, and gastrointesti-
nal signs.173 Amitriptyline, a tricyclic antidepressant, reduced 
smooth muscle activity in human and pig ureteral segments in 
ex vivo studies. Further study of the effects of amitriptyline on 
feline ureters is warranted. Tamsulosin (see the discussion of 
the hypertonic urethra in this chapter) has become the agent 
of choice for medical management of small ureteroliths in 
humans.

DRUGS USED IN THE MANAGEMENT 
OF FELINE LOWER URINARY TRACT 
DISEASE

Idiopathic hematuria, dysuria, and urethral obstruction rep-
resent a common clinical problem encountered in cats. Feline 
urologic syndrome, idiopathic feline lower urinary tract disease 
(iFLUTD), idiopathic feline cystitis, and feline interstitial cystitis 
all are terms that have been used to describe this combina-
tion of clinical signs when urinary tract infection, urolithiasis, 
neoplasia, and other causes have been ruled out. Many phar-
macologic agents and treatment strategies have been proposed 
to manage this disorder and prevent its recurrence. The appar-
ent efficacy of any treatment for cats with idiopathic disease 
should be considered in light of the usual self-limiting nature 
of this disorder, and pharmacologic agents should be admin-
istered only after assessment of the likely benefits and possible 



664 Drugs Targeting Body Systems   SECTION 3

risks of each treatment.127,174 Recent publications suggest a 
relationship among stress, alterations in the feline nervous 
system, and the development of iFLUTD, with an increased 
emphasis on environmental and behavioral influences.175-177 
Moisture intake and environmental modifications appear to 
be the most effective treatments in cats with recurrent idio-
pathic disease; however, pharmacologic agents have a place in 
short-term symptomatic relief and in reducing discomfort and 
recurrence in refractory cases.

HISTORICAL TREATMENT STRAGEGIES

Urinary Acidifiers
Manipulation of urine pH, usually by dietary means, has been 
a long-standing strategy for management of feline lower uri-
nary tract disease (FLUTD). The strategy is most likely to be 
helpful in cats in which struvite crystalluria is a significant 
component of obstructive FLUTD and does not eliminate 
recurrence in all cats with idiopathic disease.127,178 Most uro-
logic diets are designed to promote acid to neutral urine in fed 
cats; additional acidification is rarely necessary or wise.

Overacidification is another possible complication of 
urine acidification in cats; young cats and cats with renal 
insufficiency are most susceptible. Long-term administra-
tion of urinary acidifiers may contribute to metabolic aci-
dosis, hypokalemia, bone and mineral imbalances, renal 
failure, and calcium oxalate urolithiasis.179-181 Heinz body 
anemia and methemoglobinemia have been observed in 
kittens treated with DL-methionine as well as in adult cats 
treated with high dosages.182 Arrhythmias and central ner-
vous system depression are serious complications of high-
dose ammonium chloride administration. Both agents are 
contraindicated in patients with hepatic disease because 
the administration of an ammonium load may potentiate 
hepatoencephalopathy. Serial monitoring of clinical status, 
complete blood counts, acid–base, and electrolytes is recom-
mended during therapy.

Urinary Antiseptics
Urinary antiseptic agents have been considered as adjunc-
tive treatment in FLUTD because of their antiviral activity.127 
Viruses including herpesvirus, feline syncytia-forming virus, 
and feline calicivirus have been implicated in the etiopatho-
genesis of FLUTD, although a consistent cause-and-effect rela-
tionship has been difficult to establish. The agents are more 
commonly used for antibacterial and antifungal properties, 
but these are uncommon causes of urinary disease in cats. The 
most commonly suggested antiseptic for small animal usage 
is methenamine, a cyclic hydrocarbon administered in com-
bination with either mandelic acid (methenamine mandelate) 
or hippuric acid (methenamine hippurate). Mandelic acid and 

hippuric acid serve to acidify the urine and may exhibit some 
additional antimicrobial activity. With sufficient contact time 
in acidic urine, methenamine is converted to formaldehyde, a 
potent antimicrobial agent. Methenamine is contraindicated 
for patients with renal or hepatic insufficiency, and its use may 
contribute to overacidification like other urinary acidifiers. 
Use of other antiseptics or analgesics containing methylene 
blue or azodyes is discouraged in cats because of the potential 
for development of Heinz body hemolytic anemia.

Glucocorticoids
Glucocorticoids have been recommended to alleviate urinary 
bladder or urethral inflammation in cats with iFLUTD. Anti-
inflammatory effects of glucocorticoids on leukocyte migra-
tion, vascular permeability, and arachidonic acid metabolism 
would be expected to suppress the inflammatory symptom-
atology and hematuria associated with this disorder. Treat-
ment is based on the assumption that persistent inflammation 
leads to hematuria. Although it appears that glucocorticoids 
do little to alter the course of typical iFLUTD,183 some clini-
cians recommend glucocorticoid administration (prednisone 
or prednisolone 1 to 2 mg/kg every 24 hours) in cats exhib-
iting chronic, recurrent, or refractory idiopathic hematuria 
and dysuria.184 No convincing evidence has been presented 
to establish that glucocorticoids alter the natural course of 
iFLUTD or prevent recurrence, however.

Glucocorticoid administration also presents certain risks. 
Refractory urinary tract infection and pyelonephritis may 
develop, especially when glucocorticoids are administered to 
cats with indwelling urinary catheters.185 Prophylactic anti-
microbial treatment does not appear to reduce the risk of 
catheter-induced infection. Glucocorticoids must be consid-
ered contraindicated for cats with urinary catheters in place 
or with evidence of bacteriuria. The catabolic effects of gluco-
corticoids also may be hazardous in debilitated, azotemic, or 
dehydrated cats.127

CONTEMPORARY TREATMENT 
STRATEGIES

Antispasmodic Agents
Agents that relax smooth or striated muscle of the urinary 
tract have been advocated for symptomatic relief of pollaki-
uria, dysuria, and stranguria in cats with FLUTD.128,184,186 The 
anticholinergic agents propantheline and oxybutynin have 
been recommended for their antispasmodic effects on the 
urinary bladder. In one small controlled study, propanthe-
line administration did not affect resolution of clinical signs 
at 5 days after treatment compared with placebo administra-
tion;187 however, this agent has little direct smooth muscle 
relaxant properties. If antispasmodic agents are administered, 
cats should be monitored for urine retention; the loss of a fre-
quent mechanical washout of urine theoretically could delay 
resolution of inflammation or predispose cats to urinary tract 
infection.

Agents acting on urethral musculature also have been 
recommended to facilitate urination in dysuric cats and to 

KEY POINT 18-17 Idiopathic lower urinary tract signs in cats 
are usually self-limiting. Pharmacologic agents are reserved 
for cats with refractory idiopathic cystitis, after dietary, 
water intake, and environmental modifications have failed 
to sufficiently alleviate recurrences.
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alleviate functional urethral obstruction in postobstructed 
cats. Phenoxybenzamine and prazosin are α-adrenergic 
antagonists that serve to inhibit urethral smooth muscle 
contracture. These agents may be helpful in minimizing 
resistance in the preprostatic and prostatic portions of the 
urethra in cats;188-189 striated muscle components of the 
urethra are not affected. Diazepam or dantrolene may be 
more effective in relaxing skeletal muscle in the postpros-
tatic urethra.165,166,189 Phenothiazine derivatives, such as 
acepromazine188 and aminopropazine, may also be effec-
tive as direct smooth and striated muscle relaxants and 
can be particularly useful in minimizing anxiety of acutely 
affected cats.

Analgesia
For acute flare-ups of lower urinary tract signs, short-term 
analgesic treatments may be useful to reduce the discomfort 
associated with bladder and urethral inflammation. Butor-
phanol (0.5 to 1.25 mg/cat orally every 4 to 6 hours) has been 
recommended;190 longer-acting buprenorphine can be con-
sidered as well. Both agents can be given as subcutaneous 
injections if this is less stressful to the cat.186 NSAIDs have 
also been recommended for analgesic and antiinflammatory 
effects. No controlled studies are available to demonstrate a 
response from any of these agents.

Anxiolytic Agents
A variety of other agents have been considered for treatment of 
nonseptic, idiopathic inflammatory cystitis (interstitial cystitis 
[IC]) in human patients, and many have been suggested for 
similar usage in cats. In some ways the disease in cats does 
appear to mimic IC in women, a disorder characterized by dys-
uria, pollakiuria, and painful urination without demonstrable 
cause. Pathophysiologic mechanisms identified in women with 
IC have been documented in affected cats,178,191-193 including 
increased mast cell numbers in the urinary bladder, decreased 
urinary glycosaminoglycan excretion,191 and altered urinary 
bladder permeability.193Additional investigations have focused 
on the influence of neurogenic mediators of inflammation in 
IC, in which sensory input from afferent neurons in the uri-
nary bladder may trigger inflammatory and pain responses.192

A variety of anxiolytic and antidepressant agents have 
been investigated in IC, including antihistamines, doxepin, 
and amitriptyline (Elavil). Amitriptyline is a tricyclic anti-
depressant with multiple actions, including (1) potentiation 
of neurotransmitter activity in the central nervous system, 
(2) inhibition of histamine release, (3) potent antihistaminic 
properties, and (4) anticholinergic activity.194 As an antide-
pressant and antianxiety agent, amitriptyline has been used 
in small animals for behavioral modification, elimination dis-
orders, chronic pruritus, and self-mutilation.195,196 The agent 
has shown promise for the treatment of IC in women and has 
been recommended for alleviation of anxiety and pain associ-
ated with iFLUTD.192 Eleven of fifteen cats treated with ami-
triptyline were free of chronic iFLUTD signs for 6 months 
in one study, and nine were asymptomatic for 12 months or 
longer.197

Amitriptyline may be less effective for treating acute than 
chronic episodes of iFLUTD. Amitriptyline administration  
(5 mg/day orally) had no beneficial effect in treating 31 cats 
with acute, nonobstructive iFLUTD, and they were signifi-
cantly more likely to have recurrence of hematuria and pol-
lakiuria within 7 days of discontinuation of amitriptyline, 
compared with cats administered a placebo. Clinical signs 
usually resolved within 7 days, regardless of whether a placebo 
or amitriptyline was administered.198 A second placebo-con-
trolled study of 24 cats with iFLUTD did not show a benefit 
of daily amitriptyline (10 mg/cat) administered for 1 week.199

For cats in which amitriptyline is indicated, a starting dos-
age of 5 mg/cat every 24 hours is empirically recommended; 
the dose is adjusted to effect a mild calming behavior in the cat, 
which is usually achieved with dosages of 2.5 to 12.5 mg/cat  
per day.192 Long-term treatment is recommended, along 
with elimination of environmental stresses, in cats affected 
by severe, recurrent idiopathic disease. Adverse effects of 
amitriptyline administration in human patients include anti-
cholinergic effects (dry mouth, blurred vision, constipation), 
hypotension, drowsiness, and cardiac arrhythmias.194 Seda-
tion, vomiting, and disorientation have been reported in dogs 
treated with the drug,195 whereas transient sedation has been 
the most common adverse effect observed in cats. Amitrip-
tyline may also predispose to bacterial cystitis by causing 
urinary retention and decreased frequency of urination.198 
Clomipramine (0.5 mg/kg/day) is a good alternative anxiolytic 
agent that seems to be more tolerable for cats.

Behavioral-modification drugs have been used in treat-
ment of iFLUTD, but results are only anecdotal. Fluoxetine 
and paroxetine, two selective serotonin reuptake inhibitors, 
have been used with some success to treat compulsive disor-
ders in cats and dogs. They are dosed at 0.5 to 1 mg/kg orally 
every 24 hours. Although considered safe, sedation, anxiety, 
poor appetite, constipation, lowered seizure threshold, and 
difficulty in controlling diabetic patients are possible side 
effects. These drugs should not be used concurrently with 
monoamine oxidase inhibitors, selegiline, or L-tryptophan.200 
In a recent prospective clinical trial involving 12 cats, feline 
facial pheromone was compared with a placebo as treatment 
for iFLUTD. Although there was no statistical differences 
between the two groups, more of the pheromone-treated 
cats had less severe and fewer episodes of iFLUTD,201 and 
further studies are warranted. Modification of environment 
and attention to behavioral issues must be done concurrently 
to minimize the neuroendocrine influences on the disease. 
Environmental enrichment, reduction in intercat conflict or 
aggression, change of feeding method, and litter box manage-
ment are included in the potential modifications.176

Glycosaminoglycans
Pentosan polysulfate (PPS; Elmiron) is a synthetic polysaccha-
ride that augments the protective glycosaminoglycan layer of 
the urinary bladder. Orally administered PPS has resulted in 
good long-term responses (>6 to 12 months) in some women 
with IC202 and may be effective in reducing clinical episodes in 
cats with recurrent or chronic idiopathic disease. The currently 



666 Drugs Targeting Body Systems   SECTION 3

recommended dosage for cats is 8 mg/kg orally every 12 
hours.190 Oral glucosamine has been suggested as an alterna-
tive glycosaminoglycan. In a controlled study of 40 cats treated 
for 6 months, there was no difference in owner assessments of 
each cat’s health and number of days with lower urinary tract 
signs between glucosamine-treated cats and placebo-treated 
cats.201 Cats in both groups were somewhat improved owing 
to the introduction of canned cat food; however, recurrences 
were still frequent.

INTRAVESICULAR AGENTS USED 
IN LOWER URINARY TRACT DISEASE

Infusion of antimicrobial and antiinflammatory agents into 
the urinary bladder has been attempted as a form of local ther-
apy in dogs and cats with lower urinary tract disease. The idea 
of directly applying antiseptic, antiinflammatory, or analgesic 
agents to diseased mucosa is enticing. Even saline infusion 
may provide symptomatic relief of lower urinary tract symp-
toms. Simple urohydrodistention provides temporary relief of 
symptoms in some women with IC.203 Presumably, extreme 
distention of the urinary bladder may stimulate and exhaust 
mast cell degranulation, induce urinary glycosaminoglycan 
production, and cause ischemic degeneration of bladder sen-
sory nerve endings. Released inflammatory mediators also 
can be flushed with the infused solution. Instillation of solu-
tions into the urinary bladder requires placement of a urinary 
catheter, however, and urohydrodistention requires general 
or regional anesthesia. Furthermore, agents instilled into the 
urinary bladder often are rapidly voided and may be altered 
with inflammation; enhanced permeability to salicylate infu-
sion has been documented in cats with idiopathic cystitis.193 
Thus the risk of significant systemic absorption of intravesicu-
lar agents is difficult to predict.

Antifungal Agents
Primary fungal infections of the lower urinary tract are rare, 
and Candida spp. are the most common cause of funguria in 
dogs and cats. Candida spp. are normal florae of the gastroin-
testinal system, upper respiratory tract, and genital mucosa. 
Infections in dogs and cats are usually due to Candida albi-
cans, although other species have been reported. Candiduria 
in humans occurs when predisposing factors are present, such 
as indwelling urinary catheters, diabetes mellitus, drug ther-
apy (antibiotic, steroids, cancer chemotherapeutic), and lower 
urinary disease. In dogs and cats, these same factors are likely 
to be relevant. In a report of 31 cases of candiduria in dogs and 
cats, 35% of the patients had diabetes mellitus.204

Unlike management of funguria in humans, in which cor-
rection of the underlying condition often resolves the infec-
tion, treatment of all cases of funguria in dogs and cats is 
recommended. The drug of first choice in humans with a per-
sistent infection is fluconazole, and this is likely true for dogs 
and cats. The condition should be managed as a complicated 
urinary tract infection, and treatment should be continued 
for at least 2 to 4 weeks, with resolution confirmed by nega-
tive urine culture. If the infection persists beyond 4 weeks of 

therapy, then antifungal susceptibility testing should be done 
because Candida organisms can develop resistance to azole 
drugs.204 Previously reported doses of fluconazole are 2.5 to 
5 mg/kg orally every 24 hours in dogs and 2.5 to 10 mg/kg 
orally every 12 hours in cats.17 An alternative treatment to 
oral or injectable antifungals is intravesicular infusions of 1% 
clotrimazole into the urinary bladder, using a Foley catheter. 
A dose of 9 mL/kg infused by a urinary catheter weekly for 3 
weeks was successful in treating a diabetic cat. A diabetic dog 
was successfully treated with 7 mL/kg injected into the blad-
der, with ultrasound assistance, for four treatments. This treat-
ment may be a useful alternative to oral fluconazole, although 
further studies are needed to prove efficacy and safety.204

Dimethylsulfoxide
The free radical scavenging agent DMSO has been applied 
intravesicularly as a local antiinflammatory and analgesic 
agent. The drug and its metabolites neutralize free radical 
hydroxides and free radical oxygen, modulate platelet aggre-
gation and prostaglandin metabolism, decrease fibroplasia, 
and provide local analgesia. In high concentrations DMSO 
may have antibacterial activity, but it also creates mucosal 
edema and hemorrhage.205 The agent has been used in the 
management of interstitial and radiation-induced cystitis in 
human patients, cyclophosphamide-induced cystitis in dogs, 
and idiopathic cystitis in cats.184,203,206 DMSO infusion may be 
considered for cats with chronic, refractory idiopathic disease, 
especially those with thickened urinary bladder walls.

The treatment regimen for cats involves instillation of 10 
to 20 mL of 10% medical grade DMSO (Rimso-50) into the 
urinary bladder with the cat under general anesthesia. The 
solution is left in the urinary bladder for 10 minutes and 
then removed. The process can be repeated 2 weeks after the 
initial application if needed.184 Up to 25 mL of 25% to 50% 
intravesicular DMSO is empirically recommended for dogs. 
In cats instillation of 45% veterinary grade DMSO for 3 days 
after induction of salicylate/ethanol bladder wall injury did 
not alter the subsequent inflammatory response or infection 
rate.185 The drug also may have contributed to renal lesions 
observed in these cats and appeared to be locally irritating.185 
Intravascular hemolysis and hemoglobinuria may result if sig-
nificant quantities of DMSO are absorbed.

Bacillus Calmette–Guérin Therapeutic
Bacillus Calmette–Guérin (BCG) Therapeutic is a bacterial 
product of attenuated Mycobacterium bovis, with muramyl 
dipeptide as the predominant active compound. Intravesicular 
BCG cell wall infusion is used as an alternative to radical sur-
gery in human patients with carcinoma of the urinary bladder. 
The agent promotes a local inflammatory reaction that appears 
to suppress superficial cancerous lesions by incompletely 
understood mechanisms.207 Effects of T cells and natural killer 
cells also lead to its use as an immunostimulant. The agent must 
be administered by way of nontraumatic urethral catheteriza-
tion and handled as hazardous infectious material. Local irri-
tation and hematuria are commonly observed after infusion; 
systemic adverse effects are rare but may include fever, nausea, 
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diarrhea, anemia, leukopenia, ureteral obstruction, shock, and 
death. The agent is contraindicated for patients with urinary 
tract infections or fevers and those receiving immunosuppres-
sive therapy. In dogs injection of intralesional BCG has been 
variably helpful during surgical resection of transitional cell 
carcinomas. Severe granulomatous reactions are possible.

Infusion of other chemotherapeutic agents (doxorubicin, 
thiotepa) is rarely attempted in veterinary medicine because 
of the advanced stage of disease usually present at diagnosis. 
Local infusions are not expected to penetrate beyond the sub-
mucosa, whereas most neoplasms have infiltrated the muscu-
laris or serosa in small animals.208

Piroxicam
Piroxicam (Feldene), a potent NSAID, appears to have antitu-
mor activity in some animals with urinary tract neoplasia.209 
In dogs with transitional cell carcinoma, sustained remissions 
are possible in selected individuals, whereas maintenance of 
stable disease may be obtained in many. For neoplastic disease, 
piroxicam is administered daily at 0.3 mg/kg/day. Piroxicam 
(administered daily or every other day) also has been consid-
ered for the treatment of chronic inflammatory bladder disor-
ders. Clinical experience supports this practice; the safety and 
efficacy of the drug have not been critically evaluated, how-
ever.174 Gastrointestinal ulceration is common; concurrent 
administration of gastrointestinal protectants is recommended.

REFERENCES
 1.  Mazzaferro EM, Eubig PA, Hackett TB, et al: Acute renal failure 

associated with raisin or grape ingestion in 4 dogs, J Veter Emerg 
Crit Care 14:203, 2004.

 2.  Toto RD: Renal insufficiency due to angiotensin-converting-
enzyme inhibitors, Miner Electrolyte Metab 20:193, 1994.

 3.  Longhofer SL, Ericsson GF, Cifelli S, Benitz AM: Renal function 
in heart failure dogs receiving furosemide and enalapril male-
ate, J Vet Intern Med 7:123, 1993.

 4.  Murray MD, Brater DC: Renal toxicity of the nonsteroidal anti-
inflammatory drugs, Annu Rev Pharmacol Toxicol 32:435, 1993.

 5.  Forrester SD, Lees GE: Renal manifestations of polysystemic dis-
eases. In Osborne CA, Finco DR, editors: Canine and feline nephrol-
ogy and urology, Baltimore, 1995, Williams & Wilkins, p 491.

 6.  Lobetti RG, Jacobson LS: Renal involvement in dogs with babe-
siosis, J S Afr Vet Assoc 72:23, 2001.

 7.  Lane IF, Grauer GF, Fettman MJ: Acute renal failure: Part I: 
Risk factors, prevention and strategies for protection, Compend 
Contin Educ Pract Vet 16:15, 1994.

 8.  Chew DJ: Fluid therapy during intrinsic renal failure. In Dibar-
tola SP, editor: Fluid therapy in small animal practice, Philadel-
phia, 1992, Saunders, p 554.

 9.  Cowgill LD, Francey T: Acute uremia. In Ettinger SJ, Feldman 
E, editors: Textbook of veterinary internal medicine, ed 6, St 
Louis, 2005, Saunders.

 10.  MacIntyre DK, Royer N: Management of acute renal failure 
in critical patients: technical concerns, Lake Buena Vista, Fla, 
1995, Proc 13th Am Coll Vet Intern Med Forum, p. 10.

 11.  Adelman RD, Spangler WL, Beasom F, et al: Furosemide 
enhancement of experimental gentamicin nephrotoxicity: com-
parison of functional and morphological changes with activities 
of urinary enzymes, J Infect Dis 140:342, 1979.

 12.  Lindner A, Cutler RE, Goodman WG: Synergism of dopamine 
plus furosemide in preventing acute renal failure in the dog, 
Kidney Int 16:158, 1979.

 13.  Adin DB, Taylor AW, Hill RC, et al: Intermittent bolus injec-
tion versus continuous infusion of furosemide in normal adult 
greyhound dogs, J Vet Intern Med 17:632, 2003.

 14.  Cantarovich F, Rangoonwala B, Lorenz H, et al: High-dose 
furosemide for established ARF: a prospective, randomized, 
double-blinded, placebo-controlled, multicenter trial, Am J Kid-
ney Dis 44:402, 2004.

 15.  Denton MD, Chertow GM, Brady HR: “Renal-dose” dopamine 
for the treatment of acute renal failure: scientific rationale, 
experimental studies and clinical trials, Kidney Int 49:4, 1996.

 16.  Clark KL, Robertson JM, Drew GM: Do renal tubular dopa-
mine receptors mediate dopamine-induced diuresis in the anes-
thetized cat? J Cardiovasc Pharmacol 17:267, 1991.

 17.  Plumb DC: Veterinary drug handbook, ed 5, Philadelphia, 2005, 
Wiley-Blackwell.

 18.  Debaveye YA, van den Berghe GH: Is there still a place for 
dopamine in the modern intensive care unit? Anesth Analg 
98:461, 2004.

 19.  Burnier M, Schrier RW: Protection from acute renal failure, 
Adv Exp Med Biol 212:275, 1986.

 20.  Kirby R: Acute renal failure as a complication in the critically ill 
animal, Vet Clin North Am Small Anim Pract 19:1189, 1989.

 21.  Ross LA: Fluid therapy for acute and chronic renal failure, Vet 
Clin North Am Small Anim Pract 19:343, 1989.

 22.  Finco DR, Low DG: Intensive diuresis in polyuric renal failure. 
In Kirk RW, editor: Current veterinary therapy VII, small ani-
mal practice, Philadelphia, 1980, Saunders, p 1091.

 23.  Cowgill LD, Francey T, Strickland AD, et al: Reduction of dial-
ysis dependency with an oral cross-linked polyelectrolyte sor-
bent (CLP) in ESRD (abstract), ASAIO J 48(2):177, 2002.

 24.  Kintzer PP, Peterson ME: Hypoadrenocortism. In Bonagura 
JD, Twedt DC, editors: Kirk’s current veterinary therapy XIV, 
St Louis, 2009, Saunders.

 25.  White JV, Finco DR, Crowell WA, et al: Effect of dietary protein 
on functional, morphologic and histologic changes of the kidney 
during compensatory hypertrophy, Am J Vet Res 52:1357, 1991.

 26.  Venkataraman R, Kellum JA: Novel approaches to the treatment 
of acute renal failure, Expert Opin Invest Drugs 12:1353, 2003.

 27.  Brady HR, Brenner BM, Lieberthal W: Acute renal failure. In 
Brenner BM, editor: Brenner and Rector’s the kidney, ed 5, Phila-
delphia, 1996, Saunders, p 1200.

 28.  Schrier RW, Wang W, Poole B, et al: Acute renal failure: definitions, 
diagnosis, pathogenesis, and therapy, J Clin Invest 114:5, 2004.

 29.  Elliott J, Watson ADJ: Chronic kidney disease: staging and 
management. In Bonagura JD, Twedt DC, editors: Kirk’s current 
veterinary therapy XIV, St Louis, 2009, Saunders, pp 883–892.

 30.  Hostetter TH, Olson JI, Rennke HG, et al: Hyperfiltration in 
remnant nephrons: a potentially adverse response to renal abla-
tion, Am J Physiol 241:F85, 1981.

 31.  Brown SA: Canine renal disease. In Wills JM, Simpson KW, edi-
tors: The Waltham book of clinical nutrition of the dog and cat, 
Oxford, England, 1994, Pergamon, p 313.

 32.  Brown SA, Finco DR, Crowell WA, et al: Single-nephron 
adaptations to partial renal ablation in the dog, Am J Physiol 
258:F495, 1990.

 33.  Finco DR, Brown SA, Crowell WA, et al: Effects of dietary phos-
phorus and protein in dogs with chronic renal failure, Am J Vet 
Res 53:2264, 1992.

 34.  Finco DR, Brown SA, Crowell WA, et al: Effects of dietary pro-
tein intake on geriatric dogs with reduced renal mass, Am J Vet 
Res 55:867, 1994.

 35.  Polzin DJ, Osborne CA, O’Brien TD, et al: Effects of protein 
intake on progression of canine chronic renal failure, J Vet 
Intern Med 7:125, 1993.

 36.  Adams LG, Polzin DJ, Osborne CA, et al: Effects of dietary 
protein and calorie restriction in clinically normal cats and in 
cats with surgically induced chronic renal failure, Am J Vet Res 
54:1653, 1993.



668 Drugs Targeting Body Systems   SECTION 3

 37.  Polzin DJ, Osborne CA: Conservative medical management of 
chronic renal failure. In Osborne CA, Finco DR, editors: Canine 
and feline nephrology and urology, Baltimore, 1995, Williams & 
Wilkins, p 508.

 38.  Brown SA, Crowell WA, Barsanti JA, et al: Beneficial effects of 
dietary mineral restriction in dogs with marked reduction of 
functional renal mass, J Am Soc Nephrol 1:1169, 1991.

 39.  Elliott J, Rawlings JM, Markwell PJ, et al: Survival of cats with 
naturally occurring chronic renal failure: effect of dietary man-
agement, J Small Anim Pract 41:242, 2000.

 40.  Polzin D, Osborne C, Ross S: Chronic kidney disease. In 
Ettinger S, Feldman E, editors: Textbook of Veterinary Internal 
Medicine, St Louis, 2005, Elsevier.

 41.  Acierno MJ: Systemic hypertension in renal disease. In Bona-
gura JD, Twedt DC, editors: Kirk’s current veterinary therapy 
XIV, St Louis, 2009, Saunders.

 42.  Buranakarl C, Mathur S, Brown SA: Effects of dietary sodium 
chloride intake on renal function and blood pressure in cats 
with normal and reduced renal function, Am J Vet Res 65:620, 
2004.

 43.  Brown SA: Dietary fatty acid supplementation and chronic 
renal disease, Lake Buena Vista, Fla, 1995, Proc 13th Am Coll 
Vet Intern Med Forum, p. 470.

 44.  Bauer JE: Management of spontaneous canine renal disease by 
dietary polyunsaturated fatty acids, Lake Buena Vista, Fla, 1995, 
Proc Am Coll Vet Intern Med Forum, p. 477.

 45.  Chew DJ, Dibartola SP, Nagode LA, et al: Phosphorus restric-
tion in the treatment of chronic renal failure. In Kirk RW, Bona-
gura JD, editors: Current veterinary therapy XI, small animal 
practice, Philadelphia, 1992, Saunders.

 46.  Polzin DJ, Osborne CA, Ross S: Chronic kidney disease. In 
Ettinger SJ, Feldman E, editors: Textbook of veterinary internal 
medicine, ed 6, St Louis, 2005, Saunders.

 47.  Llach F, Bover J: Renal osteodystrophy. In Brenner BM, editor: 
Brenner and Rector’s the kidney, ed 5, Philadelphia, 1996, Saun-
ders, p 2187.

 48.  Autran de Morais H: Dibartola SP: Acid-base disorders. In 
Bonagura JD, Twedt DC, editors: Kirk’s current veterinary ther-
apy XIV, St Louis, 2009, Saunders.

 49.  Giovanetti S, Cupisti A, Barsotti G: The metabolic acidosis of 
chronic renal failure: pathophysiology and treatment, Contrib 
Nephrol 100:48, 1992.

 50.  Lulich J, Osborne CA, O’Brien T, et al: Feline renal failure: 
questions, answers, questions, Compend Contin Educ Pract Vet 
14:127, 1992.

 51.  Dow SW, Lecouteur RA, Fettman MJ, et al: Potassium deple-
tion in cats: hypokalemic polymyopathy, J Am Vet Med Assoc 
191:1563, 1987.

 52.  Dow SW, Fettman MJ: Renal disease in cats: the potassium con-
nection. In Kirk RW, Bonagura JD, editors: Current veterinary 
therapy XI, small animal practice, Philadelphia, 1992, Saunders, 
p 820.

 53.  Dow SW, Fettman MJ, Smith KR, et al: Effect of dietary acidi-
fication and potassium depletion on acid-base balance, mineral 
metabolism and renal function in adult cats, J Nutr 120:569, 
1990.

 54.  DiBartola SP, Buffington CA, Chew DJ, et al: Development of 
chronic renal disease in cats fed a commercial diet, J Am Vet 
Med Assoc 202:744, 1993.

 55.  Jacob F, Polzin DJ, Osborne CA, et al: Clinical evaluation of 
dietary modification for treatment of spontaneous chronic renal 
failure in dogs, J Am Vet Med Assoc 220:1163, 2002.

 56.  Ross S, Osborne C, Polzin D, et al: Clinical evaluation of effects 
of dietary modification in cats with spontaneous chronic renal 
failure (abstr.), J Vet Intern Med 19(3):433, 2005.

 57.  Bartges JW, Brown SA: Summary of dietary recommendations 
in urinary diseases. In Bonagura J, editor: Kirk’s current veteri-
nary therapy XIII, Philadelphia, 2000, Saunders, p 841.

 58.  Osborne CA, Lulich JP, Sanderson SL, et al: Treatment of ure-
mic anorexia. In Bonagura JD, editor: Kirk’s current veterinary 
therapy XII, small animal practice, Philadelphia, 1995, Saunders, 
p 966.

 59.  Ogilvie GK: Dolasetron: a new option for nausea and vomiting, 
J Am Anim Hosp Assoc 36:481, 2000.

 60.  Ljutic D, Perkovic D, Rumboldt Z, et al: Kidney, Blood Press Rev 
25:61, 2002.

 61.  de la Puente-Redondo VA, Siedek EM, Benchaoui HA, et al: 
The anti-emetic efficacy of maropitant (Cerenia) in the treat-
ment of ongoing emesis caused by a wide range of underlying 
clinical aetiologies in canine patients in Europe, J Small Anim 
Pract 48:93–98, 2007.

 62.  Hickman MA, Cox SR, Mahabir S, et al: Safety, pharmacokinet-
ics and use of the novel NK-1 receptor antagonist maropitant 
(Cerenia) for the prevention of emesis and motion sickness in 
cats, J Vet Pharmacol Ther 31:220–229, 2008.

 63.  Jacob F, Polzin DJ, Osborne CA, et al: Association between ini-
tial systolic blood pressure and risk of developing a uremic cri-
sis or of dying in dogs with chronic renal failure, J Am Vet Med 
Assoc 222:322, 2003.

 64.  Stepien RL, Henik RA: Systemic hypertension. In Bonagura 
JD, Twedt DC, editors: Kirk’s current veterinary therapy XIV, 
St Louis, 2009, Saunders.

 65.  Brown SA, Finco DR, Brown CA, et al: Evaluation of the effects 
of inhibition of angiotensin converting enzyme with enalapril 
in dogs with induced renal insufficiency, Am J Vet Res 64:321, 
2003.

 66.  Brown SA, Brown CA, Jacobs G, et al: Effects of the angiotensin 
converting enzyme inhibitor benazepril in cats with induced 
renal insufficiency, Am J Vet Res 62:375, 2001.

 67.  Brown SA: Renoprotective mechanisms of angiotensin inhibi-
tion, Minneapolis, 2004, Proc 22nd American Coll of Vet Intern 
Med, p. 712.

 68.  Henik RA, Snyder PS, Volk LM: Amlodipine bisylate therapy in 
cats with systemic arterial hypertension secondary to chronic 
renal disease (abstr.), San Francisco, 1994, Proc 12th ACVIM 
Forum, p. 976.

 69.  Ross LA: Hypertension and chronic renal failure, Semin Vet 
Med Surg Small Anim 7:221, 1992.

 70.  Chew DJ, Nagoda LA, Carothers MA et al: Calcitriol treatment 
of renal secondary hyperparathyroidism in dogs and cats, Wash-
ington, DC, 1993, Proc 11th Am Coll Vet Intern Med Forum, p. 
164.

 71.  Polzin DJ, Ross S, Osborne CA: Calcitriol. In Bonagura JD, 
Twedt DC, editors: Kirk’s current veterinary therapy XIV, St 
Louis, 2009, Saunders.

 72.  Polzin DJ, Ross S, Osborne C, et al: Clinical benefit of calcitriol 
in canine chronic kidney disease (abstr.), J Vet Intern Med 
19(3):433, 2005.

 73.  King LG, Giger U, Diserens D, et al: Anemia of chronic renal 
failure in dogs, J Vet Intern Med 6:264, 1992.

 74.  Cowgill LD: Medical management of the anemia of chronic renal 
failure. In Osborne CA, Finco DR, editors: Canine and feline 
nephrology and urology, Baltimore, 1995, Williams & Wilkins, 
p 539.

 75.  Cowgill LD, Feldman B, Levy J, et al: Efficacy of recombinant 
human erythropoietin (rHuEPO) for anemia in dogs and cats 
with renal failure, J Vet Intern Med 4:126, 1990.

 76.  Cowgill LD: CVT Update: use of recombinant human eryth-
ropoietin. In Bonagura JD, editor: Kirk’s current veterinary 
therapy XII, small animal practice, Philadelphia, 1995, Saun-
ders, p 961.

 77.  Randolph JF, Scarlett J, Stokol T, et al: Clinical efficacy and 
safety of recombinant canine erythropoietin in dogs with 
anemia of chronic renal failure and dogs with recombinant 
human erythropoietin-induced red cell aplasia, J Vet Intern 
Med 18:81, 2004.



669CHAPTER 18 Treatment of Urinary Disorders

 78.  Vaden S: Glomerular diseases. In Ettinger SJ, Feldman EC, edi-
tors: Textbook of veterinary internal medicine, ed 6, Philadel-
phia, 2005, Saunders, p 1786.

 79.  Elliot J: Importance of proteinuria in cats with chronic renal 
failure, Minneapolis, 2004, Proc 22nd American Coll Vet Intern 
Med, p. 708.

 80.  DiBartola SP, Benson MD: Pathogenesis of reactive systemic 
amyloidosis, J Vet Intern Med 3:31, 1989.

 81.  Grauer GF, DiBartola SP: Glomerular diseases. In Ettinger SJ, 
Feldman RN, editors: Textbook of veterinary internal medicine, 
ed 4, Philadelphia, 1996, Saunders, p 1760.

 82.  Relford RL, Green RA: Coagulation disorders in glomerular 
diseases. In Kirk RW, Bonagura J, editors: Current veterinary 
therapy XI, small animal practice, Philadelphia, 1992, Saunders, 
p 827.

 83.  Lees GE, Brown SA, Grauer GF, et al: Assessment and man-
agement of proteinuria in dogs and cats, 2004 ACVIM Forum 
Consensus Statement (Small Animal) , 2004.

 84.  Grauer GF, Greco DS, Getzy DM, et al: Effects of enalapril ver-
sus placebo as a treatment for canine idiopathic glomerulone-
phritis, J Vet Intern Med 14:526, 2000.

 85.  Llach F: Hypercoagulability, renal vein thrombosis, and other 
thrombotic complications of nephrotic syndrome, Kidney Int 
28:429, 1985.

 86.  Vaden S: The effects of cyclosporin versus standard care in dogs 
with naturally occurring glomerulonephritis, J Vet Intern Med 
9:259, 1995.

 87.  Longhofer SL, Culham CA, Frisbie DD, et al: Effects of throm-
boxane synthetase inhibition on immune complex glomerulo-
nephritis, Am J Vet Res 52:480, 1991.

 88.  Grauer GF, Frisbie DD, Snyder PS, et al: Treatment of membra-
noproliferative glomerulonephritis and nephrotic syndrome in 
a dog with a thromboxane synthetase inhibitor, J Vet Intern Med 
6:77, 1992.

 89.  Vaden SL, Brown CA: Glomerular disease. In Bonagura J, 
Twedt DC, editors: Kirk’s current therapy XIV, St Louis, 2009, 
Saunders.

 90.  Brown SA, Brown CA, Crowell WA, et al: Dietary lipid com-
position alters the chronic course of canine renal disease, J Vet 
Intern Med 10:168, 1996.

 91.  Hall AV, Parbtani A, Clark WF, et al: Omega-3 fatty acid sup-
plementation in primary nephrotic syndrome: effects on plasma 
lipids and coagulopathy, J Am Soc Nephrol 3:1321, 1992.

 92.  Spyridakis L, Brown SA, Barsanti JA, et al: Amyloidosis in a 
dog: treatment with dimethylsulfoxide, J Am Vet Med Assoc 
189:690, 1986.

 93.  Gruys E, Sijens RJ, Biewenga WJ: Dubious effect of dimethyl-
sulfoxide therapy on amyloid deposits and amyloidosis, Vet Res 
Commun 5:21, 1981.

 94.  Cowgill LD: Diseases of the kidney. In Ettinger SJ, editor: Text-
book of veterinary internal medicine, ed 2, Philadelphia, 1983, 
Saunders, p 1843.

 95.  Carter LJ, Wingfield WE, Allen TA: Clinical experience with 
peritoneal dialysis in small animals, Compend Contin Educ 
Pract Vet 11:1335, 1989.

 96.  Crisp MS, Chew DJ, DiBartola SP, et al: Peritoneal dialysis 
in dogs and cats: 27 cases (1976-1987), J Am Vet Med Assoc 
195:1262, 1989.

 97.  Thornhill JA, Hartman J, Boon GD, et al: Support of an aneph-
ric dog for 54 days with ambulatory peritoneal dialysis and a 
newly designed peritoneal catheter, Am J Vet Res 45:1156, 1984.

 98.  Ross LA, Labato MA: Peritoneal dialysis. In DiBartola SP, edi-
tor: Fluid, electrolyte, and acid-base disorders in small animal 
practice, ed 3, St Louis, 2006, Saunders.

 99.  Lane IF, Carter LJ, Lappin MR: Peritoneal dialysis: an update 
on methods and usefulness. In Kirk RW, editor: Current vet-
erinary therapy XI, small animal practice, Philadelphia, 1992, 
Saunders, p 865.

 100.  Cowgill LD: Veterinary hemodialysis: state of the art/science, 
San Antonio, Texas, 1996, Proc 14th Am Coll Vet Intern Med 
Forum, p. 368.

 101.  Langston CE: Hemodialysis. In Bonagura J, Twedt DC, edi-
tors: Kirk’s current veterinary therapy XIV, St Louis, 2009, 
Saunders.

 102.  Cowgill LD, Francey T: Hemodialysis. In DiBartola SP, editor: 
Fluid, electrolyte, and acid-base disorders in small animal prac-
tice, ed 3, St Louis, 2006, Saunders.

 103.  Langston CE, Cowgill LD, Spano J: The application of hemodialy-
sis in uremic cats: a review of 24 cases, J Vet Intern Med 10:168, 
1996.

 104.  Gregory CR, Gourley IM, Kochin EJ, et al: Renal transplanta-
tion for treatment of end-stage renal failure in cats, J Am Vet 
Med Assoc 201:285, 1992.

 105.  Gregory CR: Renal transplantation in cats, Compend Contin 
Educ Pract Vet 15:1325, 1993.

 106.  Gregory CR, Gourley IM: Organ transplantation in clinical vet-
erinary medicine. In Slatter DH, editor: Textbook of small ani-
mal surgery, ed 2, Philadelphia, 1993, Saunders, p 95.

 107.  Adin CA, Gregory CR, Kyles AE, et al: Diagnostic predictors of 
complications and survival after renal transplantation in cats, 
Vet Surg 30:515, 2001.

 108.  Aronson LR, Drobatz KJ: Hypercalcemia following renal trans-
plantation in a cat, J Am Vet Med Assoc 21:1034, 2000.

 109.  Wooldridge JD, Gregory CR, Mathews KG, et al: The prevalence 
of malignant neoplasia in feline renal-transplant recipients, Vet 
Surg 31:94, 2002.

 110.  Lothrop C: Simultaneous bone-marrow transplantation and 
renal transplantation for end-stage renal disease in dogs, 2005, 
Proc 23rd Annual Forum of the American College of Veterinary 
Internal Medicine, p. 515.

 111.  deGroat WC, Booth AM: Physiology of the bladder and ure-
thra, Ann Intern Med 92:312–315, 1980.

 112.  Lane IF, Westropp JL: Urinary incontinence and micturition 
disorders: pharmacologic management. In Bonagura JD, Twedt 
DC, editors: Current veterinary therapy XIV, St Louis, 2009, 
Saunders.

 113.  Barsanti JA: Urinary incontinence. In Lorenz MD, Cornelius 
LM, editors: Small animal medical diagnosis, ed 2, Philadelphia, 
1993, Lippincott, p 345.

 114.  Lane IF: Treating urinary incontinence, Vet Med 98:58, 2003.
 115.  Fischer JR, Lane IF: Treating functional urinary obstruction, 

Vet Med 98:67, 2003.
 116.  Finkbeiner AE: Is bethanechol chloride effective in promoting 

bladder emptying? J Urol 134:443, 1985.
 117.  Labato MA: Disorders of micturition. In Morgan R, edi-

tor: Handbook of small animal practice, ed 5, St Louis, 2008, 
Churchill Livingstone.

 118.  Rosin AH, Ross L: Diagnosis and pharmacologic management 
of disorders of urinary continence in the dog, Compend Contin 
Educ Pract Vet 3:601, 1981.

 119.  EI-Salmy S, Downie JW, Awad SA: Urethral function after 
chronic cauda equina lesions in cats: I. The contribution of 
mechanical factors and sympathetic innervation to proximal 
sphincter dysfunction, J Urol 144:1022, 1990.

 120.  Boyd IW, Rohan AP: Urinary disorders associated with cis-
apride, Med J Aust 160:579, 1994.

 121.  Carone R, Vercelli D, Bertapelle P: Effects of cisapride on 
anorectal and vesicourethral function in spinal cord injured 
patients, Paraplegia 31:125, 1993.

 122.  Coates: 2004. Neurogenic micturition disorders, Proc 22nd Am 
College of Vet Intern Med Forum, Minneapolis, 2004, pp.324–
326.

 123.  Lappin MR, Barsanti JA: Urinary incontinence secondary to 
idiopathic detrusor instability: cystometrographic diagnoses 
and pharmacologic management in 2 dogs and a cat, J Am Vet 
Med Assoc 191:1439, 1987.



670 Drugs Targeting Body Systems   SECTION 3

 124.  Lane IF: Disorders of micturition. In Osborne C, Finco DR, edi-
tors: Canine and feline nephrology and urology, Baltimore, 1995, 
Williams & Wilkins, p 693.

 125.  Wefer J, Truss MC, Jonas U: Tolterodine: an overview, World 
J Urol 19:312–318, 2001.

 126.  Lane IF: Use of anticholinergic agents in lower urinary tract 
disease. In Bonagura J, editor: Kirk’s current veterinary therapy 
XIII, Philadelphia, 2000, Saunders, p 899.

 127.  Kruger JM, Osborne CA, Lulich JP: Management of nonob-
structive idiopathic feline lower urinary tract disease, Vet Clin 
North Am Small Anim Pract 26:571, 1996.

 128.  Ling GV: Feline urologic syndrome. In Ling GV, editor: Lower 
urinary tract diseases of dogs and cats: diagnosis, medical man-
agement, and prevention, St Louis, 1995, Mosby, p 179.

 129.  Bacon NJ, Oni O, White AS: Treatment of urethral sphincter 
mechanism incompetence in 11 bitches with a sustained-release 
formulation of phenylpropanolamine hydrochloride, Vet Rec 
151:373, 2002.

 130.  Tapp AJS: The effect of sex hormones on the female lower uri-
nary tract. In Cardozo L, editor: Update on drugs and the lower 
urinary tract, London, 1988, Royal Society of Medicine Ser-
vices, p 15.

 131.  Arnold S: Relationship of incontinence to neutering. In Kirk 
RW, editor: Current veterinary therapy XI, small animal prac-
tice, Philadelphia, 1992, Saunders, p 875.

 132.  Mandigers PJ, Nell T: Treatment of bitches with acquired uri-
nary incontinence with oestriol, Vet Rec 149:765, 2001.

 133.  Angioletti A, DeFrancesco I, Vergottini M, et al: Urinary incon-
tinence after spaying in the bitch: incidence and oestrogen- 
therapy, Vet Res Comm 28:153–155, 2004.

 134.  Hoeijmakkers M, Janszen B, Coert A, et al: Pharmacokinetics 
of oestriol after repeatd oral administration to dogs, Res Vet Sci 
75:55, 2003.

 135.  Barsanti JA, Edwards PD, Losonsky J: Testosterone responsive 
urinary incontinence in a castrated male dog, J Am Anim Hosp 
Assoc 17:117, 1981.

 136.  Ling GV: Disorders of urination. In Ling GV, editor: Lower uri-
nary tract diseases of dogs and cats: diagnosis, medical manage-
ment, and prevention, St Louis, 1995, Mosby, p 192.

 137.  Richter KP, Ling GV: Clinical response and urethral pressure 
profile changes after phenylpropanolamine administration in 
dogs with primary sphincter incompetence, J Am Vet Med Assoc 
187:605, 1985.

 138.  Byron JK, March PA, Chew DJ, et al: Effect of phenylpropanol-
amine and pseudoephedrine on the urethral pressure profile 
and continence scores of incontinent female dogs, J Vet Intern 
Med 21:47, 2007.

 139.  Arnold S, Arnold P, Hubler M, et al: Incontinentin urinae bei 
der kastrierten huendin: haeufigkeit und rassedisposition, Sch-
weiz Arch Tierheilkd 131:259, 1989.

 140.  White RAS, Pomeroy CJ: Phenylpropanolamine: an α-adrenergic 
agent for the management of urinary incontinence in the bitch 
associated with urethral sphincter mechanism incompetence, 
Vet Rec 125:478, 1989.

 141.  Scott L, Leddy F, Bernay F, et al: Evaluation of phenylpropa-
nolamine in the treatment of urethral sphincter mechanism 
incompetence in the bitch, J Small Anim Pract 43:493, 2002.

 142.  Burgherr T, Reichler I, Hung L, et al: Efficacy, tolerance and 
acceptability of Incontex in spayed bitches with urinary incon-
tinence, Schweiz Arch Tierheikd 149:307–313, 2007.

 143.  Carofiglio F, Hamaide AJ, Farnir F, et al: Evaluation of the 
urodynamic and hemodynamic effects of orally administered 
phenylpropanolamine and ephedrine in female dogs, Am J Vet 
Res 67:723–730, 2006.

 144.  Nendick PA, Lark WT: Medical therapy of urinary inconti-
nence in ovariectomized bitches: a comparison of the effec-
tiveness of diethylstilbesterol and pseudoephedrine, Aus Vet J 
64:117, 1987.

 145.  Reichler IM, Hubler M, Jochle W, et al: The effect of GnRH 
analogs on urinary incontinence after ablation of the ovaries in 
dogs, Theriogenology 60:1207, 2003.

 146.  Reichler IM, Jochle W, Piche CA, et al: Effect of a long acting 
GnRH analogue or placebo on plasma LH/FSH, urethral pres-
sure profiles and clinical signs of urinary incontinence due to 
sphincter mechanism incompetence in bitches, Theriogenology 
66:1227, 2006.

 147.  Reichler IM, Barth A, Piche C, et al: Urodynamic parameters and 
plasma LH/FSH in spayed Beagle bitches before and 8 weeks after 
GnRH depot analogue treatment, Theriogenology 66:2127, 2006.

 148.  Norton PA, Zinner NR, Yalcin I, et al: Duloxetine versus pla-
cebo in the treatment of stress urinary incontinence, Am J 
Obstet Gynecol 187(1):40–48, 2002.

 149.  Arnold S, Hubler M, Lot-Stolz G, Rusch P: Treatment of urinary 
incontinence in bitches by endoscopic injection of glutaralde-
hyde cross-linked collagen, J Small Anim Pract 37:163, 1996.

 150.  Barth A, Reichler IM, Hubler M, et al: Evaluation of long-term 
effects of endoscopic injection of collagen into the urethral sub-
mucosa for treatment of urethral sphincter incompetence in 
female dogs: 40 cases (1993-2000), J Am Vet Med Assoc 226:73, 
2005.

 151.  Byron JB, Chew DJ, McLaughlin MA, et al: Transurethral colla-
gen implantation for treatment of canine urinary incontinence, 
ACVIM Forum, 2005:Abstract 120.

 152.  Hoelzler MG, Lidbetter DA: Surgical management of urinary 
incontinence, Vet Clin North Am Small Anim Pract 34:1057, 2004.

 153.  Rawlings C, Barsanti JA, Mahaffey MB, et al: Evaluation of col-
posuspension for treatment of incontinence in spayed female 
dogs, J Am Vet Med Assoc 219:770, 2001.

 154.  Khanna OP, Gonick P: Effects of phenoxybenzamine on canine 
lower urinary tract, Urology 6:323, 1975.

 155.  Barsanti JA, Coates JR, Bartges JW: Detrusor-sphincter dyssyn-
ergia, Vet Clin North Am Small Anim Pract 26:327, 1996.

 156.  Lees GE: Management of voiding disability following relief of 
urethral obstruction. In August JR, editor: Consultations in 
feline internal medicine 2, Philadelphia, 1994, Saunders, p 365.

 157.  Wein AJ: Drug therapy for neurogenic and non-neurogenic 
bladder dysfunction. In Seidmon EJ, Hanna PM, editors: Cur-
rent urologic therapy, Philadelphia, 1994, Saunders, p 291.

 158.  Fischer JR, Lane IF, et al: Urethral pressure profile and hemo-
dynamic effects of phenoxybenzamine and prazosin in non-
sedated male beagle dogs, Can J Vet Res 67:30, 2003.

 159.  Lulich JP: Managing functional urethral obstruction, Minne-
apolis, 2004, Proc 22nd Forum of the American College of Vet-
erinary Internal Medicine, p. 514.

 160.  Ohtake A, Sato S, Sasamata M, et al: Effects of tamsulosin on 
resting urethral pressure and arterial blood pressure in anaes-
thetized female dogs, J Pharm Pharmacol 58(3):345–350, 2006.

 161.  Sato S, Ohtake A, Hatanaka T, et al: Relationship between the 
functional effect of tamsulosin and its concentration in lower 
urinary tract tissues of dogs, Biol Pharm Bull 30:481–486, 2007.

 162.  Sudoh K, Tanaka H, Inagaki O, et al: Effect of tamsulosin, a novel 
alpha 1-adrenoceptor antagonist, on urethral pressure profile in 
anaesthetized dogs, J Auton Pharmacol 16(3):147–154, 1996.

 163.  Witte DG, Brune ME, Katwala SP, et al: Modeling of relation-
ships between pharmacokinetics and blockade of agonist-
induced elevation of intraurethral pressure and mean arterial 
pressure in conscious dogs treated with alpha(1)-adrenoceptor 
antagonists, J Pharmacol Exp Ther 300(2):495–504, 2002.

 164.  Tatemichi S, Tomiyama Y, Maruyama I, et al: Uroselectivity 
in male dogs of silodosin (KMD-3213), a novel drug for the 
obstructive component of benign prostatic hyperplasia, Neuro-
lurol Urodyn 25:792–799, 2006.

 165.  Straeter-Knowlen IM, Knowlen GG, Speth RC, et al: Effect of 
succinyl choline, diazepam and dantrolene on the urethral pres-
sure profile of healthy, sexually intact male cats, Am J Vet Res 
55:1739, 1994.



671CHAPTER 18 Treatment of Urinary Disorders

 166.  Straeter-Knowlen IM, Marks SL, Rishniw M, et al: Urethral 
pressure response to smooth and skeletal muscle relaxants in 
anesthetized, adult male cats with naturally acquired urethral 
obstruction, Am J Vet Res 56:919, 1995.

 167.  Polzin DJ, Osborne CA: Diseases of the urinary tract. In Davis 
LE, editor: Handbook of small animal therapeutics, New York, 
1985, Churchill-Livingstone, p 333.

 168.  Blackwell NJ: Reflex dyssynergia in the dog, Vet Rec 132:516, 
1993.

 169.  Collins BK, Moore CP, Hagee JH: Sulfonamide-associated kera-
toconjunctivitis sicca and corneal ulceration in a dysuric dog,  
J Am Vet Med Assoc 189:924, 1986.

 170.  Gookin JL, Bunch SE: Detrusor-striated sphincter dyssynergia 
in a dog, J Vet Intern Med 10:339, 1996.

 171.  Lane IF, Fischer JR, Miller EM, Grauer G: Functional urethral 
obstruction in three dogs: urethral pressure profile results and 
response to alpha adrenergic antagonists, J Vet Intern Med 
14:43, 1998.

 172.  Porpiglia F, Ghignone G, Fiori C, et al: Nifedipine versus tam-
sulosin for the management of lower ureteral stones, J Urol 
172:568, 2004.

 173.  Forman MA, Francey T, Fischer JR, et al: Use of glucagons in 
the management of acute ureteral obstruction in 25 cats (abstr.),  
J Vet Intern Med 18:417, 2004.

 174.  Kalkstein TS, Kruger JM, Osborne CA: Feline idiopathic lower 
urinary tract disease. Part IV: Therapeutic options, Compend 
Contin Educ Pract Vet 21:497, 1999.

 175.  Buffington CAT: External and internal influences on disease 
risk in cats, J Am Vet Med Assoc 220:994, 2002.

 176.  Westropp J, Buffington CAT, Chew D: Feline lower urinary 
tract diseases. In Ettinger SJ, Feldman E, editors: Textbook of 
veterinary internal medicine, ed 6, St Louis, 2006, Saunders.

 177.  Cameron ME, Casey RA, Bradshaw JW, et al: A study of envi-
ronmental and behavioural factors that may be associated with 
feline idiopathic cystitis,, J Small Anim Pract 45:144, 2004.

 178.  Buffington CAT, Chew DJ: Lower urinary tract disease in cats: 
new directions, Vet Clin Nutr 1:53, 1994.

 179.  Ching SV, Fettman MJ, Hamar DW, et al: The effect of chronic 
dietary acidification using ammonium chloride on acid-base 
and mineral and bone metabolism in adult cats, Am J Vet Res 
53:2125, 1992.

 180.  Dow SW, Fettman MJ, LeCouteur RS: Potassium depletion in 
cats: renal and dietary influences, J Am Vet Med Assoc 191:1569, 
1987.

 181.  Kirk CA, Ling GV, Franti CE, et al: Evaluation of factors associ-
ated with development of calcium oxalate urolithiasis in cats,  
J Am Vet Med Assoc 207:1429, 1995.

 182.  Maede Y, Hoshino T, Inaba M: Methionine toxicosis in cats, 
Am J Vet Res 48:289, 1987.

 183.  Osborne CA, Kruger JM, Lulich JP, et al: Prednisolone therapy 
of idiopathic feline lower urinary tract disease: a double-blind 
clinical study, Vet Clin North Am Small Anim Pract 26:563, 
1996.

 184.  Ross LA: Treating FUS in unobstructed cats and preventing its 
recurrence, Vet Med 85:1218, 1990.

 185.  Barsanti JA, Shotts EB, Crowell WA, et al: Effect of therapy 
on susceptibility of urinary tract infection in male cats with 
indwelling urethral catheters, J Vet Intern Med 6:64, 1992.

 186.  Bernard MA: Feline urologic syndrome: a study of seasonal 
incidence, frequency of repeat visits and comparison of treat-
ments, Can Vet J 19:284, 1978.

 187.  Barsanti JA, Finco DR, Shotts EB, et al: Feline urologic syn-
drome: further investigation into therapy, J Am Anim Hosp 
Assoc 18:391, 1982.

 188.  Marks SL, Straeter-Knowlen IM, Knowlen GG, et al: The effects 
of phenoxybenzamine and acepromazine maleate on urethral 
pressure profiles of anesthetized healthy male cats, J Vet Intern 
Med 7:122, 1993.

 189.  Mawby DI, Meric SM, Crichlow EC, et al: Pharmacologic 
relaxation of the urethra in male cats: a study of the effects of 
phenoxybenzamine, diazepam, nifedipine and xylazine, Can 
J Vet Res 55:28, 1990.

 190.  Lane IF, Bartges JW: Treating refractory idiopathic lower uri-
nary tract diseases in cats, Vet Med 94:633, 1999.

 191.  Buffington CAT, Blaisdell JL, Binns SP, et al: Decreased urinary 
glycosaminoglycan in cats with idiopathic lower urinary tract 
disease, J Vet Intern Med 7:126, 1993.

 192.  Buffington CAT, Chew DJ, DiBartola SP: Interstitial cystitis in 
cats, Vet Clin North Am Small Anim Pract 26:317, 1996.

 193.  Gao X, Buffington CAT, Au JLS: Effect of interstitial cystitis on 
drug absorption from urinary bladder, J Pharmacol Exp Ther 
271:818, 1994.

 194.  Baldessarini RJ: Drugs and the treatment of psychiatric disor-
ders. In Gilman AG, Rall TW, Niew AS, et al: Goodman and Gil-
man’s the pharmacological basis of therapeutics, ed 8, New York, 
1990, Pergamon, p 383.

 195.  Miller WH, Scott DW, Wellington JR: Nonsteroidal management 
of canine pruritus with amitriptyline, Cornell Vet 82:53, 1992.

 196.  Marder A: Psychotropic drugs and behavioral therapy, Vet Clin 
North Am Small Anim Pract 21:329, 1991.

 197.  Chew DJ, Buffington CAT, Kendall MS, et al: Amitriptyline 
treatment for severe recurrent idiopathic cystitis in cats, J Am 
Vet Assoc 213:1282, 1998.

 198.  Kruger JM, Conway TS, Kaneene JB, et al: Randomized con-
trolled trial of the efficacy of short-term amitriptyline adminis-
tration for treatment of acute, nonobstructive, idiopathic lower 
urinary tract diseases in cats, J Am Vet Med Assoc 222:749, 2003.

 199.  Kraijer M, Fink-Gremmels J, Nickel RF: The short-term clini-
cal efficacy amitriptyline in the management of idiopathic feline 
lower urinary tract disease: a controlled clinical study, J Feline 
Med Surg 5:191, 2003.

 200.  Virga V: Behavioral dermatology, Vet Clin North Am Small 
Anim Pract 33:231, 2003.

 201.  Gunn-Moore DA, Cameron ME: A pilot study using synthetic 
feline facial pheromone for the management of feline idiopathic 
cystitis, J Feline Med Surg 6:133, 2004.

 202.  Parson CL: The therapeutic role of sulfated polysaccharides in 
the urinary bladder, Urol Clin North Am 21:90–100, 1994.

 203.  Messing EM: Interstitial cystitis and related syndromes. In 
Walsh PC, Retik AB, Stamey TA, et al: Campbell’s urology, ed 6, Phila-
delphia, 1992, Saunders, p 982.

 204.  Pressler B: Fungal urinary infections, Minneapolis, 2004, Proc 
22nd Am Coll Vet Intern Med Forum, p. 555.

 205.  Barsanti JA, Finco DR, Brown SA: The role of dimethyl sulf-
oxide and glucocorticoids in lower urinary tract diseases. In 
Bonagura JD, editor: Kirk’s current veterinary therapy XII, Phila-
delphia, 1995, Saunders, p 1011.

 206.  Laing EJ, Miller CW, Cochrane SM: Treatment of cyclophos-
phamide-induced hemorrhagic cystitis in five dogs, J Am Vet 
Med Assoc 193:233, 1988.

 207.  Friberg S: BCG in the treatment of superficial cancer of the 
bladder: a review, Med Oncol Tumor Pharmacother 10:31, 1993.

 208.  Knapp DW: Tumors of the urinary system. In Withrow SJ, edi-
tor: Withrow and MacEwen’s small animal clinical oncology, ed 4, St 
Louis, 2007, Saunders.

 209.  Knapp DW, et al: Piroxicam therapy in 34 dogs with transi-
tional cell carcinoma of the urinary bladder, J Vet Intern Med 
8:273, 1994.



672

19 Gastrointestinal Pharmacology
Dawn Merton Boothe

Chapter Outline

DRUGS THAT TARGET APPETITE OR CALORIC 
BALANCE

APPETITE STIMULANTS
Cachexia

APPETITE SUPPRESSANTS AND ANTI-OBESITY 
DRUGS

EMETICS AND ANTIEMETICS
The Vomiting Reflex
Emetics
Antiemetics

ANTIULCER DRUGS
Pathophysiology of Gastrointestinal Ulceration
Cytoprotective Drugs

MODULATORS OF GASTROINTESTINAL MOTILITY
Normal Physiology
Receptors and Signals
Prokinetic Drugs
Cholinergics
Metoclopramide
Domperidone
Cisapride
Miscellaneous and Pending Prokinetic Drugs

DRUGS AFFECTING THE INTESTINAL TRACT
Physiology, Pathophysiology, and Motility
Absorption and Secretion
Modulators of Intestinal Motility and Secretions
Drugs

GASTROINTESTINAL PROTECTANTS AND 
ABSORBENTS

LAXATIVES AND CATHARTICS
Emollient Laxatives
Simple Bulk Laxatives

Osmotic Cathartics
Irritant Cathartics
Enemas

AGENTS PROMOTING GASTROINTESTINAL 
FUNCTIONS
Digestive Enzymes
Antiflatulence Drugs

BIOTHERAPEUTICS: PREBIOTICS, PROBIOTICS,  
AND SYNBIOTICS
Product Definitions
Normal Microbiota

DRUGS AFFECTING THE LIVER
Cholagogues and Choleretics
Liver Protectants and Hepatotropic Agents
Miscellaneous Vitamins, Minerals, and Nutrients

TREATMENT OF SPECIFIC (NON-INFECTIVE) 
DISORDERS OF THE GASTROINTESTINAL TRACT
Diseases of the Oral Cavity
Diseases of the Esophagus
Diseases of the Stomach
Vomiting
Small Intestinal Diseases
Diseases of the Large Intestine
Inflammatory Bowel Disease
Liver Diseases
Sequelae of Chronic Liver Disease

PORTOSYSTEMIC SHUNTING
Diseases of the Pancreas and Acute Pancreatitis
Exocrine Pancreatic Insufficiency

DRUGS THAT TARGET APPETITE 
OR CALORIC BALANCE

Drugs that alter body weight play can be important in the the 
prevention or treatment of disease in dogs and cats. Targets 
of pharmacologic management of weight include decreased 
energy intake (e.g., appetite, caloric absorption), altered 
energy partitioning, and increased energy expenditure.

Appetite is controlled primarily, but not exclusively, by 
the ventral and lateral nuclei of the hypothalamus. The nuclei 
respond to both short- and long-term signals.1 Hypothalamic 
directives are influenced by energy, which in turn is influenced 

by ingestion, absorption, metabolism, and storage. Chemical 
signals mediating these directives act locally or distantly, often 
balancing one another. Signals include hormones, neuropep-
tides, cytokines and neurotransmitters, several of which are 
pharmacologic targets.

Although a discussion of energy utilization is too com-
plex and extensive for this text, understanding of the role of 
body fat in appetitic control and body weight has been mark-
edly advanced in the last decade and warrants review of those 
aspects relevant to drug therapy. In the arcuate nucleus, pri-
mary neurons detect concentrations of metabolites and sec-
ondary neurons synchronize signals and coordinate vagally 
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mediated responses. Among these neurons are two distinct 
populations of primary neurons and neuropeptides that con-
trol food intake and energy expenditure. Orexigenic peptides 
increase food intake and include neuropeptide Y (NPY) and 
agouti-related protein (AgRP); gamma amino butyric acid 
(GABA) is also released as an orexigenic signal. The NPY/
AgRP neurons direct the effects of leptin and ghrelin and 
stimulate feeding during states of fasting. They also influ-
ence the anorexigenic peptides, which decrease food intake. 
Anorexigenic peptids include the pro-opiomelanocortin 
(POMC) neurons which produce alpha-melanocyte hor-
mone (α-MSH), a powerful appetite suppressant, and the 
β-endorphins. . The POMC extensively communicates with 
hypothalamic neurons as well as other regions that regulate 
energy. Both orexigenic and anorexigenic neurons have recep-
tors for balancing signaling molecules, which often cause 
opposing effects by interacting at the same ligand. NPY and 
α-MSH ,located in the ventromedial nucleus of the appetite 

center, are considered balancing hormones. Other stimulatory 
mediators include norepinephrine (α2-receptors), dopamine 
(possibly D1 receptors), and opiate and pancreatic polypep-
tides. Although GABA also stimulates appetite, its effect may 
vary with route of administration.1 Other inhibitory mediators 
include serotonin (5-hydroxytryptamine [5-HT]), calcitonin, 
cholecystokinin, and corticotrophin-releasing factor. In addi-
tion to their central roles, several of these mediators influence 
energy metabolism peripherally.

Among the major target tissues for signals modulating 
energy metabolism is adipose tissue, which is now a recog-
nized endocrine organ (Figure 19-1). Hormones play a criti-
cal role in energy homeostasis, insulin sensitivity, and lipid 
and carbohydrate metabolism. The system appears to be more 
sensitive to preventing starvation rather than obesity. Leptin 
and insulin appear to be the predominant mediators that sig-
nal adiposity: both circulate in proportion to body fat, enter 
the central nervous system (CNS) in proportion to plasma 
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Angiogenesis
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Figure 19-1 The complex interactions between adipose and other organs. The adipocyte is influenced by a number of factors 
and responds with paracrine, autocrine, and endocrine responses. Leptin is produced by many tissues, but particularly white 
adipose tissue. It inhibits food intake and increases energy expenditure while increasing insulin sensitivity (by way of activation 
of AMP kinase). Central influences include reproductive and neuroendocrine functions. In the adipocyte leptin is influenced by 
changes in adipocyte glucose metabolism as insulin secretion responds to food intake. Adiponectin also increases insulin sensi-
tivity (through activation of AMP kinase), resulting in increased fatty acid oxidation in the muscle and liver and decreased hepatic 
triglycerides. Acetylation-stimulating protein also reduces hepatic glucose production. Solid arrows, stimulate; dashed arrows, 
inhibit; DGAT, diglycerol acyltransferase; TZD, thiazolidinediones.
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concentrations, and interact with CNS receptors that influence 
energy regulation, as reviewed by Havel.2 Other important 
peripheral mediators include acetylation-stimulating protein 
(ASP) and adiponectin, each being principally regulated by 
host nutritional status.

Leptin was discovered in obese mice that randomly 
emerged as mutants among normal populations. At least six 
leptin receptors (“LepR”, a through f) are associated with the 
ob gene (Ob-R) (obesity gene), suggesting a complex role for 
this hormone. 3 Leptin receptors are similar to class I cytokine 
receptors, perhaps linking cytokines to diseases associated 
with obesity disorders.3

Currently, little information appears to be available regard-
ing leptin content in dogs or cats and information must be 
drawn from other species. Although most organs produce 
leptin, white adipose tissue is the primary source, with the 
amount produced varying among species: more leptin is 
produced in subcutaneous compared with omental fat in 
humans, but the opposite is true in rats.3 In humans, leptin 
content is greatest in the heart, liver, small intestine, prostate, 
and ovaries versus the lung and kidney in mice. Each tissue 
may have a particular receptor isoform, allowing differential 
roles among tissues. Leptin plays an important, albeit com-
plex, role in the peripheral regulation of adipose tissues. Its 
primary function is as a lipostat, communicating to other tis-
sues the current status of body fat reserves. As such, leptin 
mediates fuel movement and use (see Figure 19-1) and energy 
expenditure. 3 It is more effective in signaling deficient rather 
than excessive energy reserves.2 Activated leptin receptors 
induce satiety in the appetite center (inhibition of NPY, stim-
ulation of alpha-MSH neurons). Leptin also appears to influ-
ence thermogenesis. Peripherally, leptin appears to increase 
hematopoiesis, angiogenesis, wound repair, and puberty; its 
role in reproduction is particularly complex. Leptin is pri-
marily regulated by food-induced responses to insulin, with 
influences being more dramatic during fasting and character-
ized by diurnal variation.2 In normal animals, insulin appears 
to directly regulate leptin gene expression and excretion in 
adipose tissue; it also indirectly influences it through adipo-
cyte glucose use and oxidative metabolism. Both hormones 
increase in concert.3 Both leptin and insulin share inhibitory 
signal transduction pathways in response to food.2 Leptin, 
in turn, appears to inhibit insulin secretion, and, peripher-
ally competes with insulin; however conflicting results also 
suggest that leptin has no effect on insulin.2,3 Glucocorti-
coids appear to stimulate leptin gene expression, although it 
is not clear if this effect is direct (gene expression) or indi-
rect (altered food intake or insulin concentrations). Leptin is 
downregulated by melatonin at night; accordingly, humans 
with short sleep cycles may be predisposed to obesity. Deple-
tion of body stores is not detected in hypoleptimemic animals, 
and as such, is more dangerous than hyperleptinemia. In 

humans, hypoleptinemia is associated with neuroendocrine, 
reproductive, metabolic, and immunologic imbalances,and 
in rodents, marked insulin reistance and hyperlipidemia.2 
Leptin concentrations in persons with eating disorders char-
acterized by anorexia are similar to or lower than concentra-
tions in persons without eating disorders.3 . Its role in chronic 
liver disease increasingly is being recognized.4 Many of these 
abnormalities can be normalized in humans with recombi-
nant human leptin. Differences in genes (including muta-
tions) regulating leptin also are linked to human obesity with 
hyperleptinemia indicating leptin resistance.

The second major hormone influencing energy metabo-
lism, ASP, is produced from complement factor C. Locally, 
ASP paracrine actions in adipose tissue include increased 
glucose uptake and diacylglycerol acyltransferase activity 
and decreased hormone-sensitive lipase (see Figure 19-1). 
As such, adipocyte triglyceride synthesis and storage increase 
after eating, resulting in increased free fatty acids and triglyc-
eride clearance. Serum ASP concentrations are increased by 
lipids, and increase in proportion to body fat in obese human 
patients; they decrease during states of fasting. Insulin may 
control ASP in reponse to eating or fasting; ASP in turn may 
directly stimulate insulin secretion.

Adiponectin, a large protein secreted by adiopocytes, is a 
third hormone influencing energy metabolism. Its biologi-
cal effect varies with its state of diamerization.2 Adiponectin 
appears to influence lipid and carbohydrate metabolism both 
directly and indirectly (see Figure 19-1). Adiponectin appears 
to be necessary for normal insulin actions. Concentrations 
are reduced in patients with type 2 diabetes compared with 
nondiabetic humans.2 The effect of adiponectin on decreased 
circulating glucose are independent of fat content and occurs 
without influencing insulin secretion. Mechanisms may 
include decreased hepatic glucose formation and increased 
tissue glucose use by decreasing insulin resistance. Circulating 
adiponectin is negatively correlated with the content of body 
fat, particularly visceral (e.g., omental) rather than subcuta-
neous in humans.2 Adiponectin may reduce ectopic fat in the 
liver and muscle through increased fat oxidation. Thus, low 
visceral fat may reduce adiponectin production, contribut-
ing to insulin resistance associated with obesity.2 The impact 
of insulin on adiponectin is not clear. Among the emerging 
effects of adiponectin is protection against inflammatory car-
diovascular disease (including atherosclerosis), which may 
explains the relationship between body fat and cardiac disease. 
Cytokines, catecholamines, and glucocorticoids decrease adi-
ponectin production, which may contribute to their charac-
teristic incease in insulin resistance.

KEY POINT 19-1 Adipose tissue has emerged as one of the 
biggest endocrine organs, affecting appetite and energy 
homeostasis.

KEY POINT 19-2 Leptin acts as a lipostat, communicating to 
the tissue the status of fat reserves.

KEY POINT 19-3 Adiponectin influences lipid and carbo-
hydrate metabolism and is necessary for normal insulin 
action.
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A final signal able to centrally influence energy metabolism 
is ghrelin. Located in peripheral tissues, ghrelin is released by 
an empty stomach, appears to oppose leptin in the hypothala-
mus, and has been shown to increase food intake and decrease 
energy expenditure.

Control of appetite through pharmacologic manipulation 
of orixogenic and anorexigenic signals has proven difficult. 
Obvious targets which might suppress appetite (e.g., α-MSH) 
have profound impacts in multiple body systems, increasing 
the risk of adverse reactions. The complexties of regulation 
contribute to the risk of adversity. For example, alternate path-
ways of synthesis or response tend to emerge with blockade of 
a target signal.

APPETITE STIMULANTS

Studies regarding the pharmacologic control of appetite have 
traditionally focused on decreased, rather than increased, food 
intake, particularly in humans. However, the role of cachexia 
associated with weight loss and anorexia in human patients 
with cancer has stimulated a renewed interest in appetite stim-
ulants.5 Drugs that inhibit gluconeogenesis, such as hydrazine 
sulfate, or promote gastric emptying, such as metoclopramide, 
have been used successfully to stimulate food intake in some 
human patients.5 The use of steroids, including megestrol ace-
tate, in treatment of cachexia is discussed later in this chap-
ter.5 Both glucocorticoids and B vitamins have been used to 
nonspecifically stimulate appetite in animals. Drugs used to 
treat depression and psychosis in human patients are associ-
ated with appetite increase and weight gain.6 They antagonize 
a variety of receptors, although their clinical potency is often 
related to increased serotonin, which may, in fact, decrease 
appetite in some patients.

Mirtazapine is a piperazino-azepine antidepressant charac-
terized by serotonergic activity as a result of 5-HT-1 agonistic 
activity and inhibition of serotonin reuptake.7 Sympathetic (nor-
epinephrine) actions reflect antagonism of α -2 autoreceptors as 
well as influences by other receptors. As a behavior-modifying 
drug, mirtazapine is discussed in greater depth in Chapter 26. 
Anecdotally, mirtazapine has been used to stimulate appetite in 
either dogs or cats, the latter at 3 mg/cat every 72 hours.

The benzodiazepines diazepam (Valium) and oxazepam, 
a metabolite of diazepam (Serax), have successfully induced 
appetite in cats, probably through gabaminergic effects and 
central inhibition of the satiety center in the hypothalamus 
(Table 19-1).8 Diazepam is administered intravenously or 
orally, whereas oxazepam is administered orally. Of the two 
drugs, diazepam may be more effective, although sedation is 
greater. The benzodiazepines do not stimulate appetite in the 
dog as effectively as in the cat. Hepatotoxicity associated with 
diazepam therapy when used as an appetite stimulant has been 
reported in cats9,10 and is discussed in more depth in Chapter 
27. Toxicity appears to be idiosyncratic and thus may not be 
predictable; it is not likely to happen in a large percentage of 
animals receiving the drug.

Cyproheptadine, an antihistamine with antiserotonin 
properties, has caused weight gain in geriatric human patients 

and in adults and younger patients afflicted with eating dis-
orders. Its mechanism probably reflects inhibition of seroto-
nergic receptors that control appetite. Serotonin antagonists 
also increase food intake in cats,1 and cyproheptadine has 
been used clinically to stimulate the appetite of some anorexic 
cats. Cyproheptadine kinetics have been reported in the cat. 
Oral bioavailability of the tablet is 100%, and the elimination 
half-life approximates 13 hours.11 Cats tolerated a dose of 8 mg 
orally with no adverse effects, although impact on appetite was 
not described. Based on this study, once- to twice-daily dosing 
of 8 mg appears to be safe.

Cachexia
Cachexia is an involuntary state characterized by loss of more 
than 5% of body weight. In humans it occurs over a defined 
period, generally of 2 to 6 months. Ultimately, it is a condi-
tion of starvation characterized by depletion of body mass, 
particularly muscle, but to a lesser degree, adipose tissue.12 
Cachexia develops in 50% of human patients with cancer, con-
tributing to substantially shortened survival times. Cachexia 
also is a manifestation of other chronic diseases, including 
(in humans), acquired immune-deficiency syndrome (AIDS), 
heart failure, rheumatoid arthritis, Crohn’s disease, chronic 
obstructive pulmonary disease, and chronic renal disease.12 
It appears to be a cytokine-driven process, with key compo-
nents including anorexia and a state of hypercatabolism. The 
principle cytokines appear to include TNF-alpha, interleukins 
1 and 6, and interferon-γ Of these, TNF-alpha is presumed to 
stimulate mechanisms that lead to severe cachexia.12 Muscle 
wasting may reflect inhibition of myogenic differentiation; 
an energy sink may result from increased concentrations of 
mitochondrial uncoupling proteins. Lipoproteinase activity 
is inhibited by TNF-alpha. Interleukins contribute to CNS-
mediated anorexia and decreased albumin synthesis in the 
liver. Megestrol acetate is the only treatment approved by the 
Food and Drug Administration for cancer or AIDS-related 
cachexia syndromes in humans.12 Other less commonly used 
drugs are glucocorticoids, anabolic steroids, antiseratonergic 
drugs, dronabinol, and prokinetic drugs.

Megestrol is a synthetic derivative of progesterone.12 As 
such, megestrol acetate targets cachexia by directly and indi-
rectly stimulating appetite and antagonizing the catabolic met-
abolic effects of cytokines. As with other steroidal hormones, 
the effects of megestrol (and progesterone) involve passive dif-
fusion into the cell and binding to specific intracellular proges-
terone receptors A or B (PR-A or -B) and heat shock proteins. 
The drugs move into the nucleus, bind to progesterone 
response elements on target genes, and influence transcription 
through inhibition (PR-A) or stimulation (PR-B) of other ste-
roid response elements. Although the majority of progesterone 
effects are genomic, nongenomic actions also occur. Metabolic 
effects of progesterone include increased basal insulin concen-
tration and increased response to carbohydrate load; increased 
lipoprotein lipase with altered fat deposition, plasma lipid, and 
lipoprotein concentrations; and modulation of body tempera-
ture.12 In humans and animal models of cancer, megestrol 
stimulates appetite, increases caloric intake, induces a sense 
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Table 19-1  Doses for Treatment of Gastrointestinal Disorders161

Drug Indication Dose Route Interval (hr)

6-aminosalicylic acid See Mesalamine
Activated charcoal Gastrointestinal adsorbent 1 g/5-10 mL water. Administer 

6-12 mL of slurry/kg; follow 
with 0.9% saline cathartic

PO 6 hr for several days

1-8 g/kg (granules) PO 6 hr for several days
Aluminum hydroxide Phosphate binder 30-90 mg/kg PO (with food) 8-24
Aluminum magnesium 

hydroxide
Laxative 2-10 mL PO 2-4

3 mg/kg (C) PO 24
Aminopentamide Antidiarrheal 0.1-0.4 mg IM, PO, SC 8-12

0.01-0.03 mg/kg IM, PO, SC 8-12
0.1 mg/cat IM, PO, SC 8-12

Ammonium chloride Ammonium tolerance test 0.1 mg/kg of 5% solution Rectally Once
100 mg/kg. Maximum of 3 g PO Once

Apomorphine Emesis 0.02-0.04 mg/kg (D) IM, IV Efficacy lost with subse-
quent doses

0.08-0.1 mg/kg (D) IM, SC Efficacy lost with subse-
quent doses

0.25 mg Topical (conjunctival 
sac)

Flush once emesis begins; 
efficacy lost with subse-
quent doses

Aprotinin Pancreatitis (protease  
inhibitor)

5000 kallikrein inhibitor units 
(KUI)/kg

IP (preferred), IV 6-8

Ascorbic acid Copper-induced  
hepatotoxicity

500-1000 mg/day (D) PO 24

Feline infectious peritonitis 25 mg/kg or 125 mg (C) PO 24
Acetaminophen toxicosis 30 mg/kg (C) PO, SC 6 hr × 7 treatments
Urinary acidifier 100-500 mg (D) PO 8-24

100 mg (C) PO 8-24
Atracurium besylate Hypersialism 0.02 mg/kg SC As needed
Atropine Hypersialism 0.02 mg/kg SC As needed

Cholinergic toxins 0.2-2 mg/kg Administer 0.25 of the 
total dose IV and 
the remaining dose 
SC, IM

To effect

Azathioprine Myasthenia gravis 2 mg/kg (D) PO 24 × 7 days then every 48
Chronic atrophic gastritis 0.5 mg/kg (D) PO 24-48
Lymphocytic or eosinophilic 

enteritis
2-2.5 mg/kg (D) PO 24-48

0.2-0.3 mg/kg (C) PO 24-48
Chronic active hepatitis 2-2.5 mg/kg (D) PO 24

Bisacodyl Stool softener 5-20 mg/dog PO 24 or as needed
2-5 mg/cat PO 24 or as needed
1-3 suppositories Rectally 24 or as needed
1-2 mL enema Rectally 24 or as needed

Bismuth subcarbonate Gastrointestinal tract 
 protectant

0.3-3 g PO 4

Bismuth subsalicylate Gastrointestinal tract 
 protectant

175-524 mg/dog PO 4-6

4.4-52 mg/kg (D) PO 6-8
4.4 mg/kg (C) PO 4-6
18-52 mg/cat PO 4-6

Bran Bulk laxative Approximately 15-30 mL (1-2 
tbsp)/400 g food

PO As needed
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Continued

Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Budesonide Inflammatory bowel disease 1 mg/small dog or cat PO 24

2 mg/large dog PO 24
Calcium acetate  

(contains 0.235 mg 
elemental calcium)

Phosphate binder 60-100 mg/kg PO 24

Calcium carbonate (con-
tains 0.4 mg elemental 
calcium)

Antacid 0.5-5 g/dog PO As needed

Cascara sagrada Laxative, stool softener 1-4 mL/dog PO 12 to effect
0.5-1.5 mL/cat PO 12 to effect

Castor oil Cathartic, stool softener 8-30 mL/dog PO 12 to effect
4-10 mL/cat PO 12 to effect

Chlordiazepoxide– 
clidinium

Irritable colon syndrome 0.1-0.25 mg/kg (D). Based on 
clidinium dose

PO 8-12

Chlorpromazine hydro-
chloride

Antiemetic 0.5 mg/kg IM, IV, SC 6-8

0.05-0.5 mg/kg (D) IM, SC 6-24
1 mg/kg (D) Rectally 8
3.3 mg/kg (D) PO 6-24
1.1-6.6 mg/kg (D) IM 6-24

Irritable colon syndrome 0.5 mg/kg (D) IM 8-24
2 mg/kg (D) PO 8-24

Cholestyramine Short bowel syndrome 200-300 mg/kg PO 12
1-2 g/dog PO 12

Cimetidine Esophagitis, gastric ulceration, 
antiemetic, chronic gastritis, 
GI tract ulceration

5-15 mg/kg IM, IV, PO 6-12 (D), 8-12 (C)

Gastrinemia 5-15 mg/kg IV, PO, SC 6
Effects of mast cell tumors 5 mg/kg (D) IV, PO 6-8
Immunomodulator 6-10 mg/kg IM, IV, PO 8

Cisapride Prokinetic 0.1-0.5 mg/kg (D) PO 8-12
2.5-7.5 mg (C) PO 8-12

Clindamycin Stomatitis, acute pancreatitis 5-10 mg/kg IM, IV 8
Pancreatic exocrine insuf-

ficiency
5-10 mg/kg PO 6-8, 30 min before meals

Clonidine Refractory diarrhea, inflam-
matory bowel disease

1-10 μg/kg (C) PO, SC 8-12

Codeine Diarrhea 0.25-0.5 mg/kg (D) PO 6 - 8
Colchicine Chronic hepatic fibrosis 0.01-0.03 mg/kg (D) PO 24
Cyanocobalamin See Vitamin B12 PO 24
Cyclizine Antiemetic 4 mg/kg IM 8
Cyproheptadine hydro-

chloride
Antihistamine 1.1 mg/kg (D) PO 8-12

Appetite stimulant 2-4 mg/cat PO 12-24
Dexpanthenol (panto-

thenic acid)
Intestinal atony 11 mg/kg IM 4-6

Diazepam Irritable colon syndrome 0.15 mg/kg (D) PO 8
Appetite stimulant 0.05-0.4 mg/kg (C) IM, IV, PO 24 or 48

1 mg/cat PO 24

Dicyclomine Acute colitis, irritable colon 0.15 mg/kg (D) PO 8
Dimenhydrinate Motion sickness 25-50 mg/dog PO 8-24

12.5 mg/cat PO 8
4-8 mg/kg PO 8
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Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Dicyclomine Detrusor hyperspasticity or 

urge incontinence
5-10 mg PO 6-8

Acute colitis, irritable colon 0.15 mg/kg (D) PO 8
Dioctyl sulfosuccinate Stool softener 25 mg/small dog or cat PO 12-24

50-100 mg/medium or large 
dog

PO 12-24

Diphenhydramine Antihistamine 2-4 mg/kg PO 6-8
Mast cell disease, antiemetic 2 mg/kg IM, IV (slowly) 12 or as needed
Anaphylaxis, urticaria 2 mg/kg IM, IV (slowly) 12 or as needed
Angioneurotic edema 2 mg/kg IM, IV (slowly) 12 or as needed
Antipruritic, allergic skin 

disease
1-2 mg/kg (D) PO 8-12

5-50 mg IM 12
Diphenoxylate (contains 

atropine)
Acute colitis, irritable colon 

syndrome
0.1-0.2 mg/kg (D) PO 8

0.05-0.2 mg/kg (C) PO 12
Antidiarrheal 2.5-10 mg (D) PO 8

0.6-1.2 mg (C) PO 8-12
Dirlotapide Weight loss 0.1 ml/kg (D) PO 24 × 14 days

0.2 ml/kg (D) PO 24 × 14 days, then base on 
current weight (see pack-
age insert)

Docusate calcium, 
sodium

Stool softener 25-200 mg (D) PO 12

50 mg/cat PO 12-24
Dolasetron mesylate Antiemetic 0.6 mg/kg IV, PO, SC 24
Domperidone Prokinetic agent, antiemetic 2 mg/kg PO 12-24

0.1-0.3 mg/kg IM, IV, PO 12
D-Penicillamine Copper hepatopathy 10-15 mg/kg PO (on an empty 

stomach)
12

125 -250 mg/dog PO (on an empty 
stomach)

12

Edrophonium Tensilon test 0.11-0.22 mg/kg (D).  
Maximum of 5 mg

IV Once

0.1-0.5 mg/puppy IV Once
0.25-0.5 mg/cat IV Once

Emetine Emesis 1-2.5 mL/kg (D). Maximim of 
6.6 mL/kg

PO Once

3.3 mL/kg, dilute 50:50 with 
water (C)

PO Once

Famotidine Gastric ulcers, esophagitis 0.5-1 mg/kg (D) IM, IV, PO, SC 12-24
Flumazenil Hepatic encephalopathy 0.01-0.02 mg IV As needed
Flurazepam Appetite stimulant 0.5 mg/kg (D). Maximum of 30 

mg/day
PO 4-7 days

Folic acid Nutritional supplement 0.25-0.5 mg/kg (C) PO 24
Supplement to pyrimeth-

amine
2.5 mg/cat PO 24

Glucosamine sulfate Gastrointestinal  
inflammation

0.5 g/kg PO 24

Glycerin, enema Constipation/obstipation 250 mg or 12 mL glycerin Rectally 1; repeat once only
Glyceryl monoacetate Hypersialism 0.01 mg/kg SC As needed
Glycopyrrolate Hypersialism 0.01 mg/kg SC As needed
Granisetron Antiemetic 0.01 mg/kg IV, PO As needed



679CHAPTER 19 Gastrointestinal Pharmacology

Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Hydrogen peroxide 3% Emetic 5-10 mL PO Repeat in 20-30 minutes one 

time only
Ipecac syrup Emetic 1-2.5 mL/kg (D). Maximum of 

15 mL
PO Repeat once in 20 min

Isopropamide/prochlor-
perazine

Antiemetic, antidiarrheal 0.14-0.22 mg/kg (D) SC 12

0.5-0.8 mg/kg (C) IM, SC 12
Kaolin/pectin Gastrointestinal tract 

 protectant
3-6 g/kg PO 2-6

Lactitol Stool softener, hepatic 
encephalopathy

250 mg PO 12

Lactulose Stool softener, hepatic 
encephalopathy

0.5 mL/kg (D) PO 8 or to achieve 2-3 soft 
stools per day

5-45 mL/dog PO 8
2.5-5 mL/cat PO 8
0.25-1 mL/cat PO 12-24
5-10 mL/cat (diluted 1:3 with 

water)
Rectally To effect

Constipation 1 mL/4.5 kg (D) PO 8, to effect
Levodopa Hepatic encephalopathy 6.8 mg/kg initially, then 1.4 

mg/kg
PO 6

Lime water Alkaline gastric lavage 5 mL/kg PO Once
Loperamide Antidiarrheal, acute colitis 0.06-0.20 mg/kg (D) PO 8-12

0.1-0.3 mg/kg (C) PO 12-24
0.08-1.16 mg/kg (C) PO 12

Magnesium citrate Laxative 2-4 mL/kg PO 12-24 or to effect
Magnesium hydroxide Antacid 5-30 mL/dog PO 12-24

5-10 mL/cat PO 8-24
Cathartic 15-50 mL/dog PO 24 or to effect

2-6 mL/cat PO 24
Magnesium oxide Antacid, laxative 1-2 mEq/kg PO 24
Magnesium salts Cathartic, stool softener 0.75-1 mEq Mg2+/kg IV Over 24 hrs; CRI thereafter

0.3-0.5 mEq/kg IV 24
Magnesium sulfate 25% Hypomagnesemia 5-15 mL IM, IV over 1-2 hr Repeat as needed
Maropitant Acute vomiting 1-2 mg /kg (D) PO, SC 24

Motion sickness 8 mg/kg (D) PO 24 × 2 days
Acute vomiting, motion 

 sickness
1 mg/kg (C) PO, SC 24

Meclizine Antiemetic, motion sickness 25 mg/dog PO 24, beginning 1 hr before 
riding in car

4 mg/kg PO 24
12.5 mg/cat PO 24, beginning 1 hr before 

riding in car
Megestrol acetate Appetite stimulant/ 

anticachexia
0.25-5 mg/kg (C) PO 24 × 3-5 days then every 48 

to 72 hr
Mesalamine Inflammatory bowel disease 10-20 mg/kg (D) PO 6-8

Metamucil (psyllium) Laxative 2-10 g/dog PO (in moistened food) 12-24
2-4 g/dog PO (in moistened food) 12-24

Methscopolamine bro-
mide

Antiemetic, decongestant 0.3-1 mg/kg PO 8. Use cautiously in cats

Methylcellulose Laxative 0.5-5 g/dog PO As needed
1-1.5 g/cat PO As needed

Continued



680 Drugs Targeting Body Systems SECTION 3

Table 19-1  Doses for Treatment of Gastrointestinal Disorders161 —cont’d

Drug Indication Dose Route Interval (hr)
Metoclopramide Gastric motility disorders, 

antiemetic
0.2-0.5 mg/kg IM, PO, SC 6-8

5 to 20 μg/kg (0.005 - 0.02 
mg/kg)

IV CRI

Gastric reflux 0.2-0.4 mg/kg PO 8. Administer 30 min before 
meals and at bedtime

Metronidazole Cholangitis 7.5 mg/kg PO 8
Bacterial overgrowth 10 to 15 mg/kg PO 12
Stomatitis 10 to 15 mg/kg PO 12
Giardia 10-30 mg/kg PO 12-24

Milk thistle (silymarin) Hepatoprotection 50-250 mg PO 12-24
30 mg/kg (D) PO 24

Mineral oil Laxative 5-30 mL (D) PO, rectally 12
1-2 mL/kg (D) PO, rectally 12
5-10 mL (C) PO, rectally 12

Mirtazapine Appetite stimulant 3.75 mg/cat (0.25 of a 15 mg 
tablet)

PO As needed

Misoprostol Gastric protectant 1-5 μg/kg (D) PO 6-8
Nandrolone decanoate Anabolic effects, appetite 

stimulant
5 mg/kg (D). Maximum of  

200 mg/week
IM 2-3 weeks

Bone marrow or appetite 
stimulant

1-3 mg/kg (D). Maximum of  
200 mg per week

IM Every 7 days

Neostigmine Myasthenia gravis <5 kg: 0.25 mg/dog IM 6
5-25 kg: 0.25-0.5 mg/dog IM 6
>25 kg: 0.5-0.75 mg/dog IM 6
40 μg/kg or 0.04 mg/kg (D) SC 6-8
40 μg/kg or 0.04 mg/kg (C) SC 6-8

Diagnostic aid for  
myasthenia gravis

40 μg/kg (D) IM Once

20 μg/kg IV Once
Nizatidine Gastric ulcers 5 mg/kg (D) PO 24

Prokinetic 2.5-5 mg/kg PO 24
Omeprazole Reflux esophagitis, gastroin-

testinal ulceration
0.7-2 mg/kg (D) PO 24 × 10-14 days

20 mg/dog PO 24
>20 kg: 1 capsule (20 mg) PO 24
<20 kg: 0.5 capsule (10 mg) PO 24
<5 kg: 0.25 capsule (5 mg) PO 24
0.5-1.5 mg/kg PO 24

Helicobacter (adjuvant) 0.7 mg/kg PO 24
Ondansetron Antiemetic 0.1-1 mg/kg PO 12-24

Loading dose: 0.5 mg/kg IV Once
Followed by: 0.5 mg/kg IV 1 h infusion

Intractable vomiting 0.11-0.176 mg/kg IV (slowly) 6-12

Olsalazine Inflammatory bowel disease 10-20 mg/kg (D) PO 8-12
Opium tincture Antidiarrheal 0.01-0.02 mg/kg PO 12
Oxazepam Appetite stimulant 2-2.5 mg (C) PO 12
Pancreatic enzyme Pancreatic exocrine insuf-

ficiency
0.5- 2 tsp PO (crush pills first) Mix with food. If cat is intol-

erant, then dose orally. 
Mixing 20 min in  
advance may not be 
necessary.
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Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Paregoric Antidiarrheal 0.05-0.06 mg/kg (5 mL of 

paregoric corresponds to 
approximately 2 mg of 
 morphine)

PO 8-12

Petrolatum, white Laxative 1-5 mL/cat PO 24
Phenobarbital Irritable colon syndrome 2.2 mg/kg (D) PO 12
Phosphate enemas Constipation, obstipation 1-2 mL/kg (medium and  

large D)
Rectally Once. Use cautiously

Polyethylene glycol Colonscopic procedure 20-33 mL/kg PO (volume may 
require orogastric or 
nasogastric tube)

In fasted (18-24 hr) animal, 
administer 2 doses 4-6 hr 
apart the day before the 
procedure. Follow with 
warm water enema before 
anesthesia.

60 mL/kg PO (volume may 
require orogastric or 
nasogastric tube)

In fasted (18-24 h) animal, 
administer 2 doses 4-6 h 
apart the day before the 
procedure. Follow with 
warm water enema before 
anesthesia.

Preoperative mechanical 
cleansing

60 mL/kg PO (volume may 
require orogastric or 
nasogastric tube)

The evening before surgery

Prednisolone/ 
Prednisone (++)

Eosinophilic ulcers, plasma 
cell gingivitis

1-2.2 mg/kg (D) PO 24 × 7 days, then taper to 
every 48

Eosinophillic gastritis, 
 enteritis colitis

1-3 mg/kg (D) PO 24, then taper to every 48

Plasmacytic/lymphocytic 
enteritis

1-2 mg/kg PO 12, then taper dose weekly

Lymphocytic cholangitis, 
chronic active hepatitis, 
copper hepatopathy

0.25-2 mg/kg (D) PO 12

Myasthenia gravis 0.5 mg/kg (D) PO 12 initially. Slowly increase 
to every 24 until remis-
sion then every 48.

Prochlorperazine Antiemetic 1 mg/kg (D) PO 12
0.13-0.5 mg/kg (D) IM 6-8
0.1 mg/kg IM 6
0.13 mg/kg (C) IM 12
0.5 mg/kg (C) PO 6-8

Promethazine 
 hydrochloride

Antihistamine, antiemetic 0.2-0.4 mg/kg. Maximum of  
1 mg/kg

IM, IV, PO 6-8

Acute colitis, irritable colon 
syndrome, antiemetic

0.22-0.5 mg/kg PO 8. Maximum of 3 days

Antiemetic, antidiarrheal 0.25 mg/kg PO 8

Propantheline bromide Anticholinergic 0.25-1 mg/kg (D) PO 8
7-30 mg/dog PO 8
0.8-1.6 mg/kg (C) PO 8
7.5 mg/cat PO 8

Prucalopride Colonic motility 0.02-1.25 mg/kg (D) IV, PO Frequency not established
0.64 mg/kg (C) IV, PO Frequency not established

Psyllium Bulk laxative 3.4 g/5-10 kg (D) PO (with food) As needed
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Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Pyridostigmine bromide Myasthenia gravis 0.2-3 mg/kg (D) PO 8-12. Administer anticho-

linergic first. Start at a 
low dose and increase as 
needed.

0.3-0.5 mg/kg PO 8-12
7.5-30 mg/dog PO 12
<5 kg: 45 mg/dog PO 6
5-25 kg: 45-90 mg/dog PO 6
>25 kg: 90-135 mg/dog PO 6
0.02-0.04 mg/kg IV 2
Initial dose: 0.25 mg/kg (C) PO Once
Followed by: 1-3 mg/kg (C) PO 8-12

Ranitidine hydrochloride Esophagitis, gastric reflux 1-2 mg/kg (D) PO 12
Chronic gastritis, gastroin-

testinal tract ulceration, 
gastrinoma

2-4 mg/kg (D) PO 8-12

0.5 mg/kg IV, PO, SC 12
Hypergastrinemia from 

chronic renal failure
1-2 mg/kg, or (D) PO 12

0.5 mg/kg (D) IV, SC 12
3.5 mg/kg (C) PO 12
2.5 mg/kg (C) IV 12

Riboflavin (vitamin B2) Nutritional supplement 10-20 mg/day (D) PO 24
S-adenyosyl methionine Hepatopathy, behavioral dis-

orders, degenerative joint 
disease

<5.5 kg: 90 mg PO (on an empty 
stomach)

24

5.5-11 kg: 180- 225 mg PO (on an empty 
stomach)

24

11-16 kg: 225 mg PO (on an empty 
stomach)

24

16-30 kg: 450 mg PO (on an empty 
stomach)

24

30-41 kg: 675 mg PO (on an empty 
stomach)

24

>41 kg: 900 mg PO (on an empty 
stomach)

24

Hepatitis 17-20 mg/kg PO (on an empty 
stomach)

24

200 mg/cat PO (on an empty 
stomach)

24

Scopolamine hydrobro-
mide

Antiemetic 0.03 mg/kg (D) IM, SC 6

Selenium Pancreatitis, acute 0.1 mg/kg IV CRI
Senna (granules) Laxative 2.5 mL (0.5 tsp)/cat PO (with food) 24
Senna (syrup) Laxative 5 mL/cat PO 24
Silymarin See Milk thistle
Simethicone Antiflatulence 0.5-2 mg/kg PO 6
Sodium sulfate  

(Glauber’s salt)
Cathartic 1 g/kg (D) PO 4 × 6

50 mg/kg of a 1.5% solution 
made with water (C)

PO 4 × 6

5-20 g/dog PO 4 × 6
2-5 g/cat PO 4 × 6

Sorbitol Laxative 3 mL/kg PO Once or to effect
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Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Sucralfate Gastrointestinal tract ulcer-

ation
0.5-1 g/dog PO 6-8; maximum efficacy will 

occur if administered 
before antisecretory drugs

0.25-0.5 g/cat PO 8-12; maximum efficacy 
will occur if administered 
before antisecretory drugs

Hemorrhagic pancreatits, 
vomiting with renal failure

0.5-1 g/dog PO 8; maximum efficacy will 
occur if administered 
before antisecretory drugs

Esophagitis, gastric reflux 0.5-1g, prepared as a slurry PO 8
Sulfobromophthalein 

sodium
Hepatic function testing 5 mg/kg IV Once. Collect serum 30 

minutes after injection
Tegaserod Colonic motility 0.03-0.3 mg/kg (D) IV 12
Tetramine Copper hepatopathy 10-15 mg/kg (D) PO 12
Thiamine, vitamin B1 Nutritional supplement 1-2 mg/cat IM 12 until resolution of signs

100-250 mg/cat IM, SC 12 until regression of symp-
toms

4 mg/kg PO 24
Initial dose: 10-20 mg/kg (C) IM, SC 8-12 until signs abate
Followed by: 10 mg/kg (C) PO 24 × 21 days
5-50 mg/dog IM, IV, SC 12-24
1-2 mg IM 12-24
2 mg/kg PO 24
100-250 mg SC 12 until regression of symp-

toms
Thiethylperazine Antiemetic 0.2-0.4 mg/kg (D) SC 8-12

0.13-0.2 mg/kg IM 8-12
Trimethobenzamide Antiemetic 3 mg/kg (D) IM 8-12
Tylosin Inflammatory bowel disease 10-40 mg/kg (C) PO 8-12
Ursodeoxycholic acid 

(ursodiol)
Hepatopathy 5-15 mg/kg PO 24 or divide dose and 

administer every 12
Viokase Pancreatic exocrine insuf-

ficiency
3 × 325 mg tablets or 2.2-4.4 g 

(1-2 tsp) of powder (D)
PO With each meal

1 × 325 mg tablet or 1.1-2.2 g 
(0.5-1 tsp) of powder (C)

PO With each meal

Vitamin A Nutritional supplement 400 IU/kg PO 24 × 10 days
Vitamin B12 Nutritional supplement 100-200 μg/dog PO, SC 24

50-100 μg/cat PO, SC 24
Inherited B12 malabsorption 0.25-1 mg/dog SC, IM 7 days × 1 month, then 

every 3 months
Vitamin B2, riboflavin Nutritional supplement 10-20 mg/dog PO 24

5-10 mg/cat PO 24

Vitamin E Malabsorption syndromes 100-500 IU/dog PO 24 × 4 wk
Vitamin K1, 

 phytonadione
Chronic liver disease 1-5 mg/kg PO, SC 12. Recheck coagulation at 2 

days and 3 weeks
1 mg/kg/day PO 24 x 4-6 weeks
5 mg/kg (C) IM 12-24
Loading dose: 2.5 mg/kg  

(small D)
SC (several sites) Once

Followed by: 0.25-2.5 mg/kg PO Divide dose and administer 
every 8-12

Loading dose: 5 mg/kg  
(large D)

SC (several sites) Once

Followed by: 5 mg/kg PO Divide dose and administer 
every 8-12
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of well-being, and causes weight gain, particularly of fat. Fat 
is the preferred weight gain because it provides more kilocalo-
ries per gram than proteins or carbohydrate and helps stabilize 
body temperatures.12 Megestrol decreases the effects, some-
times by inhibiting formation of TNF-alpha, interleukin-1 
(IL-1), and interleukin-6 (IL-6). Centrally, megestrol appears 
to modulate neurotransmitters responsible for appetite regula-
tion such as NPY, which in turn stimulates the release of other 
mediators. Megestrol may also stabilize declining concentra-
tions of β-endorphins in the cerebrospinal fluid.

Effects of megestrol are dose and (particularly for fat gain) 
duration dependent. Initial weight gain requires high concen-
trations (>300 ng/mL) for more than 40% of a 24-hour dosing 
interval. In humans this requires administration of the tablet 
four times daily. Megestrol acetate is used rather than other 
progestationals, which must be given parenterally.12 Bioavail-
abilty of megestrol acetate is variable, being greater with the 
oral solution compared to the tablet. With tablets, peak con-
centrations may vary 6 fold; variability is much less with the 
oral solution. Disposition is complex. Hepatic metabolism is 
necessary to free the steroid from acetate, with the steroids 
subsequently conjugated with glucuronic acid before elimina-
tion. Elimination also varies, with half-lives that range from 
13 to 105 hours. In humans, a single daily dose of the suspen-
sion (800 mg) achieves peak concentrations between 1500 and 
3000 ng/mL. Not surprisingly, the oral solution is associated 
with a much higher rate of response compared with the tab-
let. A micronized (nanocrystal) preparation is currently under 
investigation for human use.

Limited information is available regarding use of megestrol 
acetate in animals. The disposition of megestrol acetate has 
been described in Beagles as part of the preclinical assessment 
in humans. Four preparations were studied for 72 hours after 

administration of 10 mg/kg (by oral gavage) either in the fasted 
or the fed (high-fat meal) state. The preparations included two 
different nanocrystal oral solutions and two commercially 
available oral suspensions (Par Pharmaceutical and Bristol-
Myers). After the high-fat meal, peak concentrations (1600 
to 2200 ng/mL) and area under the curve (AUC) were higher 
with the nanocrystal oral suspensions compared with the 
commercially available oral suspensions (both approximat-
ing 300 ng/mL). Although the elimination half-life was not 
reported, the disappearance half-life of megestrol appeared to 
be between 10 and 20 hours.12

Megestrol acetate appears to be better tolerated in humans 
compared with animals. The primary adverse events in 
humans are thromobembolic, reflecting increased thrombin 
receptors in smooth muscles. Venous distention and capaci-
tance increase, contributing to reduced blood flow and stasis. 
Addison’s disease and glucose intolerance are sporadically 
reported, reflecting its intrinsic corticosteroid activities.12

Anecdotally, megesterol acetate has been effective in dogs 
to treat chemotherapy-induced nausea and inappetence. How-
ever, in humans a prospective randomized controlled clinical 
trial in cachectic human cancer patients compared the effi-
cacy of an anabolic steroid (fluoxymesterone [10 mg, 0.142 
mg/k] twice daily), megestrol acetate tablets (800 mg [11.4 
mg/kg] once daily), and a glucocorticoid (dexamethasone, 
0.75 mg [0.01 mg/kg] four times daily) as appetite stimulants. 
Of the three ,the anabolic steroid was least (significantly) and 
megestrol (nonsignificantly) most clinically effective. Gluco-
corticoids usually were discontinued because of side effects, 
although megestrol acetate was associated with the most 
thromboembolic events.13

APPETITE SUPPRESSANTS 
AND ANTI-OBESITY DRUGS

Obesity is a physiologic disorder of energy balance in which 
energy intake exceeds energy expenditures. Excessive energy 
is stored as fat. In rodent models and humans, leptin deficiency 

KEY POINT 19-4 Megestrol acetate targets cachexia either 
directly and indirectly, stimulating appetite and antagoniz-
ing the catabolic metabolic effects of cytokines.

Table 19-1  Doses for Treatment of Gastrointestinal Disorders161—cont’d

Drug Indication Dose Route Interval (hr)
Acute hepatopathy 2-3 mg/kg (small D) SC 12, until coagulation normal

5 mg/kg (large D) SC 12, until coagulation normal
15-25 mg/ small cat IV 24 × 7 or until coagulation 

normal
15-25 mg/large cat IV 24 × 3-4 weeks until coagu-

lation normal. Check 
1-2 days after therapy 
discontinued

Xylazine Emetic 0.44 mg/kg (C) IM To effect
Zinc acetate Copper hepatotoxicosis 5-10 mg/kg (D) PO 12

Initial dose: 100 mg/dog PO 12 × 3 months
Maintenance dose: 50 mg/dog PO 12

Zinc sulfate Copper hepatotoxicosis 5-10 mg/kg (D) PO 12

PO, By mouth; C, cat; IM, intramuscular; SC, subcutaneous; D, dog; IV, intravenous; IP, intraperitoneal; GI, gastrointestinal; CRI, constant-rate infusion.
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or leptin resistance can result in obesity caused by hyperpha-
gia and decreased energy expenditure.3 Other characteristics 
of obesity in humans include non–insulin-dependent diabe-
tes mellitus, severe insulin resistance, hypothermia and cold 
intolerance, infertility, and decreased lean body mass.3

Anti-obesity drugs might target mediators of appetite or 
satiety. However, differences in response to drugs that affect 
appetite limit extrapolation of studies among species. Hypo-
leptinemia has been associated with obesity. However, obesity 
appears to be accompanied by resistance to leptin or leptin-
like drugs. Alternative targets for treatment of obesity might 
include mediators of leptin actions, including NPY, Y1 and 
Y5 receptor agonists, and melanocortin MC4 receptors. Cen-
tral chemical targets for drugs that might influence appetite 
include all mediators, their receptors, or upstream regulators 
of mediator release. These include anorexigenic signals such 
as α-MSH, opioids, and serotonin (specifically the 5-HT2C 
receptor) or mediators of satiety that emerge after food inges-
tion, such as cholecystokinin (CCK), glucagon-like peptide-1 
(GLP-1), ghrelin, peptide YY (PYY), bombesin-like pep-
tides, enterostatin, oxyntomodulin, and apolipoprotein IV 
(apoAVI).

Among the drugs studied for central suppressant effects are 
cannabinoids, the manipulation of which may influence con-
sumption of highly palatable foods. For example, rimonabant 
is a cannabinoid receptor type 1 (CB1) receptor antagonist 
that decreases intake of palatable foods, leading to decreased 
body weight in rodents. However, dogs (and other species) 
respond differently to cannabinoids. For example, although 
CB1 antagonists decrease food intake, causing weight loss in 
dogs, appetite suppression is attenuated after several weeks. 
Dogs also appear more sensitive to side effects associated with 
CB1 antagonists, exhibiting vomiting, diarrhea, and pruritus 
at doses necessary to decrease appetite. Although cats toler-
ate antagonists better than dogs, they respond only at doses 
associated with severe pruritus, panting, agitation, and CNS 
stimulation.14 Selective 5-HT2C receptor antagonists appear 
to be effective in decreasing food intake in rodent models but 
not in dogs or cats. Higher doses that might be more effective 
are associated with adverse effects.14 The human pancreatic 
lipase inhibitor orlistat is associated with modest weight loss 
in dogs. However, significant increase in food intake, presum-
ably in response to caloric loss, is accompanied by markedly 
increased fecal fat, leading to uncontrolled leakage and peri-
anal and abdominal soiling.14

Anti-obesity drugs might target altered energy intake. Dir-
lotapide is a selective microsomal triglyceride transfer protein 
inhibitor that blocks both assembly and release of lipoprotein 
particles into the bloodstream (package insert [PI]). How-
ever, the mechanism by which weight gain is controlled is not 
clear. Appetite suppression reflects local GI effects, including 
decreased fat absorption. Subsequent lipid filling of entero-
cytes appears to stimulate a satiety signal. Fecal fat is increased. 

Efficacy does not appear to correlate with serum concentra-
tions. The impact of dirlotapide on serum or gastric mucosal 
leptin, ASP, or adiponectin apparently has not been addressed.

In dogs, dirlotapide (Slentrol) is systemically bioavail-
able after oral administration, although absorption is mark-
edly variable. Elimination of absorbed drug reflects hepatic 
metabolism that follows nonlinear kinetics, with concentra-
tions increasing disproportionately with dose. Mean half-life 
varies between 5 to 18 hours at the clinical dose but appears to 
increase with dose and duration of dosing ((package insert).

Safety of dirlotapide when administered in dogs for 1 year 
has been established in dogs. Adverse effects, should they 
occur, generally emerge within the first month of therapy. 
According to the package insert, the incidence of vomiting 
and diarrhea was greater in dirlotapide-treated (25% and 12%, 
respectively) compared with control-treated (corn oil) ani-
mals (22% and 7%, respectively). Serum chemistry changes 
occurred early, including mild to moderately increased serum 
hepatic transaminase, although concentrations remained 
within the normal range and decreased over the 4-month 
treatment period. Mean cholesterol and high-density lipo-
protein also decreased (below reference range for cholesterol 
during the treatment period); however, triglycerides did not 
change. Serum total protein, albumin, and blood urea nitro-
gen levels also decreased compared with those of control ani-
mals, although all were within normal ranges. Enterocytes 
were characterized by lipid vacuolization and the liver by mild 
periportal fatty changes.

Absorption of fat-soluble vitamins might be affected by 
dilortapide. Plasma vitamins A and E concentrations were 
lower in treated compared with control dogs, but concentra-
tions appeared to increase during weight stabilization (second 
through sixth months), reaching control concentrations after 
treatment was discontinued (PI). A study in 72 obese Labra-
dor Retrievers (n = 48) receiving dilortapide at the labeled 
dose for 52 weeks was reported in materials obtained through 
the Freedom of Information Act. Weight loss during the initial 
and retraining phases was 18.4% and 5% to 6%, respectively. 
In addition to vomiting and diarrhea, ophthalmic abnormali-
ties were found at study end. These included focal or multifo-
cal retinopathies or diffuse retinal degeneration in eight dogs 
receiving the drug for 12 months and two dogs for 6 months. 
Generalized progressive retinal atrophy occurred in one dog 
treated for 12 months and one dog treated for 6 months, 
respectively. Cataracts were observed in four dogs receiving 
the drug for 12 months and one dog receiving the drug for 6 
months. Pretreatment ophthalmic exams were not available, 
and abnormalities were not reported in control dogs, although 
it is not clear if they did not occur or simply were not recorded. 
However, a follow-up 9-month study of 34 dogs of different 
breeds, in which a different formulation was used that yielded 
pharmacokinetics similar to the commercial preparation, 
found no ocular lesions, leading investigators to conclude that 
previous ocular abnormalities reflected breed predisposition.

Use of dilortapide in dogs must be accompanied by a weight 
loss program. Loss of appetite will not last more than several 
days after therapy is discontinued. Dosing is complex and is 

KEY POINT 19-5 Anti-obesity drugs target mediators of appe-
tite or satiety or alter energy intake, expenditure, or use.
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based on body weight (see package insert). A total of 11% to 
13% of body weight was lost in patients studied during drug 
approval (PI), an amount considered to contribute positively 
to animal health. At study end mean final dose was 0.26 to 0.56 
mg/kg. Dilortapide should not be administered to humans or 
cats. Adverse reactions in humans include abdominal pain, 
distention, diarrhea, flatulence, nausea, and vomiting.

Several drugs may affect appetite secondary to their 
intended therapeutic effect. Propofol (1-2 mg/kg IV) was 
reported in a research abstract15 to be an effective appetite 
stimulant, presumably through stimulation of GABA-A and 
NYP and inhibition of serotonin receptors. Anecdotally, 
omega-3 fatty acids (EPA and DHA) may stimulate appetite by 
inhibiting cytokines responsible for anorexia.

EMETICS AND ANTIEMETICS

The Vomiting Reflex
Emesis is a complex protective reflex that is not well devel-
oped in all species but does occur in both dogs and  
cats.16-18 Although several afferent pathways may be respon-
sible for initiating emesis, all signals are coordinated by the 
emetic center. Located in the lateral reticular formation in  
the mid brainstem, the emetic center is in close proximity to 

the nucleus tractus solitarius of the vagus nerve and the che-
moreceptor trigger zone (CTZ), the latter of which is located 
adjacent to the area postrema in the bottom of the lateral ven-
tricle. The latter coordinates vomiting associated with blood-
borne chemicals (Figures 19-2 and 19-3). The emetic center 
coordinates vomiting associated with afferent peripheral and 
central (neural) signals. Among the signals coordinating vom-
iting is the tachykinin neuropeptid, ≥substance P. Drugs that 
cause or ameliorate vomiting generally do so by modifying 
afferent or efferent neurotransmitters responsible for trans-
mission of the signal from various afferent sites. The emetic 
center is protected by the blood–brain barrier, whereas the 
CTZ is not; therefore, the CTZ is able to monitor the presence 
of emetics in the blood or cerebrospinal fluid. However, drug 
penetrability to each site varies, affecting both drug safety and 
efficacy.16-20

Several sites in the vomiting reflex are targeted by drugs. 
Ideally, drugs that target the emetic center would be character-
ized by the broadest spectrum and potentially the best efficacy. 
Historically, because such drugs must be able to penetrate 

KEY POINT 19-6 Drugs that inhibit emetic signals at the vomi-
tion center have the potential to be the broadest in efficacy.
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Figure 19-2 Sites that mediate the emetic reflex. The secondary neurotransmitters at each site are in parentheses. Stimuli that 
mediate emesis at each site are listed below the neurotransmitter. CNS, Central nervous system; CTZ, chemoreceptor trigger 
zone; CSF, cerebrospinal fluid; LES, lower esophageal sphincter.
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the blood–brain barrier, they tend to be characterized by 
increased risk of side effects. This risk is minimized if the drug 
targets a mediator whose effects are limited to the vomiting 
center only. In addition to integration of the emetic reflex, 
impulses integrated by the center include afferent signals from 
higher centers such as the cerebral cortex and limbic system. 
For example, psychogenic vomiting, or vomiting induced by 
visual and olfactory stimuli, originates in the cerebral cortex, 
whereas head injuries and increased intracranial pressure 
initiate emesis by way of the limbic pathways. The solitarius 
nucleus contains receptors for enkephalin, histamine, sero-
tonin (5-HT3), and acetylcholine (ACh). ACh is a major affer-
ent neurotransmitter in the higher centers, with histamine 
acting as a secondary transmitter by way of H1 receptors.19 
However, substance P, a member of the tachykinin family 
of neuropeptides, has recently been identified as a key neu-
rotransmitter associated with emesis in higher centers, includ-
ing the emetic center.21 Substance P targets neurokinin (NK1) 
receptors located throughout the emetic center (as reviewed 
by Wu20), including the nucleus tractus solitarius, the area pos-
trema, and the dorsal motor nucleus of the vagus.22 The emetic 
center also involves cannabinoid receptors (also located in the 
CTZ), although their role is not clear.

Blood-borne chemical compounds stimulate the CTZ.17,19 
Examples include circulating toxins associated with disease 
(uremia, pyometra, liver disease, endotoxemia), radiation sick-
ness, and drugs (e.g., opioids, cardiac glycosides, anticancer 

chemotherapeutic agents). Signals in the CTZ are mediated by 
dopaminergic (D2)19 and serotonergic (5-hydroxytryptamine; 
5-HT3) receptors23 and neurokinin receptors. Histamine by 
way of H1 receptors acts as a secondary neurotransmitter at 
the CTZ. Neurokinin receptors in humans are responsible for 
the delayed phase of vomiting associated with cisplatin anti-
cancer chemotherapy. Alpha-2 receptors associated with the 
area postrema also induce emesis in dogs, cats, and other spe-
cies.24-26 The CTZ also is rich in opioid receptors. The safety of 
CTZ-active drugs may be increased by selectively targeting the 
subreceptor types for each neurotransmitter.

Emetic impulses originating from the semicircular canals 
of the vestibular apparatus are transmitted by the eighth cra-
nial nerve to the vestibular nuclei and then by way of the CTZ 
and the uvula and nodulus of the cerebellum to the emetic 
center. This pathway, mediated by histaminergic (subtype H1) 
receptors, is responsible for eliciting the emesis that accompa-
nies motion sickness and labyrinthitis.27

Peripheral impulses cause emesis that arises from stimula-
tion of the pharynx and fauces; the signals are transmitted by 
afferent nerves in the ninth cranial nerve to the emetic center. 
Other peripheral afferent pathways include those arising from 
stimulation (i.e., irritation or distention) of various visceral 
organs and tissues. Impulses may be carried by sympathetic 
or vagal afferents from the heart, stomach, duodenum, small 
intestine, liver, gallbladder, peritoneum, kidneys, ureter, uri-
nary bladder, and uterus. ACh is the primary neurotransmitter 
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Figure 19-3 Antiemetic drugs effective at each site of the emetic reflex. CTZ, Chemoreceptor trigger zone.
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mediating the afferent limb of the emesis reflex from periph-
eral causes. Muscarinic receptors initiate the impulse that 
travels to the emetic center by way of the vagus nerve.

Efferent signals that stimulate the emetic reflex travel back 
to the stomach by the tenth cranial (vagus) nerve. ACh also 
acts as the primary efferent neurotransmitter in the vagus and 
in the smooth muscle of the stomach. In the stomach, dopa-
mine receptors (D2) appear to inhibit gastric motility, during 
nausea and vomiting. In addition, dopamine receptors con-
tribute to reflexes that allow relaxation of the upper stomach 
and delayed gastric emptying associated with gastric disten-
tion caused by food.24 Finally, serotonin (by way of 5-HT3 
receptors) contributes afferent pathways from the stomach 
and small intestine.24

Emetics
Clinically, emesis is pharmacologically induced to empty the 
anterior portion of the digestive tract. Indications include 
preparation for induction of general anesthesia in animals that 
may have food in the stomach (e.g., use of hydromorphone) or 
treatment of ingested, noncorrosive poisons.

Peripherally Acting (Reflex) Emetics
Although their efficacy and safety vary, a number of substances 
induce emesis by either distending the pharynx, esophagus, 
stomach, or duodenum (hollow organs) or irritating the epi-
thelium of the GI tract. Distention with warm water or saline 
can induce the emetic response. In addition, in the case of 
toxin ingestion, administration of warm water by stomach 
tube may help dilute poisons. Emesis can be induced in dogs 
by oral administration of a solution of warm saturated (strong) 
sodium chloride or pharyngeal placement of a small amount 
of plain table salt or neutral salt crystals, such as sodium car-
bonate. Orally administered hydrogen peroxide (3%) often 
induces emesis rapidly in cats and dogs, although fatal aspira-
tion of hydrogen peroxide foam is possible. Ipecac syrup is an 
over-the-counter emetic commonly recommended to induce 
emesis in human pediatric patients. It contains the alkaloid 
emetine, which increases lacrimation, salivation, and bron-
chial secretions. Emesis usually, but not consistently, occurs as 
a result of both peripheral and central stimulation. If repeated 
use fails to induce emesis, however, gastric lavage may be indi-
cated to remove potentially toxic doses of the drug. Although 
ipecac syrup or powder has been used as an emetic for many 
years for cats, adverse effects include death, and its use in cats 
is discouraged.

Centrally Acting Emetics
The central effects of ipecac were discussed in the previous 
section. Although a number of drugs are capable of stimulat-
ing the CTZ centrally, certain opiates, particularly apomor-
phine, are indicated for their emetic effect. Apomorphine 
hydrochloride is a synthetic derivative of morphine but is 
characterized with only marginal depressant activity. Its 
emetic activity reflects stimulation of dopamine receptors and 
more readily than other morphinelike actions. Emesis will 
occur regardless of the route of administration, although oral 

doses are higher than those by other routes to compensate 
for reduced oral bioavailability. Emesis generally occurs in 2 
to 10 minutes after subcutaneous or conjunctival administra-
tion. Although apomorphine stimulates vomiting at the CTZ, 
it also directly depresses the emetic center, and subsequent 
doses are not likely to induce emesis if the first dose was not 
successful. Excessive doses of apomorphine can depress the 
CNS, particularly the respiratory center, and are contraindi-
cated in the presence of existing central depression.Apomor-
phine is currently available as an injectable preparation.

Xylazine is an α2-agonist historically used for sedative anal-
gesia. Emesis in dogs is not as consistent as in cats. Emesis 
mediated by α2 stimulation occurs in cats at doses lower than 
that recommended for sedation (0.05 mg/kg).26 Emetogens 
were evaluated in cats in anticipation of an antiemetic clini-
cal trial.22 Three emetogens were tested, with xylazine (0.44 
mg/kg intramuscularly) reliably causing emesis. In contrast, 
neither apomorphine (0.04 mg/kg intravenously) nor syrup of 
ipecac (0.5 mL/kg) predictably caused emesis. Syrup of ipecac 
causes anorexia for several days. The use of medetomidine to 
induce emesis has not been reported, although its actions are 
similar to those of xylazine.

Antiemetics
Antiemetics control emesis by either a central or a periph-
eral action (see Figures 19-2 and 19-3). Both actions depend 
on and can be correlated with blockade of neurotransmis-
sion at receptor sites.27,28 Centrally acting antiemetics block 
impulses at higher centers and at the emetic center and 
include muscarinic anticholinergics and drugs that target 
neurokinin receptors; antidopaminergics and antiseroto-
nergics, which block dopaminergic receptors at the CTZ; 
and antihistaminergics, which primarily block H1 receptors 
at the vestibular apparatus but secondarily at multiple cen-
tral centers. Antiemetic agents possess either a limited or 
a broad effect, depending on which signals and centers are 
inhibited.

Centrally Acting Antiemetics
Vomiting center. Maropitant (Cerenia) is a neurokinin 

(NK1) receptor antagonist that blocks the actions of substance 
P in the area postrema and nucleus solatarius; Aprepitant is 
a human drug in the same classused as rescue anti-emetic 
therapy in cancer patients nonresponsive to 5HT3–dexameth-
asone combinations.29 Approved as an oral or subcutaneous 
preparation for dogs for the prevention of acute vomiting and 
motion sickness, maropitant has proved efficacious in the con-
trol of vomiting associated with many central and peripheral 
causes (Table 19-2).

In dogs bioavailability is greater after subcutaneous (91%) 
compared with oral (24%) administration, probably because 
of first-pass metabolism (PI). Relevant pharmacokinetic 
parameters include Cmax (ng/mL) of 92 and 81 ng/mL at 0.75 
and 2 hours, respectively, after administration of 1 mg/kg 
subcutaneously and 2 mg/kg orally, respectively. It is highly 
(99.5%) bound to plasma proteins. Maropitant is metabolized 
in dogs by CYP2D15 and CYP3A12. Elimination half-life in 
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dogs approximates 9 hours after subcutaneous administration 
and 4 to 5 hours after oral administration. However, saturation 
of drug-metabolizing enzymes (probably CYP2D15) results in 
nonproportional increases in drug concentrations as the dose 
is increased up to 16 mg/kg orally; proportionality returns at 
20 to 50 mg/kg orally. The injectable product remains potent 
for 28 days when prepared and stored according to labeled 
directions (amber vial at room temperature). Pain on injection 
may be common. Side effects delineated on the package insert 
include bone marrow hypoplasia in puppies younger than 11 
(but not greater than 15) weeks of age.

Maropitant kinetics have been described in the cat after 
single subcutaneous and oral dosing and multiple subcuta-
neous dosing.22 The drug was well tolerated in cats (n = 6) 
during 15 days of subcutaneous administration at doses rang-
ing from 0.5 to 5 mg/kg; one cat developed tremors at the 5 
mg/kg dose. No changes occurred in clinical laboratory tests. 
Plasma maropitant concentrations increased proportionately 
with dose. After single intravenous dosing, the volume of dis-
tribution of maropitant in cats was 6.2 L/kg. Maximum drug 
concentration after oral and subcutaneous administration of 1 
mg/kg in cats were 156 ng/mL and 269 ng/mL (with 50% coef-
ficient of variabilility), respectively. The elimination half-life in 
cats was 13 to 17 hours; oral bioavailability varied from 50% to 
117%. A dose of 1 mg/kg administered intravenously, orally, 
or subcutaneously prevented emesis induced by xylazine (0.44 
mg/kg intramuscularly) and experimentally induced motion 
sickness.

Maropitant was approved for use in animals in Europe before 
the United States. It has proved effective for control of vomit-
ing associated with drugs such as cisplatin, apomorphine, and 
morphine derivatives. Maropitant has been compared with 

metoclopramide (0.33 mg/kg every 8 hours subcutaneously 
in study one, 0.5 to 1 mg/kg/day in study two) in two mul-
ticenter, prospective, randomized, positively controlled clini-
cal trials.30 Dogs (n = 64 in study one, 77 in study two) were 
at least 8 weeks of age and had been vomiting for at least 24 
hours. Maropitant as studied at 1 mg/kg once daily subcutane-
ously in study one, and 0.5 to 1 mg/kg subcutaneously in study 
two with oral dosing of either maropitant or metoclopramide 
continued in study two until vomiting stopped or for up to 5 
days. Vomiting caused by toxin ingestion or in patients with 
clinical signs indicating the need for acute surgical treatment 
were excluded. Causes of vomiting were multiple, including 
metabolic disorders, neoplasia, drug-induced reactions, food 
intolerance, and parvovirus. In both studies, maropitant was 
associated with a greater antiemetic response (discontinuation 
of vomiting) compared with metoclopramide.31

The comparative efficacy and safety of maropitant have 
been recently described for dogs on the basis of manufacturer-
sponsored studies. It was compared (1 mg/kg) to placebo, 
metoclopramide (0.5 mg/kg subcutaneously), chlorpromazine 
(0.5 mg/kg subcutaneously), or ondansetron (0.5 mg/kg intra-
venously) in prevention of apomorphine-induced (0.1 mg/kg 
intravenously) vomiting. Efficacy in controlling vomiting either 
central or peripheral in origin was superior to that of chlor-
promazine or metoclopramide but did not differ from ondan-
setron.32 Both safety and efficacy for prevention of emesis 
associated with motion sickness were assessed in dogs (n = 198) 
16 weeks or older. Dogs received approximately 8 mg/kg orally. 
Data were collected from 26 different clinics in two different 
crossover randomized, placebo-controlled double-blinded tri-
als with a 14-day washout period between trials. Vomiting was 
prevented in 86% or 77% of dogs dosed at 2 or 10 hours before 
a 60-minute car ride. No adverse events were described.

Vestibular Apparatus
Vomiting caused by motion sickness or inner ear disease is 
mediated by the vestibular apparatus (see Table 19-2). Motion 
sickness in dogs and cats can be controlled for several (8 to 12) 

Table 19-2  Antiemetic Drug–Receptor Interactions
Dopamine Histamine Muscarinic Neurokinin Serotonin
D2 H1 M1 NK-1 5-HT3

Chlorpromazine Phenothiazine 4+ 4+ 2+ 4+ 1+
Cyclizine Antihistamine 1+ 4+ 3+
Dimenhydrinate Antihistamine 1+ 4+
Diphenydramine Antihistamine 1+ 4+
Dolasetron Antiserotonergic 4+
Maropitant Neurokinin-antagonist
Meclizine Antihistamine 4+
Metoclopramide Benzamide 3+ 2+
Ondansetron Antiserotonergic 4+
Prochlorperazine Phenothiazine 4+ 2+ 2+
Promethazine Antihistamine 4+ 2+
Scopolamine Anticholinergic 1+ 4+ 1+

KEY POINT 19-7 As a neurokinin antagonist, the specificity 
of maropitant results in safe and effective control of motion 
sickness and vomiting associated with both central and 
peripheral causes of vomiting.
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hours by administration of antihistamines such as cyclizine 
hydrochloride, meclizine hydrochloride, or diphenhydramine 
hydrochloride (Figure 19-4; see also Figure 19-3). Effects may 
reflect, in part, sedative effects. In addition to direct effects on 
neural pathways arising in the vestibular apparatus, actions 
may also be independent of antihistaminic effects. These may 
include anticholinergic effects. Those drugs able to penetrate 
the blood–brain barrier may thus have effects at the vomit-
ing center but generally only at higher doses. Drowsiness and 
xerostomia (dry mouth) are typical side effects that occur with 
use of this group of drugs in humans. Although phenothi-
azine antiemetics may be used to treat motion sickness (e.g., 
acepromazine), efficacy may reflect sedative rather than direct 
effects. Centrally active maropitant is approved for use in dogs 
to treat motion sickness (see preceding discussion) and has 
been used successfully in cats as well.

Drugs Active at the Chemoreceptor Trigger Zone
Phenothiazines. Phenothiazines are broad-spectrum anti-

emetics that control emesis induced by most central causes 
other than labyrinthine stimulation (see Figure 19-4). Their 

classification as broad reflects the variety of signals that serve 
as primary, secondary, and tertiary mediators. Phenothiazines 
block emesis mediated by the CTZ at low doses because of 
their antidopaminergic (D2) and, secondarily, antihistamin-
ergic effects. Several phenothiazines are also characterized 
by weak antiserotinergic activity (see Table 19-2).24 At higher 
(perhaps nonpharmacologic) doses, their anticholinergic 
effects may also act at other central sites, including the vomit-
ing center. A variety of phenothiazine derivatives (e.g., chlor-
promazine, prochlorperazine, triflupromazine, perphenazine, 
trifluoperazine, and mepazine) are used in small animals as 
antiemetics. The primary adverse effects associated with their 
use as antiemetics are sedation (which contributes to their 
 efficacy for motion sickness) and hypotension due to periph-
eral α-blockade. Selection of a particular phenothiazine may 
be based on avoidance of adverse reactions. Fluid replacement 
therapy should be instituted if necessary before use of a pheno-
thiazine. The impact of phenothiazine derivatives on the sei-
zure threshold and in epileptic dogs is discussed in more depth 
in see Chapter 27. In general, their use in epileptic animals 
may require caution but do not appear to be contraindicated.
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Butyrophenone derivatives. Haloperidol (Haldol) and dro-
peridol (Inapsine), which are also used as major tranquiliz-
ers, are potent antiemetics because of their antidopaminergic 
activity. These drugs are rarely used as antiemetics because of 
their side effects (similar to those encountered with the phe-
nothiazine group but perhaps more profound).

Metoclopramide. Metoclopramide (see Figure 19-4) effec-
tively blocks emesis mediated by the CTZ. Although its 
potent antagonism of dopamine was thought to be solely 
responsible for inhibition at the CTZ, metoclopramide is 
also a mixed 5-HT3 receptor antagonist/5-HT4 receptor ago-
nist; emesis at high doses probably reflects 5-HT3 receptor 
antagonism.33 Metoclopramide effectively antagonizes apo-
morphine-induced emesis34 and is 20 times as potent as phe-
nothiazines (although differences in efficacy have not been 
documented).35 The peripheral effects of metoclopramide 
on emesis resulting from prokinesis are discussed with the 
prokinetic drugs. Metoclopramide is indicated for control of 
emesis induced by a wide variety of blood-borne and periph-
eral causes.36,37 High doses of metoclopramide, particularly 
when combined with dexamethasone, have been used to 
treat emesis associated with cancer chemotherapy in human 
patients.38-40

Serotonin antagonists. Serotonin antagonists are useful 
for their antiemetic effects mediated at the CTZ, particularly 
those induced by chemotherapeutic agents (see Table 19-2).41 
Unlike most other antiemetic drugs, antiserotonergics have no 
effects at other receptors, thus increasing the safety of those 
drugs selective for serotonin receptors. Ondansetron is a 
potent antiemetic and affects human cancer patients undergo-
ing chemotherapy.23,33,42 It has also been used in small animals 
suffering from refractory vomiting that have not responded 
to other antiemetics. The efficacy of ondansetron reflects, in 
part, its active metabolite dolasetron, which is also available 
as an orally administered as well as an intravenous product. 
Dolasetron also is metabolized (reduced) to a metabolite 
characterized by greater activity for 5-HT3receptors compared 
with dolasetron.43 The pharmacokinetics have been reported 
for dolasetron and its reduced metabolite in dogs (n = 3).43 
After intravenous administration of 2 mg/kg, clearance of 
the parent compound was 109 ± 41 mL/min/kg and volume 
of distribution was 0.83 ± 0.23 L/kg. After an oral dose of 5 
mg/kg, Cmax of the parent compound was 219 ± 149 ng/mL 
at 0.17 hours. The elimination half-life was 0.15 ± 0.11 hour. 
The active metabolite appears to potentially double the AUC 
of active compound. Although oral bioavailability of the par-
ent compound is less than 10%, it is probable that first-pass 
metabolism results in formation of the active, reduced metab-
olite: oral administration of 5 mg/kg radioactive dolasetron 
results in a Cmax of 700 ng/mL radioactivity (i.e., a combina-
tion of both radioactive parent and metabolite). Example uses 
of ondasetron include presurgical preparation, chemotherapy, 

and treatment of parvovirus infection; vomiting induced by 
hepatic lipidosis or GI irritation is less likely to respond. Ogil-
vie44 has reviewed the use of dolasetron in dogs.

Cyproheptadine is an anthistaminergic antiserotoninergic 
drug that has been used to control vomiting and diarrhea (the 
latter associated with spasticity) in humans. Its use in animals 
might be limited to more chronic control of vomiting when 
combined with other compounds or as part of combination 
therapy to treat vomiting and diarrhea associated with inflam-
matory bowel disease (IBD).

Miscellaneous Antiemetics
Sedatives such as the barbiturates (phenobarbital) and the 
benzodiazepines have been used to control psychogenic and 
behavioral vomiting. Glucocorticoids and in particular dexa-
methasone are characterized by antiemetic effects, although 
the antiemetic mechanism of action is not understood.24 An 
antiinflammatory mechanism has been proposed. Glucocor-
ticoids also appear to act in an additive or synergistic fashion 
when combined with other antiemetics. Both dexamethasone 
and methylprednisolone have been used in human patients to 
control vomiting associated with chemotherapy.

Natural extractions or synthesis of Cannabis sativa can-
naboids inhibit vomiting, probably through stimulation of 
CB1 receptors. Dronabinol is an example of an antiemetic 
used in humans prophylactically to prevent chemotherapy-
induced vomiting. It is characterized by complex kinet-
ics that include high protein binding, extensive first pass 
metabolism to active and inactive metabolites. Side effects 
are similar to sympathomimetic drugs. Because dogs and 
cats respond differently to drugs which target cannanboid 
receptors, use should be based only on scientific evidence in 
the target species.

Peripherally Acting Antiemetics
Protectants. Drugs that locally protect the GI epithelium 

from further irritation may help prevent vomiting. Drugs that 
modulate gastric acid secretion might also provide antiemetic 
effects; these drugs are discussed later with the antiulcer drugs. 
Demulcents, antacids, and protectants such as kaolin, pectin, 
and bismuth salts are of limited benefit in the control of emesis 
that is gastric in origin. Distention or initial irritation of the 
stomach by these agents may exacerbate emesis. Antacids may 
be effective in certain cases. Other peripherally acting anti-
emetics include drugs that affect gastric motility, including 
anticholinergic drugs, and prokinetic drugs such as metoclo-
pramide and domperidone (discussed later with modulators 
of GI motility).

Anticholinergics. Anticholinergic drugs that block musca-
rinic receptors in the emetic center also inhibit peripheral 
cholinergic transmission. Those anticholinergic drugs that 
do not cross the blood–brain barrier well are essentially 
peripheral in action and include glycopyrrolate, propanthe-

KEY POINT 19-8 Drugs active at the CTZ are most effective 
for control of vomiting associated with drugs, toxins, and 
metabolic diseases.

KEY POINT 19-9 Side effects of antiserotinergic antiemetics 
active at the CTZ are limited by their selectivity at the site.



692 Drugs Targeting Body Systems SECTION 3

line, isopropamide, and methscopolamine (which should 
not be used for cats). The ability of anticholinergics to sup-
press emesis is probably related to inhibition of afferent vagal 
impulses, relief of GI smooth muscle spasms, and inhibition 
of gastroenteric secretions. Delayed gastric emptying caused 
by these drugs may itself cause emesis, and anticholinergics 
should not be used for more than 3 days by the vomiting 
patient. Because of their anticholinergic properties, these 
drugs should not be used in combination with drugs whose 
actions depend on cholinergic activity in ganglion or smooth 
muscle. These include metoclopramide, cisapride, and the 
opioids.

Prokinetics. Prokinetics, and specifically metoclopramide, 
are peripherally acting antiemetics because of their proki-
netic effects on the GI tract. Metoclopramide physiologi-
cally antagonizes emesis by virtue of its actions on the 
upper gastroduodenal area: increased esophageal sphincter 
tone, duodenal pyloric relaxation, and antegrade contrac-
tion of the gastric antrum. The prokinetic effects of meto-
clopramide are discussed later with other drugs that modify 
GI motility.

ANTIULCER DRUGS

Pathophysiology of Gastrointestinal Ulceration
Gastroduodenal Ulceration
The events leading to gastroduodenal ulceration are complex 
and reflect interactions between acid-secreting and defense 
mechanisms of the GI mucosa.45,46 Regardless of the cause of 
GI erosion or ulceration, the basic pathologic mechanism is 
similar. Gastric acid secretion is a prerequisite for damage to 
the GI mucosa46,47 with luminal damage not occurring unless 
luminal pH is less than 7. Pepsin and bile acids can contribute 
to mucosal damage. Even though these chemicals are inher-
ently caustic, mucosal damage generally does not occur in the 
face of normal mucosal cytoprotective mechanisms. These 
include but are not limited to secretion of bicarbonate and 
mucus and rapid epithelial turnover. Deceased mucosal blood 
flow can have a profound effect on the ability of the injured 
mucosa to heal itself. Drugs used to control or treat GI erosion 
and ulceration include those that inhibit gastric acid secretion 
or provide or facilitate other cytoprotective effects. The role of 
Helicobacter sp. in the pathogenesis of gastroduodenal ulcer-
ation in human patients has been well established, but its role 
in disease in animals is less well documented (see later discus-
sion; e.g., IBDs).

Physiology of Gastric Acid Secretion
Gastric acid secretion occurs in four phases. The first three 
phases—referred to as cephalic, gastric, and intestinal—are 
stimulated by food and mediated by gastrin, which is the most 
potent secretagogue.48 Secretion is persistent during these 
phases, and gastric pH progressively decreases as nutrients 
traverse the GI tract. Gastrin secretion is inhibited as gas-
tric pH declines to 3.5 and is completely inhibited at a pH of 
1.5, to begin again only when pH approximates 3 to 3.5. The 
fourth phase of gastric acid secretion is basal and occurs in 
the absence of external stimuli. The amount of basal secretion 
varies among animals. In humans basal secretion follows a cir-
cadian rhythm, reaching a peak at midnight and a nadir at 7 
am.49 As a model for the study of antisecretory drugs, infor-
mation can be found regarding basal and responsive gastric 
acid secretion in dogs.50,51 In fasted Beagle dogs (n = 8), gas-
tric pH (collected by stomach tube) fluctuated from 2.7 to 8.3. 
Basal pH tended to be 7.0; treatment with a placebo (500 mg 
lactose) reduced pH almost the same magnitude as pentagas-
trin (3 and 2, respectively) at 1-2 hrs post treatment.50

Gastric acid secretion at the cellular level involves the gen-
eration and subsequent secretion of hydrogen ions by the 
parietal (oxyntic) cells of the gastric mucosa. Responses are 
controlled through chemical signals interacting with corre-
sponding receptors located on the basolateral membrane of 
parietal cells. Central and peripheral signals stimulating gas-
tric acid secretion include endocrine (gastrin: CCK), paracrine 
(histamine: H2), and neuronal (ACh: M3) (Figure 19-5).49 In 
addition to its direct effects, acetycholine indirectly increases 
release of gastrin from G cells and histamine from enterochro-
maffin cells. Of the mediators increasing gastric acid secretion, 
gastrin is the most potent, although its effects are mediated 
indirectly through stimulation of histamine receptors, partic-
ularly on enterochromaffin cells.48 Somatostatin, which inhib-
its gastric acid secretion, is released from D cells when gastric 
pH is less than 3. In humans the effects of Helicobacter spp. 
may reflect, in part, the ability of these organisms to decrease 
D cells. The hydrogen ion pump, located at the apical mem-
brane and associated with the smooth endoplasmic reticulum, 
is unique in that it is a hydrogen–potassium ATPase exchange 
system. Three distinct pathways are capable of stimulating gas-
tric acid. Each acts through chemical mediators that in turn 
interact with receptors on the parietal cell membrane.49 H2 
receptors are linked to adenylyl cyclase and cyclic AMP.48 Of 
these, the ACh pathway appears to be less important in small 
animals.

Intracellular messengers mediating gastric acid secretion 
vary with the receptor stimulated. Histamine increases cAMP 
production, which subsequently activates the adenylyl cyclase 
cAMP-dependent protein kinases. Gastrin and muscarinic 
stimulation by cholinergic drugs increased cytosolic calcium, 
through inositol phosphate pathways. Both pathways activate 

KEY POINT 19-10 Centrally acting anticholinergic antiemet-
ics are less ideal than other centrally acting drugs because 
they simultaneously act peripherally, increasing the risk of 
side effects.

KEY POINT 19-11 Drugs that target mucosal damage either 
facilitate cytoprotection or decrease the effects of hydro-
chloric acid.

KEY POINT 19-12 Prevention and treatment of gastrointesti-
nal ulceration focuses on prevention of hydrochloric acid 
secretion and promotion of cytoprotection.
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an H+, K+-ATPase proton pump that exchanges hydrogen 
and potassium across the parietal cell membrane. Prostaglan-
dins of the E series serve to modulate these effects, inhibiting 
gastric acid secretion by blocking cAMP production through 
EP3 receptors, also on parietal cells.48,49 The impact of opioid 
receptors on gastric acid secretion is discussed with drugs tar-
geting intestinal secretion.

Mucosal Defenses
The primary mucosal defense of the esophagus reflects 
increased lower esophageal sphincter tone. Defenses of the GI 
mucosa require sufficient mucosal blood flow and act to pre-
vent or repair GI ulceration (Figure 19-6).52-54 These include 
(1) secretion of bicarbonate into the lumen and neutralization 
of hydrochloric acid in the lumen; (2) secretion of a thick, 
insoluble, alkaline mucus that traps and neutralizes inward-
moving hydrogen ions and protects against macromolecules 
such as pepsin; (3) a gastric epithelial barrier composed of 
active phospholipids, a lipoprotein cell membrane, and tight 
junctional complexes, all of which prevent hydrogen ion back 
diffusion; (4) mucosal blood flow, which first provides nutri-
ents and oxygen to mucosal cells and second removes hydrogen 
ions that have penetrated the gastric barrier; (5) rapid replica-
tion of mucosal epithelial cells; and (6) production of cytopro-
tective agents. Many of these effects reflect local secretion of 
prostaglandin E2 and I2, important defense mechanisms. They 
modulate hydrochloric acid secretion, increase bicarbonate 
and mucus production, and enhance mucosal blood flow and 

epithelialization.55,56 Sulfhydryls also produced locally may act 
as scavengers of oxygen and other tissue-damaging radicals.57

Gastric Antisecretory Drugs
Drugs used to prevent or modulate gastric acid secretion 
include anticholinergics, H2-receptor antagonists, proton 
pump inhibitors, and prostaglandin E2.49,55,58,59 Despite the 
role of muscarinic receptors in gastric acid secretion, anticho-
linergics have not proved effective for the control of GI ulcer-
ation in animals and are not discussed. Drugs that modify 
gastric acid (e.g., antisecretory drugs or antacids) are discussed 
with cytoprotectants. All drugs that modify gastric pH can 
cause complications of achlorhydria when used chronically. 
Although both gastric acid and pepsin are required for hydro-
lysis of proteins and other foods, achlorhydria is rarely accom-
panied by malabsorption unless bacterial overgrowth occurs. 
Achlorhydria can lead to malabsorption of certain nutrients, 
among them vitamin B12 and iron, as well as decreased absorp-
tion of some (weakly acidic) drugs. Although the advent of 
antihistaminergic antisecretory drugs represented a landmark 
change in the approach to medical management of GI ulcers in 
humans, their use is increasingly being replaced with proton 
pump inhibitors.

H2-Receptor antagonists. H2-receptor antagonists are 
reversible, competitive inhibitors that reduce both the amount 
and the hydrogen ion content of gastric secretion and the 
amount of pepsin60 induced by a variety of secretagogues.61 
Secretion of intrinsic factor also is reduced, although this 
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effect does not appear to be clinically relevant.24,48 Each antag-
onist is a congener of histamine, containing a bulky side chain  
(see Figure 19-4).24,48 Cimetidine; ranitidine; and, to a lesser 
degree, famotidine have been used to control gastric acid secre-
tion in animals. Nizatidine is the most recent of the approved 
drugs and has been used least in dogs and cats. Each drug varies 
in potency, duration of action, disposition, and drug interac-
tions.62 Ranitidine is 5 to 12 times more potent as an inhibitor 
of gastric acid secretion than cimetidine, whereas famotidine 
is nine times more potent than ranitidine and 32 times more 
potent than cimetidine. Famotidine (see Figure 19-4) has the 
longest duration of action.40 In a cat model, famotidine was 
4.5 times as potent as ranitidine; effects of famotidine were 
reversible at the highest dose studied (0.01-0.32 μmol kg/hr) 

supporting the need for higher doses or twice-daily dosing for 
conditions in which histamine-mediated high gastric acid out-
put is mediated.63 In animal models, including dogs, nizatidine 
is more potent than cimetidine.64 In a Beagle model, ranitidine 
(50 mg IV) reduced resulted in a mean gastric pH of 7.8 by 
1 hr; however, basal gastric pH was high as well. The pH was 
maintained for the 4-hour duration of the study.50 Although 
the H2-receptor antagonists have variable prokinetic actions, 
they appear to have inconsistent effects on the rate of gastric 
emptying or lower esophageal sphincter pressure.48

Disposition. The disposition of antisecretory antihistamines 
has not been well studied in animals, with information drawn 
largely from human data. Cimetidine, the oldest of the clini-
cally used H2-receptor antagonists, is rapidly absorbed from 
the GI tract, although food will delay the process. The drug 
undergoes hepatic metabolism and is about 70% bioavailable 
after oral administration. It is excreted in the urine in both 
the unchanged and conjugated forms. The plasma half-life is 
about 1 hour but may be prolonged in the presence of liver or 
kidney disease.

Ranitidine is less bioavailable (50%) than cimetidine after 
oral administration. Its elimination half-life is approximately 
2.5 hours. Absorption is not impaired by food as with cimeti-
dine. It is minimally protein bound (15%). Hepatic elimina-
tion is responsible for 30% of an intravenous dose and 73% of 
an oral dose.65

Famotidine is only 37% bioavailable after oral adminis-
tration reflecting decreased oral absorption; however, this is 
compensated for somewhat by increased potency. In contrast, 
nizatidine is rapidly and completely absorbed.60 Both drugs 
are largely eliminated unchanged in urine.60 Nizatidine is 
almost exclusively eliminated by renal excretion, which sug-
gests that it might be the preferred H2-receptor antagonist 
for patients with hepatic disease. Its efficacy apparently has 
not been studied clinically in animals, although its safety has 
been established in healthy dogs.62 Famotidine renal clearance 
appears to be saturable in the dog, albeit at suprapharmaco-
logic doses.66

Drug interactions. The antisecretory antihistamines can be 
involved in a number of drug interactions, with cimetidine 
being best characterized.48,67 Cimetidine, like all antisecretory 
drugs, impairs the oral absorption of a number of drugs (gen-
erally weak acids) through the alteration of GI pH. Cimetidine 
also directly impairs the absorption of many drugs by directly 
binding to the drugs. These effects might be balanced by com-
petition for P-glycoprotein, for which cimetidine is a substrate. 
Cimetidine is a potent microsomal enzyme  inhibitor and will 
decrease the hepatic metabolism of concurrently administered 
drugs.68,69 Enzymes targeted in humans include CYP1A2, 
CYP2C9, and CYP2D6. Occasionally, this effect may be clini-
cally useful, as in the prevention of acetaminophen intoxi-
cation in cases of accidental overdose.70 However, impaired 
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Figure 19-6 Protective mechanisms mediated by prostaglan-
din E against gastroduodenal ulceration provide targets for 
drug therapy. Bicarbonate secretion acts to neutralize gastric 
acid; mucus protects against hydrochloric and bile acids. The 
rapid turnover of epithelial cells is paramount for rapid heal-
ing if damage occurs. Mucosal blood flow not only provides 
critical oxygen and nutrients necessary for epithelialization 
but also removes H+ ions that have penetrated the protec-
tive barrier. Other protective factors include mechanisms to 
control gastric hydrochloric acid secretion and the production 
of protective factors that scavenge mediators capable of cell 
damage.

KEY POINT 19-13 Antihistaminergic antisecretory drugs are 
competitive inhibitors whose dose may need to increase as 
signals causing gastric acid secretion increase.
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metabolism of other drugs can also lead to clinically relevant 
toxicity of other drugs metabolized by the liver. The impact 
of cimetidine on cyclosporine elimination has been studied in 
dogs. Although one study indicated a longer half-life, several 
other studies have demonstrated “no effect” of cimetidine on 
the disposition of cyclosporine (see Chapter 31). It is likely 
that the impact varies among animals, indicating a need to 
monitor. Cimetidine also reduces hepatic blood flow by about 
20% and has been shown to reduce the clearance of flow-lim-
ited drugs such as propranolol and lidocaine.71 Unlike cimeti-
dine, the other antihistamines have limited to no effects on 
hepatic blood flow. Although ranitidine also inhibits CYP, its 
affinity for the enzymes is only about 10% of that for cimeti-
dine. Famotidine and nizatidine have limited to no effect on 
the metabolism of other drugs (or endogenous compounds). 
Famotidine is a potent inhibitor of transport of cationic drugs, 
although the clinical relevance of this is not clear.

Adverse reactions. The side effects seen with any of the H2-
receptor antagonists are generally minor even at relatively 
high doses. Thrombocytopenia has been reported. Although 
there have been a number of reported side effects for raniti-
dine in humans, limited experience to date in animals has not 
indicated any serious toxic manifestations from ranitidine. 
Famotidine and nizatidine are devoid of many of the side 
effects of cimetidine.64

A clinically important disadvantage of H2-receptor antag-
onists described in humans is relapse of gastroduodenal 
ulceration during or after H2-receptor antagonist therapy 
is discontinued. Although several explanations for relapse 
have been offered, rebound hypersecretion of gastric acid 
appears to be most plausible.72-74 Suppression of gastric acid 
by H2-receptor antagonists results in increased plasma gas-
trin concentrations as early as 3 hours after a single dose. 
Subsequent stimulation of gastric mucosal G cells results in 
gastric acid hypersecretion that becomes evident when the 
drugs are discontinued. The likelihood of hypersecretion is 
compounded by increased parietal cell receptor sensitivity, 
which apparently characterizes (human) patients afflicted 
with ulcers.75 Among the H2 receptors studied, cimetidine 
seems to be the most likely and famotidine or nizatidine the 
least likely to cause rebound gastric acid hypersecretion.74-76 
Rebound hypersecretion can be minimized by tapering the 
dose as the drug is discontinued. Tolerance to the antise-
cretory effect of antihistaminergic antisecretory drugs also 
occurs, being well described in humans. Tolerance appears 
within 3 days of therapy and may not respond to increasing 
doses.48

Clinical use. The principal therapeutic uses of H2-
receptor antagonists include uremic gastritis, gastric and 
duodenal ulcers, stress-related erosive gastritis, and hyper-
secretory conditions such as gastrinoma or systemic mas-
tocytosis. Although H2-receptor antagonists can be used to 
treat  drug-induced (e.g., nonsteroidal antiinflammatory drug 
[NSAID]) ulceration, their efficacy is controversial and other, 
more specific antidotes (e.g., PGE1) or more effective antise-
cretory drugs (e.g., proton pump inhibitors) should first or 
also be administered.77 On the other hand, the drugs have 
proved beneficial in providing protection against gastric 
ulceration induced by a number of etiologic agents, includ-
ing aspirin and stress.48 Their combination with proton-pump 
inhibitors is discussed in the following section. When treat-
ing drug-induced ulcers, antisecretory drugs that inhibit 
drug metabolizing enzymes should be avoided. H2-receptor 
antagonists also appear to be effective in controlling upper 
GI bleeding when hemorrhage is not due to erosion of major 
blood vessels. H2-receptor antagonists have also been used in 
gastroesophageal reflux disorders, esophagitis, and duodenal 
gastric reflux. In exocrine pancreatic insufficiency, cimetidine 
or ranitidine (and presumably famotidine), if given about 30 
minutes before feeding, may decrease enzymatic and acid 
hydrolysis of replacement pancreatic enzymes added to food 
on their contact with gastric secretions, thus improving the 
efficacy and decreasing the cost of their use. Patients suffering 
from short bowel syndrome may benefit from long-term H2-
receptor therapy to decrease the hyperacidity associated with 
this syndrome. The H2-receptor antagonists are sufficiently 
safe that high doses can be given to humans to maintain 
pharmacologic effects with once- to twice-daily dosing.48 A 
meta-analysis in humans studied the impact of renal disease 
on the disposition of H2-receptor blockers. Declining renal 
function is associated with a concomitant reduction in the 
renal clearance of those drugs renally eliminated. Appropriate 
dose reduction was associated with decrease in cost, as well 
as decrease in adverse events, with the major adversity being 
mentation disorders.78

Proton Pump Inhibitors
The substituted benzimidazole proton pump inhibitors are the 
most potent antisecretory drugs, reducing gastric acid secre-
tion by 80% to 95%.48 Each is a potent and irreversible antago-
nist of the H+, K+-ATPase proton pump, the final step in gastric 
acid secretion stimulated by any secretagogue. No differences 
in antisecretory efficacy have been demonstrated among these 
drugs. Omeprazole will be discussed as the model drug.

Mechanism of action. Omeprazole (Prilosec) (see Figures 
19-4 and 19-5), was the first of the commercially available 
drugs. It is sold as a racemic mixture. Other proton pump 
inhibitors currently approved for use in the United States 
include esomeprazole (Nexium), the S-isomer of omeprazole 

KEY POINT 19-14 Famotidine is the preferred antisecretory 
antihistamine because of its increased potency and fewer 
drug interactions

KEY POINT 19-15 Rebound hypersecrtion can be minimized 
by use of famotidine and gradual discontinuation of any 
antisecretory drug.

KEY POINT 19-16 Proton pump inhibitors generally are more 
effective than antihistaminergic antisecretory drugs, but the 
lag time to efficacy may support initial therapy with both 
classes of antisecretory drugs.



696 Drugs Targeting Body Systems SECTION 3

(cleared more slowly than the R isomer in some species), lan-
soprazole (Prevacid), rabeprazole (Aciphex), and pantopra-
zole (Protonix). Omeprazole is approximately 30 times more 
potent as an antacid than is cimetidine.79 Secretory volume is 
not as affected as is acidity.79

Pharmacokinetics. As a weak base, omeprazole is unstable 
in an acid environment and thus is formulated as encapsulated 
enteric-coated granules.79 Drug dissolution occurs in the more 
alkaline environment of the small intestine. Acidity degrades 
(inactivates) the drug. Consequently, the drugs are gener-
ally prepared as enteric-coated products or combined with 
antacids (e.g., sodium bicarbonate). Compounded products 
must be made with attention to formulation, including pH, to 
ensure pharmaceutical efficacy. Oral bioavailability increases 
with environmental intestinal pH, and plasma drug concen-
trations tend to increase the first 4 to 5 days of therapy.79 The 
complicated nature of proton pump inhibitors has limited the 
availability of parenteral preparations; however, pantoprazole 
and lansoprazole (and, in Europe, esomeprazole) are available 
for intravenous administration.

Once absorbed, the acidic environment (pH 0.8 to 1) of 
the GI tract causes omeprazole to selectively partition into 
the secretory canniculi of parietal cells compared with other 
cells (pH 5). In the acidic environment, the drug is protonated, 
trapped, and subsequently further transformed to the active 
inhibitor. As such, proton pump inhibitors are prodrugs. Ide-
ally, the drugs are administered about 30 minutes before a 
meal; other antisecretory drugs do not appear to affect proton 
pump activity.80 Indeed, antihistaminergic antisecretory drugs 
might be given in combination with proton pump inhibitors 
for a rapid response because of the slower onset of action of 
the proton pump inhibitors.81 Once in the canniculi, omepra-
zole covalently and irreversibly binds to sulfhydryl groups 
of potassium-adenosine triphosphate (H+, K+-ATPase), thus 
inhibiting the energy source for the proton pump.48,79 Because 
the enzyme is permanently inhibited, secretion of HCl will 
resume only after new molecules have been formed in the 
luminal membrane, which generally requires 24 to 48 hours.48 
Therefore the duration of action of proton pump inhibitors is 
much longer than their plasma half-life. Drug accumulation 
in parietal cells and alternating activity of parietal cells or 
pumps result in a lag time of up to 3 to 5 days before maximum 
effect (generally 70% of pumps are inhibited at steady state) is 
realized.79,82 Consequently, alternative drugs may need to be 
considered if a rapid response is desired. In addition, efficacy 
will be maintained at low plasma drug concentrations and for 
some time after the drug is discontinued. Because of these 
characteristics, omeprazole can be administered once daily.82 
In humans omeprazole is highly (96%) bound to serum albu-
min and α1-acid glycoprotein. Its apparent volume of distribu-
tion is 0.31 L/kg.79 Clearance is accomplished through hepatic 
metabolism; in humans the major enzymes are CYP2C19, for 
which genetic polymorphisms have been reported (decreased 
activity in Asians), and CYP 3A4, an enzyme characterized 
by broad substrate specificity. Also in humans drug elimina-
tion depends on hepatic metabolism to inactive metabolites, 
and elimination half-life is short (52 minutes).79 Omeprazole 

has been studied in dogs.83 Oral bioavailability is reduced, 
although therapeutic concentrations can be achieved.

Dosing at 0.17 mg/kg orally once a day for five years was 
well tolereated in Beagles (n = 10). Changes in disposition 
were not detected across time. The AUC was similar to that 
measured in humans receiving 20 mg (approximately 0.28 mg/
kg) daily. omeprazole daily. Mean inhibition of acid secretion 
by omeprazole 4-7 hours after dosing approximalted 50%.

Drug interactions. Partial inhibition of drugs eliminated by 
selected cytochrome P450 enzymes have been reported for 
omeprazole.84 However, compared with cimetidine, omepra-
zole may be less likely to be involved in drug interactions. All 
proton pump inhibitors appear to inhibit a variety of CYPS 
(including CYP3A4), with clinically relevant drug interactions 
described for warfarin, cyclosporine, and diazepam. Omepra-
zole (more so than other proton pump inhibitors) appears to 
inhibit CYP2C19 and induce CYP1A2 (metabolism of several 
trycyclic or other behavior-modifying drugs); its S isomer is 
characterized by less in hibition. Other interactions are likely 
to exist, indicating caution when combining proton pump 
inhibitors with other drugs metabolized by the liver. Lanso-
prazole may be involved with fewer cytochrome P450–based 
drug interactions. Drug interactions appear to occur at the 
level of P-glycoprotein; omeprazole, lansoprazole, and pan-
toprazole appear to be substrates.85 Because of the delay in 
onset of action, the use of more rapidly acting antihistamin-
ergic drugs might be considered as proton pump therapy has 
begun. That the latter does not appear to have the efficacy of 
the former has been demonstrated.80,81

Adverse reactions. Adverse reactions caused by omepra-
zole are limited because the drug is selective for the H+, K+-
ATPase pump. An exception is the sequelae of achlorhydria. 
Diarrhea and transient fluctuations in liver enzymes have been 
reported. Hypergastrinemia has been documented in human 
patients79 after therapy with omeprazole, and is more severe 
compared with that associated with use of antihistaminergic 
antisecretory drugs and may be associated with gastric hyper-
plasia or an increase in gastric tumors. Rebound hypersecre-
tion of gastric acid as described for antihistaminergic drugs 
should be anticipated, and discontinuation of proton pump 
inhibitors should occur gradually, with tapering or substitu-
tion of alternative drugs in at-risk patients.48 Hypertrophy of 
gastric mucosa has been reported. A marked increase in gas-
tric acid secretory capacity has been detected after omeprazole 
treatment, presumably owing to proliferation of an entero-
chromaffin-like cell mass.86 However, in contrast to H2-recep-
tor blockers, proton pump inhibitors may not cause tolerance 
because their inhibition is distal to histamine-mediated secre-
tion targeted by increased gastrin. Chronic use may decrease 
absorption of vitamin B12, although clinical relevance is 
not clear.48

KEY POINT 19-19 The potential for inhibition of drug metabo-
lism because of drugs or disease may result in longer drug 
half-lives of other drugs.
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Clinical use. Proton pump inhibitors are indicated to sup-
port gastroduodenal healing, prevention or treatment of 
gastroesophogeal reflux, treatment of hypersecretory condi-
tions, and other conditions that benefit from reduced hydro-
chloric acid secretion (e.g., IBDs). Omeprazole is the drug of 
choice for the treatment of the Zollinger–Ellison syndrome. 
Omeprazole has been used to control gastric acid secretion 
that has not responded to H2-receptor antagonists, although 
its superiority to these and other antacid drugs has not been 
firmly  established. Generally, however, studies support the 
superiority of omeprazole over cimetidine for treatment of 
GI ulceration, including response of pain.79 Lansoprazole is 
often preferred in humans for prevention of NSAID-induced 
ulceration but does not appear to offer an benefit in terms of 
long-term  efficacy.

Bersenas and coworkers87 studied normal fasting and 
postprandial intragastric pH and its response to a variety of 
antisecretory drugs in Beagles (n = 12). Antisecretory drugs 
included ranitidine (2 mg/kg intravenously every 12 hours), 
famotidine (0.5 mg/kg intravenously every 12 hours), panto-
prazole (1 mg/kg intravenously every 24 hours), and omepra-
zole (1 mg/kg orally every 24 hours), or saline placebo. 
Intragastric pH was recorded on days 0, 2, and 6. Outcome 
measures included median 24-hour intragastric pH, percent-
age of time pH was at or above 3, and percentage of time pH 
was at or above 4. All outcome measures were better (pH 
higher for longer) in the fasting compared with the postpran-
dial state. Only famotidine, pantoprazole, and omeprazole 
suppressed gastric acid secretion, compared with placebo. The 
investigators also found that a suspension of omeprazole (1 
mg/kg orally every 12 hours; n = 6) but not famotidine (0.5 
mg/kg intravenously every 8 hours; n = 6) suppressed gastric 
acid secretion; information was not available regarding quality 
assurance of the suspensions. The authors concluded that only 
famotidine (at the doses and intervals studied), pantoprazole, 
and omeprazole significantly suppressed gastric acid secretion 
and the only suspension that was anticipated to be effective in 
treating gastric acid-related diseases (in normal dogs), based 
on outcome measures targeted in humans, was omeprazole; 
the power of the study may have impacted interpretation. This 
study suggests that ranitidine at 2 mg/kg, administered intra-
venously, is not an effective antisecretory drug in dogs, and 
famotidine is indicated at 12-hour intervals.

Prostaglandin Analogs
In addition to blockade of receptors that mediate secretion, 
gastric acid might also be modulated by prostaglandins of the 
E series. Their actions appear to be mediated by interaction 
with a basolateral membrane receptor. Intracellular concen-
trations of cAMP decrease, which in turn decreases protein 
kinase activity and hydrogen ion concentration (see Figure 
19-6).49 Misoprostol is a methyl ester analog of prostaglandin 

E1. As such, it is pharmacologically active after oral adminis-
tration, with effects lasting longer than those of endogenous 
prostaglandins.88 Food delays its time of onset, which gen-
erally occurs within 30 minutes. Effects in humans tend to 
last for 3 hours, reflecting, in part, a short half-life of 20 to 
40 minutes. The effects of misoprostol tend to be restricted to 
the local environment, with systemically absorbed drug rap-
idly metabolized by the liver.89 Misoprostol does not appear 
to alter serum gastrin levels, and rebound acid hypersecretion 
has not been reported.83 Basal, nocturnal, and food-induced 
gastric acid secretion is inhibited by misoprostol, which 
appears to be the primary cytoprotective effect. Although 75% 
to 85% of basal acid secretion may be inhibited, high doses at 
frequent intervals (four times daily in humans) may be neces-
sary. The drug is not likely to be as effective as H2-receptor 
or proton pump antagonists in decreasing intraluminal pH 
and appears less effective in controlling pain associated with 
hydrochloric acid secretion. Unabsorbed drug that reaches the 
intestine can cause intestinal secretion, smooth muscle con-
traction, and thus diarrhea (occurring in up to 30% of human 
patients), but these side effects may be resolved after several 
days.88 Misoprostol can exacerbate clinical signs associated 
with inflammatory bowel disease and should be avoided in 
patients at risk.48 Misoprostol can induce uterine contrac-
tions and is contraindicated in pregnancy; clients who are of 
childbearing age should be warned of this potential side effect. 
The primary indication for misoprostol is prevention or treat-
ment of NSAID-induced ulceration, although more conve-
nient drugs tend to be used for prevention. Its use might be 
considered in diseases associated with marked mast cell influx 
(e.g., mastocytosis) because of its inhibitory effect on mast cell 
degranulation.90

Cytoprotective Drugs
Antacids
Antacids have largely been replaced by drugs that more effec-
tively prevent deleterious effects of gastric acid. Nonetheless, 
antacids continue to have a role in the treatment or preven-
tion of mucosal disorders associated with gastric acid or 
other caustic agents. As with many GI-active drugs, informa-
tion regarding the effects of antacids largely is extrapolated 
from data from studies on other species. Antacids chemically 
 neutralize HCl present in the gastric lumen such that gastric 
luminal pH is increased to an acceptable level (pH of 3 or 4, at 
minimum) without causing systemic alkalosis.91 Inactivation 
of pepsin and binding of bile salts by some products (e.g., alu-
minum hydroxide) are also important. Finally, some products 
(e.g., aluminum hydroxide) also induce the local synthesis of 
mucosal protectants (e.g., prostaglandins and sulfhydryls).57,92 
Some antacids are indicated for their impact on electrolyte 
(e.g., phosphorus) absorption. Factors influencing rational 
antacid therapy are rate of acid secretion, duration of time the 
antacid remains in the stomach, the potency of the antacid, 
and adverse effects.93

The relative efficacy of antacids is based on the number of 
milliequivalents of acid-neutralization available (the volume 
of 1N HCl, or milliequivalents of HCl, that can be titrated to a 

KEY POINT 19-20 Studies in the dog suggest that famotidine 
and omeprazole provide the most effective control of gas-
tric acid secretion.
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pH of 3.5 within 15 minutes). The major nonsystemic antacids 
used in veterinary medicine are salts of aluminum, magne-
sium, and calcium used either alone or in combination with 
each other or with various protectants, adsorbents, and astrin-
gent. In general, in vitro, 1 gram of these antacid compounds 
generally neutralize 20 to 35 mEq of acid. Neutralization of 
(reaction with) HCl generates chlorides, water, and carbon 
dioxide48; release of CO2 from carbonates can cause abdomi-
nal distention and belching.48 In the fasting state the action of 
gastric antacids is usually transient and lasts only 1 to 2 hours. 
In general, antacids are cleared from the stomach within 
30 minutes. Neutralization of acid in the stomach antrum 
removes negative feedback control of gastrin release, which in 
turn leads to elevated gastrin levels and enhanced HCl secre-
tion, with increased tone of the lower esophageal sphincter. 
In the past antacid administration was recommended at 4- to 
6-hour intervals to minimize rebound hypersecretion. The 
presence of food, which increases gastric pH to about 5,48 will 
prolong the effects of antacids for up to 2 to 3 hours. In human 
patients, however, administration with each meal has proved 
more convenient yet equally efficacious. Time to onset of 
action is different among antacids. Calcium and sodium car-
bonate are considered fast acting, magnesium salts moderate 
to rapid acting, and aluminum salts slow acting.

Aluminum hydroxide is a good adsorbent (of bile acids 
and pepsin), as well as an antacid. Although slow in action, 
it tends to provide prolonged antacid effects.48 Because it is 
slow acting, it is often combined with more rapidly acting 
magnesium salts. An advantage of aluminum hydroxide com-
pared to other antacids is its stimulatory effect on local pros-
taglandin production in the intestinal mucosa.92 Aluminum 
preparations tend to cause constipation and are often mixed 
with magnesium salts (laxative inaction) to prevent this side 
effect. However, this combination is not always effective, with 
emergence of constipation (because of aluminum) and diar-
rhea (because of magnesium) emerging in some patients. 
Aluminum hydroxide also decreases phosphate absorption by 
forming insoluble aluminum phosphates in the intestine and 
is used to control serum phosphorus in patients with renal 
disease. Note that prolonged administration with meals may 
cause hypophosphatemia in patients.

Magnesium-containing products can raise gastric pH 
higher than aluminum-containing antacids (as high as 9 ver-
sus 4).91 Magnesium hydroxide is the most commonly used 
form of magnesium. Magnesium salts tend to be laxative and 
are often found in combination with aluminum and calcium 
salts. Their cathartic effects result from soluble but unabsorbed 
magnesium salts that remain in the intestine and retain water. 
The neutralizing effect of magnesium hydroxide is prompt 
and prolonged. Up to 20% of the magnesium is absorbed in 
normal circumstances, and in the presence of renal dysfunc-
tion repeated administration can result in hypermagnesia. 

Combination antacid products containing both aluminum 
and magnesium are often used to balance the adverse effects of 
each cation or bowel function.93 Magaldrate is a hydroxymag-
nesium–aluminate hydroxide complex that rapidly dissociates 
in the gastric acid to magnesium or aluminum hydroxide, pro-
viding a sustained effect.

Calcium carbonate is a rapid-acting, potent antacid with 
a prolonged duration. Slowly developing metabolic alkalo-
sis, gastric acid rebound, hypercalcemia, and calciuria with 
metastatic calcification and urolithiasis, hypophosphatemia, 
and constipation are, however, potential side effects that may 
occur after chronic administration of calcium carbonate.93 
In addition, interference with calcium-dependent processes 
may lead to excessive gastrin and HCl secretion.48 Release 
of carbon dioxide may increase gastrin release owing to 
distention.

Antacids may be involved in a number of drug interac-
tions, despite their largely local effects. Antacids may alka-
linize the urine, generally increasing it 1 pH unit. The rate of 
elimination of renally eliminated weak acids will be increased 
(e.g., NSAIDs, phenobarbital), whereas that of weak bases is 
decreased.48 Drug interactions of antisecretory drugs reflect-
ing increased gastric pH may also occur with antacids. Oral 
absorption of a number of other drugs94 may be affected as 
a result of changes in gastric pH. Further, magnesium and 
aluminum in particular are likely to chelate other drugs, pre-
cluding their absorption. Therefore antacids should be given 
approximately 2 hours before or after other orally adminis-
tered drugs.

In addition to gastric distention (carbonates) and altered 
electrolytes that vary with each compound, side effects to ant-
acids are not common. Antacids may increase the risk of food 
allergies based on a mouse model in which proteins extracted 
from caviar induced caviar-specific IgE antibodies, T-cell 
reactivity, and increased GI eosinophil and mast cells in mice 
simultaneously receiving ranitidine or sucralfate. The authors 
identified the aluminum hydroxide component of sucralfate 
as being responsible for the increased risk of allergic response. 
The rationale for the increased risk was incomplete protein 
digestion.95

Gastric hyperacidity, peptic ulcer, gastritis, reflux esophagi-
tis, and chronic renal failure (uremia) are the more common 
indications for antacid preparations in veterinary medicine. 
Pyloric and duodenal peptic ulcers that may be related to 
gastric hyperacidity have been reported in dogs. Antacids 
intended to treat gastroduodenal ulceration generally are 
administered orally 1 and 3 hours after meals and at bedtime. 
For severe conditions or to treat uncontrolled reflux, doses in 
humans are repeated as often as every 30 to 60 minutes. Sus-
pensions have greater neutralizing capacity than do powder 
or tablet dosage forms; in humans tables must be thoroughly 
chewed for maximum effect. A number of acid products 

KEY POINT 19-21 Antacids containing a combination of alu-
minum and magnesium hydroxide provide the best balance 
in efficacy and avoidance of side effects.

KEY POINT 19-22 Sucralfate must bind to damaged tissues 
and therefore is ineffective until damage occurs. However, 
prophylactic use should still be considered.
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intended to treat “acid indigestion” in humans contain sil-
methicone (see the discussion of antiflatulence agents), a sur-
factant that decreases esophageal reflux. Whereas the choice 
of over-the-counter preparations containing a combination 
of antacids and silmethicone is reasonable, products that are 
combined with aspirin should be avoided.

Sucralfate
Sucralfate (see Figure 19-4) is an orally administered disaccha-
ride (octasulfate of sucrose) aluminum hydroxide product that 
binds to and protects damaged epithelial cells from acid, bile, 
and pepsin activity.96-99 In the acid environment of the stom-
ach, sucrose is freed from aluminum hydroxide, cross-polym-
erizes, and binds to exposed (damaged) anions of GI epithelial 
cell membranes (Figure 19-7).100 The maximum protective 
effects of sucralfate depend on an acid environment (pH <4) 
for activation; therefore it should be administered at least 30 
minutes before antacids100 and on an empty stomach, 1 hour 
before feeding.48 Binding occurs in the base of ulcer craters 
and is greater in duodenal than in gastric ulcers. Sucralfate 
also binds to and inactivates bile acids, thus promoting its use 
in biliary disorders, and inhibits pepsin-mediated hydrolysis 
of mucosal proteins.101 In addition to binding and protection 
of cells, the polymerized sucrose prevents exudation of protein 
and electrolytes into the gastric lumen. Effects of sucralfate 
may last up to 6 hours, supporting a four-times-daily dos-
ing regimen.48 The amount of aluminum hydroxide released 
from sucralfate may not effectively neutralize gastric acid-
ity, although this may be controversial.102 Sucralfate appears 
to stimulate production of local mediators that protect the 
gastric mucosa. These include prostaglandins99,101,103 sulfhy-
dryl ions or other oxygen radical scavengers, and epidermal 
growth factor.104 Sucralfate effects on epidermal growth factor 
cause its accumulation in ulcerated lesions.99,105 Sucralfate also 
increases mucosal blood flow either by inducing local nitric 
oxide or prostaglandin production106 or by directly stimulat-
ing mucosal angiogenesis.107

Drug interactions with sucralfate are limited to local effects. 
Sucralfate binds to a number of drugs, with the prototypic 
example being cimetidine. Because cimetidine also increases 
gastric pH (thus potentially reducing activation of sucralfate), 
these two drugs probably should be alternated (i.e., administer 
sucralfate 1 to 2 hours before cimetidine) in patients receiving 
both drugs. In addition to direct binding to drugs, sucralfate 
may influence drug absorption through formation of a thick 
mucus layer. Thus, in general, other drugs should be adminis-
tered at least 2 hours before sucralfate.

Sucralfate is minimally absorbed after oral administra-
tion and is associated with few, if any, side effects. Sucralfate 
is recognized to be the safest drug available for treatment of 
gastroduodenal ulcers.101 Constipation occurs in up to 2% 
of humans. Currently, sucralfate is recommended for treat-
ment of gastroduodenal erosion ulceration, regardless of the 
cause. Its prophylactic use is also recommended for illnesses 
associated with ulceration such as renal or liver disease, mas-
tocytosis, and IBDs for which prolonged use of antiprosta-
glandin is indicated. However, sucralfate does not prevent the 
formation of the ulcer; rather, it protects damaged tissue once 
it occurs. Sucralfate appears beneficial prophylactically for 
stress-induced ulcers but is less effective prophylactically in 
patients receiving NSAID therapy.100 Sucralfate is effective for 
treatment of acid-induced esophagitis,108 although antisecre-
tory drugs such as omeprazole or H2-receptor antagonists are 
probably superior.48 In critical patients at risk for nosocomial 
pneumonia, sucralfate may be preferred to antisecretory drugs 
such that increased gastric pH might be prevented.48 Sucral-
fate has been administered rectally (in humans) for treatment 
of rectal ulcerative disease.
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Figure 19-7 An endoscopic view of sucralfate bound to damaged gastrointestinal epithelium. Binding not only protects the dam-
aged epithelium from further damage but also prevents loss of critical nutrients and fluids.

KEY POINT 19-23 In addition to its mechanical protection, 
sucralfate also increases local prostaglandin protection and 
promotes angiogenesis and epithelialization.
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MODULATORS OF GASTROINTESTINAL 
MOTILITY

Normal Physiology
The GI tract functions to ensure the metabolic survival of 
the host and in doing so sorts ingested materials as to nutri-
tional, toxic, or pathologic status. To accomplish its activities, 
the alimentary tract has its own enteric neurologic system 
(ENS) composed of vagal and sympathetic nerves (Figure 
19-8). The network communicates through a large variety of 
chemicals, including neurotransmitters and neuropeptides. 
Primary signals include ACh, the tachykinins (substance P, 
neurokinin A), nitric oxide, adenosine triphosphate (ATP), 
vasoactive intestinal polypeptide, opioid peptides, neuro-
peptide Y, and 5-hydroxytryptamine.109 Circuits of the ENS 
include intrinsic primary afferent neurons; interneruons; and 
either excitatory or inhibitory neurons that innervate effec-
tor motor, secretomotor, or vasodilator neurons. Addition-
ally, the ENS integrates with the CNS, forming a brain–gut 
axis. The interactions of the integrated signals are complex 
and often not well characterized and thus are difficult to cor-
rect in the face of dysfunction, whether induced by disease 
or drugs.

Regulation of electrical and mechanical, activities of GI 
smooth muscle is a complex but ordered activity involving 

hormonal, myogenic, and neurogenic factors and sensory, 
relay and effector functions.24 Integration occurs at the level 
of the CNS at both spinal and supraspinal levels110 and locally 
through the ENS, including intrinsic and interneuronal nerves 
and ganglia are located between the longitudinal and smooth 
muscles and at least 10 different classes of receptors located 
on the smooth muscle cell. Intrinsic innervation includes the 
Auerbach (or myenteric) plexus, which forms a neural sympa-
thetic and parasympathetic network connecting longitudinal 
and circular smooth muscle and the secondary Meissner (or 
submucosal) plexus, which parasympathetically innervates 
circular muscle. Both systems are secretory and motor in 
effect, although the Meissner plexuses predominantly modify 
mucosal absorption and secretion. Coordination of inhibi-
tory and excitatory muscle movements results in two pri-
mary movements: mixing and aboral propulsion of liquefied 
contents. Mixing reflects rhythmic segmentations caused by 
simple nonprogressive contractions of circular muscle. Elec-
trical activity for propulsion occurs initially as a “slow waves” 
whose crest is followed by “spike potentials.” Slow waves keep 
the membrane potential in a constant state of fluctuation, 
with the frequency of contraction waves ranging between 10 
to 20 times per minute, being fastest in the small intestine. 
Slow waves coordinate synchronous muscle contraction by 
releasing neurotransmitters from the myenteric plexus such 
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that smooth muscle fibers are “primed” to respond to the spike 
potential that follows. Gap junctions between circular and 
longitudinal fibers ensure that electrical stimuli (i.e., depo-
larization) spread outward in a circular fashion such that an 
entire ring of circular smooth muscle contracts in a coordi-
nated fashion (Figure 19-9).

Peristalsis is the major propulsive movement, occurring 
principally in the esophagus and intestines, involving both 
longitudinal and circular smooth muscles and reflecting sig-
nals originating in the myenteric plexus without being influ-
enced by signals peripheral to the ENS. Peristalsis reflects an 
ascending excitatory reflex of circular smooth muscle causing 
contraction on the oral side of a bolus, with ACh and substance 
P as the primary interneuronal mediators, and a descend-
ing inhibitory aboral reflex that causes relaxation, with nitric 
oxide, vasoactive intestinal peptide, and ATP as mediators.24 
Luminal contents follow the net pressure gradient. Contrac-
tion of longitudinal smooth muscle in the descending (aboral) 
phase and relaxation in the ascending oral phase facilitates 
peristaltic movements and aboral movement of intestinal 
contents.111 Although peristaltic activity is mainly propul-
sive, it also ensures mixing and successful absorption. Wilson 
and coworkers review the physiology of the gastroesophageal 
sphincter.112 Relaxation is mediated by noncholinergic and 
nonadrenergic signals. Absorption of luminal contents is facil-
itated as intestinal luminal contents are impeded by narrowing 
of the intestinal luminal diameter.

Receptors and Signals
Most smooth muscle activity ultimately reflects response to 
ACh through cholinergic receptors. However, activity of cho-
linergic receptors is modulated by a variety of other receptors 
(see Figure 19-8). Muscarinic (M2) receptors regulate phasic 
bowel movements during fasting. Several types of muscarinic 
receptors have been identified pharmacologically (M1-4) in the 
GI tract. Of these, M1 or M3 receptors interact with G pro-
tein and mobilize intracellular calcium; M2 and M41`receptors 
inhibit adenylyl cyclase and regulate ion channels. M1 recep-
tors present in the myenteric plexus may inhibit motility by 
way of gabaminergic mechanisms. M2 receptors, located pre-
synaptically and postsynaptically, mediate presynaptic inhi-
bition of ACh release. M3 receptors appear to be located on 
smooth muscle cells, and although less abundant than M2 by 
a ratio of 4:1, they are more important because they increase 
intracellular calcium.24,110

A number of other receptor types influence GI motility. 
Adrenergic receptors, including α1, and α2 postsynaptically 
and α2, presynaptically regulate ACh release from the myen-
teric plexus. Generally, cholinergic neurons stimulate and 
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Figure 19-9 The sequelae of smooth muscle contraction in the intestines vary with the type of muscle. Longitudinal muscle 
contraction shortens the gastrointestinal tract; peristalsis thus forces expulsion of luminal contents. Contraction of circulatory 
muscle causes segmentation or resistance to outflow. This effect predominates with opioids. Anticholinergic drugs impair both 
types of muscle activity.

KEY POINT 19-24 Regulation of gastrointestinal motility is 
complex, with muscarininic (M2 and M3 subtypes) and 
5-HT4 being the major role players.
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adrenergic neurons inhibit gastric motility. Both H1 and H2 
receptors have been identified in the GI tract. They are located 
both prejunctionally, where they control ACh release, and 
postjunctionally. Stimulation of H1 receptors induces, whereas 
H2-receptors inhibit, smooth muscle contraction.113 The role 
of dopamine and serotonin in gastric motility is complex and 
not well elucidated. Among the effects of dopamine are reduc-
tion in esophageal sphincter and intragastric pressures. Dopa-
mine, by way of D2 receptors, inhibits smooth muscle of the 
stomach, duodenum, and colon and has been implicated as a 
mediator of receptive relaxation in dogs (see Figure 19-8).24,34 
Dopamine exerts its inhibitory effect through inhibition of 
ACh at myenteric motorneurons.34

Over 90% of serotonin in the body is located in the GI 
tract, indicating its importance in this system. The majority 
of serotonin is produced by enterochromaffin cells that rap-
idly release serotonin in response to a variety of mechanical or 
chemical stimuli. Its effects generally are stimulatory by way of 
5-HT3 and 5-HT4 receptors and inhibitory by way of 5-HT1P 
receptors. The result is a peristaltic reflex, mediated by 5-HT1P 
and 5-HT4 receptors at the myenteric plexuses and 5-HT3 
receptors at extrinsic vagal and spinal sensory neurons.24 
Serotonin often exerts its effects through secondary chemicals. 
For example, the inhibitory effects of 5-HT1P receptors reflect 
release of nitric oxide, which reduces muscle tone, whereas the 
stimulatory effects of 5-HT4 receptors reflect enhanced ACh 
release. However, the effects of 5-HT4 receptor stimulation 
appear to vary with species and origin. In the guinea pig ileum, 
effects are stimulatory, but in human and canine colons, 5-HT4 
receptor stimulation causes relaxation of smooth muscle.114 
In the dog, 5-HT4 receptors appear to mediate relaxation 
in gastric cholinergic neurons where gastric contraction facili-
tates gastric emptying, and jejunal and ileal mucosa and circu-
lar colonic smooth muscle cells, where activation appears to 
cause relaxation. Conflicting studies may reflect the different 
roles that 5-HT4 receptors have in stimulating contraction and 
peristalsis: a positive effect may occur with mucosal stimula-
tion but not luminal distention.114 5-HT4 receptors appear to 
be potent secretagogues in most species, again with effects 
variable among species and location. These differences among 
species and tissues suggest that extrapolation of therapeutic 
indications and doses should be based on scientific studies in 
the target species. The effects of serotonin are ameliorated, in 
part, by reuptake. However, uptake can be inhibited by CNS-
active serotonin reuptake inhibitors, although the sequelae 
may cause diarrhea.

Other sites are targeted by motility-modifying drugs. 
Activation of the noncholinergic, nonadrenergic inhibitory 
neurons results in bowel relaxation.113 Prostanoids and spe-
cifically prostaglandin E (PgE) receptors have been identified 
in the gastric fundus and ileum. PgE receptors may modu-
late motility from the esophagus to the colon.113 Generally, 
PgE inhibits mechanical activity of circular smooth muscle, 
whereas prostaglandins of the D and F series are stimulatory. 
At high doses, PgE stimulates peristaltic activity, although this 
may represent mechanical response to excess watery fluid in 
the intestinal lumen stimulated by PgE.113 Motilin is a peptide 
hormone located in M and enterochromaffin cells of the GI 

tract. Motilin appears to enhance and potentially induce phase 
III activity.

Smooth muscle activity in the large bowel varies from that 
in the small bowel. In the small bowel, slow waves gener-
ally occur continuously and propagate aborally. In the colon 
slow waves are sometimes absent, and propagation may be 
variable.110

Prokinetic Drugs
Prokinetics enhance the transit of intraluminal contents.34 The 
mechanisms of action of these drugs are varied and are not 
completely understood. Their effects on intestinal functions 
generally reflect either promotion of an agonist, such as ACh by 
muscarinic drugs, or inhibition of an inhibitory signal, such as 
dopamine (see Figure 19-8).34 Organ-specific and species-spe-
cific differences complicate our comprehension of these drugs.34

Cholinergics
Clinically, the use of cholinergics is limited by their tendency 
to cause systemic effects. Bethanechol is an ester derivative of 
choline that acts as a cholinergic agonist almost exclusively at 
muscarinic (M2) receptors.113 Bethanechol will enhance the 
amplitude of contractions throughout the GI tract, including 
the lower esophageal sphincter (Figure 19-10; see also Figure 
19-8).34,113 Its effects on the coordination of small intestinal 
contraction may be minimal, however, and thus it is often not 
considered to be a prokinetic agent.34 Adverse effects reflect 
direct enhanced parasympathomimetic stimulation and include 
abdominal cramps, diarrhea, salivation, and bradycardia.34

Metoclopramide
Metoclopramide is a lipid-soluble derivative of para-ami-
nobenzoic acid. It is structurally related to procainamide, a 
cardiac antiarrhythmic (see Figure 19-4).34 In addition to 
its central antidopaminergic (antiemetic) effects, metoclo-
pramide acts peripherally as both an antidopaminergic and as 
a direct and indirect stimulator of cholinergic receptors.34,35

The effect of metoclopramide on canine gastromotil-
ity was described as early as 1969.115 Compared with saline, 
metoclopramide decreased transit time and volume but did 
not affect flow of intestinal contents. Clinically, its effects 
appear to be limited to the upper intestinal tract (see Figure 
19-10).35,37,116,117 The peripheral effects of metoclopramide 
apparently reflect enhanced release of ACh from intrinsic cho-
linergic neurons. These effects are completely inhibited by pre-
treatment with anticholinergics such as atropine.34,37,118 The 
peripheral effects, however, appear to be mediated by effects 
on other (noncholinergic) local neurotransmitters, particu-
larly dopamine. Serotonin receptors also may play a role.34 
The prokinetic activity of metoclopramide reflects muscarinic 
activity, D2 receptor antagonist activity, and 5-HT4 receptor 
agonist activity.34 Because of its effects on the stomach, meto-
clopramide physiologically antagonizes emesis by increasing 
the tone in the lower esophageal sphincter, increasing the 
force and frequency of gastric antral contractions (gastro-
kinetic effect), relaxing the pyloric sphincter, and promoting 
peristalsis in the duodenum and jejunum, resulting in acceler-
ated gastric emptying and upper intestinal transit.35
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Metoclopramide is well absorbed orally but undergoes 
significant first-pass metabolism with a bioavailability in the 
50% to 70% range. Tissue distribution is rapid, and excretion 
is both renal and hepatic. Because the plasma half-life in the 
dog is only 90 minutes, metoclopramide has a short duration 
of action.35 Dose-dependent CNS side effects include ner-
vousness, restlessness, listlessness, depression, and disorienta-
tion.34,35,119 Extrapyramidal antidopaminergic effects include 
tremors and motor restlessness. Tremors in cats, particularly 
after intravenous administration, are not unusual. Gyne-
comastia caused by enhanced release of prolactin has been 
reported in humans.34 GI disorders may also be observed, 
with constipation being common with long-term use.

Metoclopramide has a demonstrated impact on the oral 
bioavailability of several drugs, with the effect varying with the 
drug. For example, co-administration with the oral hypoglyce-
mic agent ciglitazone decreased Cmax by 16% and AUC 8%,120 
but co-administration with cephalexin increased cephalexin 
Cmax by 21% and AUC by 36%.121 It is not clear if the latter 
effect reflected increased gastric emptying or interference 
with intestinal transport proteins. As an antiemetic, the main 
indications for metoclopramide include severe and intractable 
emesis caused by chemotherapy or other blood-borne toxins 
as well as nausea and vomiting associated with delayed gas-
tric emptying, gastroesophageal reflux, reflux gastritis, and 
peptic ulceration. As a prokinetic, metoclopramide is indi-
cated for treatment of a variety of gastric motility disorders, 
including gastric dilation, volvulus, postoperative ileus, gastric 

ulceration, and idiopathic gastroparesis.37 Metoclopramide is 
contraindicated in GI obstruction or perforation, potentially 
in epilepsy, and for patients receiving neuroleptics. Because of 
their anticholinergic effects, atropine and the opioid analgesics 
antagonize the action of metoclopramide.

Domperidone
Domperidone is a dopamine antagonist whose prokinetic 
properties are similar to those of metoclopramide.122 How-
ever, unlike metaclopramide, it has no cholinergic activity 
and is not inhibited by atropine. Domperidone does not cross 
the blood–brain barrier as readily as metoclopramide. Like 
metoclopramide, however, domperidone can affect central 
dopamine receptors and thus modulate temperature control, 
prolactin secretion, and activity at the CTZ.34 Extrapyramidal 
side effects are rare. Domperidone acts peripherally to coordi-
nate antroduodenal contractions. Its peripheral effects accel-
erate small intestinal transit, but colonic activity is apparently 
unaffected.119

Cisapride
Cisapride has the broadest spectrum of action of the proki-
netic agents.123 It causes dose-dependent increased activity at 
all GI sites, including the esophagus, stomach, jejunum, ileum, 
small intestine, and colon34 (see Figure 19-10). Because 75% 
of the feline esophagus is skeletal muscle, esophageal pro-
kinetic effects are likely to be less in cats than in dogs. The 
prokinetic actions of cisapride appear to reflect indirect stimu-
lation of cholinergic nerves. Serotonin appears to mediate this 

KEY POINT 19-25 Clinically, the prokinetic effect of metoclo-
pramide is limited to the stomach, lower esophagus, and 
pylorus.

KEY POINT 19-26 Anticholinergics and opioids decrease the 
prokinetic efficacy of metoclopramide.

Body

Cisapride (cat � dog?)
Bethanechol

Esophagus
(cat � dog?)

Jejunum

Ileum

Colon

Metoclopramide

Lower esophageal sphincter
tightened

Fundus: antegrade
contraction

Pyloric antrum, canal, duodenum:
relaxed

A
ntegrade contraction

Figure 19-10 The sites of actions of two clinically useful prokinetic drugs. In vivo, at standard doses, metoclopramide’s actions are 
limited to the lower esophagus (feline more than canine), stomach, and upper duodenum, where it physiologically antagonizes 
vomiting. Cisapride appears to increase motility throughout the gastrointestinal tract.
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effect through 5-HT4 receptors (see Figure 19-8). Stimulation 
of colonic contractions reflects 5-HT2a. Because secretion is 
not enhanced, stimulation probably occurs at the level of the 
myenteric plexus.34

Well absorbed after oral administration, cisapride under-
goes first-pass metabolism, with oral bioavailability in humans 
being 50%. Metabolites are apparently inactive. Volume of 
distribution is large (2.4 L/kg) in humans, and elimination 
half-life is 10 hours. Cisapride kinetics have been reported 
in the cat.124 Oral administration is characterized by 30% 
bioavailability, and the elimination half-life approximates  
5 hours. A dose of 1 mg/kg every 8 hours or 1.5 mg/kg every 
12 hours is recommended on the basis of these data. Elimi-
nation may be prolonged in the presence of liver disease.123 
Indications for use of cisapride are similar to those for meto-
clopramide (excluding dopaminergic effects). Indications in 
humans include any disorder associated with impaired gastric 
emptying as well as gastroesophageal reflux. Unlike metaco-
lopramide, cisapride does not interact with central dopamine 
receptors, and its use is not associated with extrapyrami-
dal side effects.113 However, stimulation of 5-HT4 receptors 
by cisapride (and other drugs) causes blockade of the rapid 
component of potassium influx through the delayed rectifier 
potassium channel. Prolongation of the QT interval results in 
torsades de pointes and the potential for sudden cardiac death. 
Subsequently, cisapride has been withdrawn from the human-
medicine market, mandating the need for compounding for 
veterinary use. Myocardial side effects have not been reported 
in peer-reviewed literature but have been reported anecdot-
ally. Further, in vitro studies have revealed a similar effect in 
the canine myocardium. The risk is greater when cisapride is 
combined with other drugs that inhibit the cytochrome P450 
enzyme responsible for cisapride metabolism in humans (e.g., 
clarithromycin, itraconazole).125

Miscellaneous and Pending Prokinetic Drugs
Erythromycin stimulates GI motility at low doses not associ-
ated with antimicrobial effects (0.5-1 mg/kg every 8 hours). 
Its effects appear to mimic those of motilin (see Figure 19-8). 
Lower esophageal sphincter pressure will be increased. How-
ever, contraction in the stomach is not coordinated and may 
result in “dumping” of food from the stomach into the intes-
tines before maceration is complete. Increased small bowel 
motility has led to its clinical use in humans with small bowel 
dysmotilities, but clinical use has not been reported in ani-
mals. Doses greater than 3 mg/kg may actually cause spastic 
contractions and cramps. The prokinetic effects of erythromy-
cin may be responsible, in part, for GI disturbances that occur 
in up to 50% of patients receiving this drug. However, toler-
ance develops rapidly, probably because of downregulation of 
motilin receptors. Other macrolides will also stimulate motil-
ity to variable degrees.

Among the H2- receptor antagonists, ranitidine and nizati-
dine inhibit anticholinesterase activity and thus are prokinetic 
at antisecretory doses.126 Comparison between cisapride and 
ranitidine, an H2-receptor antagonist, for the treatment of gas-
troesophageal reflux reveals both to be effective.127 Nizatidine 

was demonstrated to have prokinetic effects similar to those of 
cisapride owing to noncompetitive inhibition of ACh at a level 
comparable to that of neostigmine.128

Misoprostol, a PgE analog, also is associated with proki-
netic properties in the colons of dogs and cats. At least two 
prokinetic agents have been in various stages of approval in 
human medicine: prucalopride (R093877; Janssen Pharma-
ceutical) and tegaserod. Both are potent, partial agonists of 
5-HT4 receptors. Prucalopride (benzamide) is void of activity 
at other serotonin receptors or cholinesterase enzyme activ-
ity. Although pharmacokinetics have not been reported in 
dogs, prucalopride causes a dose-dependent (0.01-0.16 mg/
kg [dog]) increase in gastric emptying and increased giant 
migrating contractions with defecation in dogs (0.02-1.25 mg/
kg) or cats (0.64 mg/kg).129 Fecal consistency does not appear 
to be affected. In contrast to prucalopride, tegaserod is a non-
benzamide. In addition to effects at 5-HT4 receptors, it acts as 
a weak agonist at 5-HT1D receptors. Like prucalopride, tegase-
rod acts as a prokinetic in the canine colon, with effects appar-
ent within 1 hour of an intravenous dose (0.03-0.3 mg/kg).  
Prokinesis also appears to occur in the intestine on the basis 
of normalization of transit time in opioid-induced bowel 
dysfunction in dogs (3-6 mg/kg orally). Because the colonic 
effects of tegaserod do not appear to be dose dependent, proki-
netic effects in the colon may reflect an alternative mechanism 
of action. The impact of tegaserod on the canine stomach or in 
the cat have yet to be described. Tegaserod was approved for 
human use in the United States in 2002 (Zelnorm).

The Impact of Nongastrointestinal Drugs on 
Gastrointestinal Motility
Benzodiazepines influence gastrointestinal smooth mus-
cle activity and secretion. In fasted dogs, the diazepam  
(0.5 mg/kg, IV) was associated with disruption of migrating 
myoelectric complexes and increased conctractility in the 
jejunum. In humans, diazepam (approximately 0.15 mg/kg  
PO) suppressed basal gastric acid secretion for 5 hours 
posttreatment.129a,b A variety of drugs alter esophageal sphinc-
ter function. Anesthetic drugs that reduce gastroesophageal 
sphincter tone include acepromazine, diazepam, morphine, 
halothane, isoflurane, xylazine, and atropine. The effect of 
intravenous morphine and butorphanol on GI motility has 
been studied in dogs. Morphine (0.1 mg/kg) was associated 
with a dose-dependent increase in duodenal smooth muscle 
activity and a dose-dependent decrease in bile duct flow, with 
the effects described as spasmogenic. In contrast, butorphanol 
administered at a dose described as equianalgesic (0.025 mg/
kg intravenously) had little or no effect on the biliary or GI 
smooth muscle in dogs.130

The effect of xylazine (1 mg/kg) or the combination of 
acepromazine (0.1 mg/kg) and butorphanol (0.05, 0.2, or  
1 mg/kg) on GI motility as it influenced GI radiocontrast stud-
ies was studied prospectively in healthy dogs (n = 6) using a 
randomized crossover saline–placebo-controlled design.131 
Total gastric emptying time (gastric and intestinal) was pro-
longed by xylazine and the combination of acepromazine and 
butorphanol (all doses). However, nonmanual restraint was 
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facilitated and the combination protocol with butorphanol 
at 0.05 mg/kg provided sufficient chemical restraint to allow 
functional morphologic examination of the GI tract (within 5 
hours).131 It is unclear how this combination would affect the 
study in an animal with GI disease.

The impact of selected drugs on feline gastroduodenos-
copy has been reported in normal cats receiving ketamine 
intramuscularly followed by isoflurane maintenance. Each of 
eight cats was studied four times, once per drug. No differ-
ences were detected in difficulty or time to pass the endoscope 
through the cardiac or pyloric sphincters for hydromorphone, 
with or without glycopyrrolate, medetomidine, or butorpha-
nol. Passage into the stomach required only 16 seconds, and 
the drug took at most 2 minutes (generally 20 seconds) to pass 
into the duodenum. Although sample size may have precluded 
detection of significant differences among drugs, the authors 
concluded that none of the drugs impeded endoscopy.132

DRUGS AFFECTING THE INTESTINAL 
TRACT

Physiology, Pathophysiology, and Motility
The primary clinical sign reflecting intestinal disease is diar-
rhea; accordingly, drugs targeting the intestinal tract fre-
quently are intended to control diarrhea. Drug therapy for 
diarrhea tends to be nonspecific, preferably targets the under-
lying disease rather than the GI tract, but occasionally might 
target the physiologic (rather than pathologic) cause of diar-
rhea. Diarrheas can be classified as inflammatory or infectious, 
osmotic (including malabsorption), and secretory. The goal 
of antidiarrheal therapy generally is to reduce the discomfort 
and inconvenience of frequent bowel movements and, when 
indicated, to replace fluids or electrolytes lost with diarrhea. 
Rehydration followed by oral replacement therapy often is the 
preferred treatment for diarrheas associated with infectious 
agents.133 Suitable solutions contain K+, HCO+, Na+, and glu-
cose in sufficient quantities to replace stool losses.133 Substan-
tial evidence exists linking GI secretion with GI motility, with 
increased motility usually being accompanied by increased 
fluid and electrolyte secretion.134 The physiology of intestinal 
motility was previously discussed.

Absorption and Secretion
Increased amounts of fecal water reflect either diminished 
absorption or a net secretion (accumulation) of fluid into the 
lumen of the intestine. In all diarrheal states, increased fecal 
water loss is associated with an overall secretion of electrolytes 
and water in selected segments of the GI tract. The absorptive 
capacity of the alimentary canal is overwhelmed distal to the 
site of secretion. Sodium-absorbing cells are present predomi-
nantly on the villi, and chloride-secreting cells are located pri-
marily in the crypts.

Absorption in the small intestine occurs by passive sodium 
absorption across the luminal membrane and by active secre-
tion of sodium across the basolateral membrane. Water follows 
the osmotic draw of sodium into the lateral intracellular space. 
The electrochemical gradient caused by sodium movement 

facilitates chloride diffusion into the cell.133 A specific brush 
border carrier for NaCl co-transport accomplishes absorption. 
Nutrients such as glucose and other organic solutes, however, 
facilitate solvent drag of water and electrolytes as they enter 
cells.133 Secretion in crypt cells of the intestinal epithelium 
is initiated by intracellular signaling (cAMP) or calcium. 
Increased chloride conductance into the lumen results in 
sodium recycling, first through the lateral intercellular space 
and second into the lumen. Although NaCl co-transport can 
be inhibited, NaCl movement can still occur as a result of sol-
vent drag (i.e., that mediated by nutrients).133

Increased intestinal cell cyclic adenosine monophosphate, 
cyclic guanosine monophosphate, and Ca2+ (through calmod-
ulin) all diminish sodium absorption and increase chloride 
secretion, with a net efflux of water into the lumen. Cholera 
enterotoxin is the best-known intestinal secretagogue,133 but 
several hormones, including vasoactive intestinal peptide, gas-
tric inhibitory peptide, CCK, secretin, glucagon, and PGE1, 
and infectious agents (e.g., Escherichia coli, Staphylococcus 
spp.) are associated with net fluid accumulation.133 Several 
laxative agents such as bile acids and ricinoleic acid may act 
through this mechanism. The exact role of intestinal motility 
in the alteration of fluid and electrolyte movement and the role 
of mucosal permeability or mucosal damage in the genesis of 
fluid accumulation within the gut lumen remain unclear.

Modulators of Intestinal Motility and Secretions
Anticholinergic Agents
Parasympatholytic or antimuscarinic agents diminish motor 
and secretory activity of the GI tract. Tone and propulsive 
movements are decreased (see Figure 19-9), and these agents 
will often relax spasm of visceral smooth muscle. Such anti-
muscarinic drugs are thus known as antispasmodics or spas-
molytics. Although cholinolytic agents are commonly used 
as spasmolytics in antidiarrheal mixtures, the absence of seg-
mentation may lead to severe forms of diarrhea with intestinal 
paralysis or ileus induced by the cholinergics. The main ben-
efit of anticholinergic agents may be related to their ability to 
reduce intestinal secretions.

Antimuscarinic agents used as spasmolytics include the 
belladonna alkaloids (atropine and hyoscine), their conge-
ners (atropine methonitrate, homatropine methobromide, 
hyoscine butylbromide,), and synthetic cholinolytic drugs 
(aminopentamide, dicyclomine, glycopyrrolate, mepenzolate, 
oxyphenonium, propantheline). Many of the belladonna alka-
loid derivatives are substituted tertiary amines and thus may 
have undesirable CNS and other systemic effects. The syn-
thetic groups are mostly substituted quaternary amines and 
are devoid of CNS effects. Xerostomia, loss of lens accommo-
dation, urinary retention, constipation, tachycardia, and CNS 
stimulation are potential side effects that may be encountered 
when parasympatholytics are administered.

KEY POINT 19-27 A disadvantage of anticholinergic drugs is 
decreased gastrointestinal motility, loss of segmentation, 
and severe diarrhea.
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Opioids
Receptors and peptides. Opiates have been used since antiq-

uity to control diarrhea, and they remain the cornerstone of 
nonspecific antidiarrheal therapy for humans.48 Opioids 
appear to influence normal GI physiology.135 Opioids may 
stimulate GI motility both locally and by central effects in the 
brain or spinal cord.113 Both opioid peptides and opioid recep-
tors have been identified throughout the GI tract. The specific 
location of receptors has been based on the physiologic effects 
of opioid agonists and antagonists.135-137 Both in vitro and in 
vivo preparations have been studied, often with conflicting 
results. Confounding interpretation is the variability in num-
ber and receptor type among species. High-affinity, reversible, 
and saturable binding of opioid receptors has been identified 
in longitudinal and circular smooth muscles and the myen-
teric and submucosal plexuses. Binding has also been noted in 
the muscularis mucosae. Although multiple opioid receptors 
have been identified, μ-type (OP3) and δ-type (OP1) opioid-
binding sites appear to predominate among the species. Mor-
phine acts to stimulate μ-receptors of the myenteric plexus, 
thus inducing migrating motor activity in the duodenum and 
jejunum. The relative importance of different receptor types 
in the control of intestinal peristalsis has not been established.

Not surprisingly, in addition to opioid recetpors, endog-
enous opioids are also present in high concentrations in the 
intestinal wall. Biosynthesis of enkephalins has been dem-
onstrated in the myenteric plexus of some species. In addi-
tion, antral G cells are thought to be capable of synthesis of 
enkephalins or endorphins. β-endorphin and dynorphin have 
also been demonstrated. In cats enkephalin has been detected 
in both myenteric and submucosal plexuses. In contrast to 
other species, the predominant location of enkephalin neu-
rons in dogs is the submucosal plexus. Opioid nerve fibers 
have also been documented in the lower esophagus, pyloric 
junction, and cardiac and ileocecal regions. Specific degrada-
tive enzymes for the opioid peptides have also been identified 
in similar locations.135

Impact of opioids on gastrointestinal motility. Much of the 
research regarding opioids and the GI tract reflects an attempt 
to understand the mechanisms of GI adversities resulting from 
opioid analgesic therapy. In vitro studies indicate that endog-
enous opioids in the GI tract modulate normal GI motility and 
gastrin release. Exogenous opioids depress the normal peri-
staltic reflex (see Figure 19-9), as has been repetitively dem-
onstrated with the use of the pure antagonist naloxone, which 
consistently increases peristaltic activity. As such, among the 
side effects of opioids is constipation, associated with an inhib-
itory effect on smooth muscle motility. The intestinal opioid 
mechanism occurs in vitro throughout the intestinal tract, 
with function apparently increasing distally from duodenum 
to ileum. Endogenous opioids may thus be partially respon-
sible for the gradient of intestine, a term that describes the oral 
to aboral phenomenon of decreasing frequency of peristal-
tic waves and decreasing sensitivity to distention stimuli.135 
GI opioids appear to be subject to feedback control.135 The 
widely accepted mechanism of opioid actions in the GI tract 
is principally presynaptic inhibition of ACh (and potentially 

other mediators, such as serotonin) release.109 Postsynaptic 
modulation of the effects of ACh already released may also be 
important for the effects of opioids on peristalsis. Intracellular 
mechanisms may involve increased calcium-dependent potas-
sium conductance and hyperpolarization. Opioids also reduce 
calcium entry during the action potential and deplete neurons 
of calcium. In addition to inhibition of propulsion, tonic spas-
mogenic effects may occur in some species. The spasmogenic 
effect caused by opioids is antagonized by atropine. The effect 
of opioids on GI sphincters varies, with the effect appearing 
to vary with dose. For example, excitation (contraction) of the 
choledochoduodenal junction in dogs occurs with some drugs 
at low doses and inhibition at higher doses. Species differences 
in sites of action, receptor populations, and motility may be 
more quantitative than qualitative.135

Impact of opioids on intestinal secretion. As with motil-
ity, the effects of opioids on gastric acid secretion vary with 
the study, species, and opioid. Opioids enhance gastric acid 
secretion mediated by histamine using in vitro studies, but the 
effect on ACh-induced secretion varies among in vivo stud-
ies. Dose dependence may account for some of the variability, 
with excitation or enhancement of basal secretion occurring 
at lower doses and inhibition at higher doses. A dual effect on 
stimulated gastric acid secretion appears to be mediated both 
peripherally and centrally.135

In contrast to gastric secretion, the effect of opioids on 
intestinal secretion appears to be consistent among the spe-
cies.135 Opioids stimulate the net absorption of water and 
electrolytes in enterocytes of both small and large intestines 
in a variety of species. In vitro studies indicate that these 
peripheral effects are mediated by δ-receptors. Receptor types 
may, however, vary with the site. These effects, which may 
reflect facilitated absorption or inhibited secretion, are largely 
responsible for the antidiarrheal properties of the opioids. Sev-
eral mediators, acting centrally and peripherally, may mediate 
opioid antisecretory effects, with the impact varying with the 
chemical mediator. Presynaptic inhibition of ACh release and 
inhibition of prostaglandin-mediated adenylate cyclase activ-
ity have been implicated as the target signals, with sodium, 
but not chloride, the targeted ion that is negatively influenced. 
Opioids also centrally decrease intestinal secretions, perhaps 
through the sympathetic nervous system. Antisecretory effects 
may involve norepinephrine and its effects on vasoinhibitory 
peptide, PgE, or ACh.113 Decreased intracellular free calcium 
also has been implicated as a possibility. In contrast to water 
and electrolyte secretion, opioids act to increase bicarbonate 
secretion from the gastric and duodenal mucosa.135

Drugs
Diphenoxylate hydrochloride is a meperidine derivative used 
specifically to control diarrhea. It is often administered in 
combination with atropine-like compounds, whose bitter taste 

KEY POINT 19-28 Opioids enhance retention of luminal con-
tents facilitate absorption, rendering them very effective for 
treating diarrheas.
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and drying effect on salivary secretions are added as a deter-
rent to substance abuse. The actions of diphenoxylate largely 
depend on a direct peripheral effect on the GI wall. Because 
diphenoxylate can penetrate the blood–brain barrier, systemic 
opiate effects may occur. The potential for drug abuse has led 
to its designation as a Schedule V drug. The use of opioids 
in cats is generally reasonable, as long as accommodation is 
made for the increased sensitivity that appears to characterizes 
their response .

Loperamide hydrochloride, a butyramide derivative, is an 
orally active and effective antidiarrheal agent used for symp-
tomatic control of acute and chronic nonspecific diarrhea. 
Unlike diphenoxylate, systemic opiate agonist effects do not 
appear to occur after oral administration of loperamide, and 
there are few side effects. Although loperamide has some 
structural similarities to diphenoxylate, it does not cross the 
blood–brain barrier, and it differs both qualitatively and quan-
titatively from diphenoxylate and difenoxin in its pharmaco-
logic actions.138 Intestinal transit time and intestinal luminal 
capacity increase after treatment with loperamide.113

Miscellaneous Antisecretory Drugs
There are a number of potentially useful drugs that have not 
been extensively studied but for which there is some evidence 
of clinical benefit. Glucocorticoids have been found to be 
beneficial in treating refractory chronic diarrheal disease as 
well as chronic inflammatory diseases of the intestinal tract. 
Glucocorticoids stimulate active sodium absorption in the 
jejunum, ileum, cecum, and colon. However, because of many 
undesirable side effects when used chronically, the glucocor-
ticoids should not be used on a routine basis to treat diarrhea.

Adrenergic agents appear to act predominantly by increas-
ing basal fluid absorption and do so at very low concentra-
tions. The mechanisms involved are unclear. Clonidine and 
other α2-adrenergic agonists are potentially useful in this 
regard. Calcium/calmodulin antagonists may act by stimulat-
ing active absorption as well as by inhibiting intestinal secre-
tion, but the precise mode of action of these drugs is not clear. 
Several drugs with this effect have been found to be useful in 
the control of certain forms of secretory diarrhea. Examples 
include chlorpromazine and trifluoperazine. NSAIDs such as 
aspirin, indomethacin, flunixin, and the subsalicylate of bis-
muth subsalicylate inhibit the cyclooxygenase pathway of ara-
chidonic acid metabolism and thereby suppress the formation 
of prostaglandin mediators. The role of various prostaglan-
dins in intestinal motility as well as in absorption and secre-
tory processes is complex, and the inhibition of prostaglandin 
synthesis will not consistently influence secretory diarrheal 
states. The NSAIDs may, however, prove to be therapeutically 
beneficial in some acute and chronic diarrheal syndromes as 
long as care is taken regarding their gastrointestinal advesre 
effects.

Asulfidine (sulfasalazine) is a sulfapyridine-5-aminosali-
cylic acid (5-ASA; mesalazine) compound joined by a diazo 
bond that is broken by colonic microbes.139 It is the 5-ASA 
component that is beneficial, with the sulfapyridine simply 
carrying the active drug to the colon.139 This finding led to 
the development of 5-ASA products without the sulfonamide 
component. Compounds equally efficacious to sulfasalzine 
include osalazine, balsalazide, and mesalazine. An advan-
tage of these products is efficacy above the colon (i.e., in the 
absence of microbial metabolic activation). A variety of prep-
arations are available such that oral absorption is prevented 
and specific sites of delivery (e.g., jejunem versus ileum versus 
colon) might be targeted, with the intent of topical, rather than 
systemic, delivery. These include pH-dependent (e.g., Asacol) 
and slow continuous release (Pentasa) mesalazine (also known 
as mesalamine), diazo bond delivery (osalazine, a diamer of 
mesalazine), or balsalazide (a prodrug).140 The exact mecha-
nism of action of mesalazine is not known, but presumed 
activities include inhibition of cytokines, leukotrienes, and 
nuclear factor kappa B. Mesalazine is metabolized by both epi-
thelial and hepatic acetylation. Although these newer 5-ASA 
products have not been proved to be more efficacious than sul-
fasalazine in treatment of IBD in humans, they are better tol-
erated. Because they are better tolerated than glucocorticoids, 
they are the cornerstone of therapy for some human IBDs.

As with all aspirin-containing compounds, caution is indi-
cated when a sulfasalazine is used in the cat because salicylic 
acid released in the colon can be subsequently absorbed. For 
example, the aspirin component of mesalamine (and thus 
osalazine) may be 30% or more bioavailable (demonstrated in 
humans), and care should be taken to avoid aspirin toxicity, 
especially in cats. Mesalamine enema may contain sufficient 
sodium benzoate (as a preservative), which also should be 
used cautiously in cats (see Chapter 4).

GASTROINTESTINAL PROTECTANTS 
AND ABSORBENTS

Compounds that are not absorbed from the GI tract and either 
line the mucosal surface or adsorb toxic compounds are often 
incorporated into antidiarrheal mixtures. The protectants 
seemingly produce a coating of the GI epithelium that pre-
vents irritation or erosion by potentially harmful substances. 
The adsorbents physically bind chemical compounds, which 
precludes their absorption, and they are then eliminated in the 
feces. Use of these two therapeutic classes is obviously directed 
at potentially harmful agents of either inorganic or organic 
nature. Adsorbents will also, however, bind concurrently 
administered drugs used for therapeutic purposes. Care must 
be taken with the use of over-the-counter products. Active 
ingredients may change under the same trade name. Although 
over-the-counter products often are safe, some may present a 
health risk to certain patients (e.g., bismuth subsalicylate and 
cats).

Many protectants and adsorbents possess both properties 
to varying degrees. Those most frequently used are magne-
sium trisilicate, hydrated magnesium aluminum trisilicate 

KEY POINT 19-29 Because loperamide does not penetrate 
the blood–brain barrier, it has fewer side effects than 
diphenoxylate.
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(activated attapulgite), kaolin (natural hydrated aluminum 
silicate), aluminum hydroxide and phosphate, bismuth salts, 
calcium carbonate, pectin (natural polygalacturonic acids), 
and activated charcoal.

The combination kaolin–pectin product is dissolved in 20 
parts water. Described as a demulcent and adsorbent, the drug 
supposedly binds and removes bacteria and their metabolic 
products and toxins. These effects are controversial. Although 
stool consistency may improve, studies do not indicate that 
fluid and electrolyte imbalance is corrected, nor is the course 
of disease shortened.141

The insoluble bismuth salts have been used for more than 
400 years.142 Products include bismuth subcarbonate, bismuth 
subnitrate, and bismuth subsalicylate. Bismuth subsalicylate is 
a crystalline 1:1 trivalent bismuth and salicylate compound. 
It is chemically transformed throughout the GI tract to bis-
muth and salicylate. The drug has been shown to have both 
antisecretory and antimicrobial effects in several species.142 
The subsalicylate fraction has been shown to have antipros-
taglandin synthetase effects, which would enhance its action 
in controlling diarrheal syndromes.133 In humans and cats, 
nearly all the salicylate is systemically available.142,143 Caution 
is recommended in order to prevent salicylate toxicity in cats 
receiving this drug.

Activated charcoal has primarily adsorbent properties. 
Because of its broad spectrum of adsorptive activity and its 
rapidity of action, it is one of the most valuable agents for emer-
gency treatment of certain cases of poisoning. It forms a stable 
complex with many substances and permits their evacuation 
from the body. Charcoal preparations vary according to the 
source of base material, surface area, capacity for drug binding 
and affinity, and avidity of drug binding.144 Source materials 
are usually lignite, wood, or peat. Activation forms more pores 
and enlarges the surface area. Activation time is directly cor-
related with the molecular size of the compounds adsorbed. 
Because most drugs are of an intermediate molecular weight, 
charcoals with pore sizes between 10 to 20 Å are most appro-
priate.141 Administration with a cathartic, such as sorbitol, is a 
common practice and facilitates rapid movement of the char-
coal–toxin complex.144 Activated charcoal loses its efficacy 
as the time interval between treatment and toxin ingestion 
increases. The optimal dose and interval for administration of 
activated charcoal have not been well established,144 although 
a charcoal to toxicant ratio of 10:1 has been recommended.141 
One source suggests treatment at 6-hour intervals.144 Powders 
are superior to tablets.141 Food generally decreases the efficacy 
of these products. In the common domestic species, 20 to 120 
mg/kg powered activated charcoal is usually administered as a 
drench after mixing with water. An activated charcoal suspen-
sion may be used for gas lavage in simple-stomached animals.

Cholestyramine is a basic anion exchange resin that binds 
to acidic side chains such as those occurring in bile acids. 

Endotoxin also is bound. To increase the number of basic 
binding sites, cholestyramine is attached to a polystyrene 
matrix that can act as a nonspecific adsorbent. As bile salts are 
bound in the GI tract, lipoproteins, cholesterol, and neutral fat 
absorption is also decreased. Although specifically indicated 
in humans for pruritis associated with increased bile acids 
(hypercholesterolemic syndromes) cholestyramine has also 
been used to symptomatically treat diarrhea, particularly that 
which is intractable. Nausea, constipation, steatorrhea, and 
decreased fat-soluble vitamin absorption are reported unde-
sirable effects. The product should be administered in food or 
water.141

LAXATIVES AND CATHARTICS

Laxatives and cathartics promote defecation by increasing fre-
quency of defecation or fecal volume or consistency.119,145-147 
Laxatives (or aperients) promote elimination of a soft-formed 
stool, whereas cathartics (or purgatives) tend to produce a more 
fluid evacuation. The difference between these two effects may 
be just a matter of dose, but in some instances laxatives are 
only capable of increasing the hydration or softness of the fecal 
mass without ever inducing catharsis. The enhanced intestinal 
transit times that occur with use of some of these cathartics 
are usually due to intrinsic local myenteric reflexes within the 
visceral smooth muscle or to stimulation of the cholinergic 
receptors of the extrinsic parasympathetic nervous system. 
Although a traditional classification of the group is presented 
here, it should be noted that many cathartics alter intestinal 
electrolyte transport to increase fecal water excretion, so the 
grouping of these compounds should perhaps more logically 
follow their effects on intestinal electrolyte movement.

A number of deleterious effects may occur with excessive 
or constant use of cathartics. Severe, continuous diarrhea and 
abdominal colic, leading to dehydration and even shock, may 
follow overdosage. Other potentially harmful effects include 
decreased sensitivity of the intestinal mucosa, megacolon, 
flatulence, loss of electrolytes (especially sodium, potassium, 
chloride, and bicarbonate), secondary aldosteronism, mela-
nosis coli (anthraquinones), steatorrhea, protein-losing 
gastroenteropathy, excessive calcium loss with resultant osteo-
malacia, and exacerbation of inflammatory intestinal disease. 
Several drugs can also distribute into milk and adversely affect 
suckling young.

Emollient Laxatives
The emollient laxatives (lubricant laxatives, mechanical laxa-
tives, fecal softeners) act unchanged. They are not absorbed 
to any appreciable extent and simply soften and lubricate the 
fecal mass, which in turn facilitates expulsion. Although not 
always reliable, particularly in the ruminant, they are used in 
all species.

Mineral oil (liquid paraffin) is a commonly used lubricant 
laxative. It is bland and generally safe, but chronic adminis-
tration may impair absorption of fat-soluble vitamins, other 
nutrients, and co-administered therapeutic agents. Decreased 
irritability of the intestinal mucosa may develop with 

KEY POINT 19-30 Bismuth subsalicylate is an effective antidi-
arrheal because of its adsorptive capacity and effects on 
secretion.
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protracted use and, paradoxically, cause chronic constipation. 
White or yellow soft paraffins are used most commonly for 
small animals as lubricant laxatives (e.g., feline hairballs). Sev-
eral anionic surfactants are employed as fecal softeners. Exam-
ples include docusate sodium, previously called dioctyl sodium 
sulfosuccinate and dioctyl calcium sulfosuccinate.

Simple Bulk Laxatives
The simple bulk laxatives are hydrophilic and not digested. As 
such, they adsorb water and swell, forming an emollient gel. 
Increased volume or bulk causes distention and reflex con-
traction, leading to peristaltic activity. Feces remain soft and 
hydrated. Methylcellulose, carboxymethylcellulose sodium, 
and plantago seed (psyllium seed) are examples of simple bulk 
purgatives. Wheat bran, prunes, and other fruits also belong 
in this group. In addition to their bulk action, celluloses and 
hemicelluloses will be fermented in the hind gut by bacteria to 
produce volatile fatty acids and other products that exert an 
osmotic effect, which enhances their laxative action. Meteor-
ism and a very fluid stool often result from the use of simple 
bulk laxatives.

Osmotic Cathartics
Osmotic cathartics (saline purgatives) consist of salts or 
compounds that are either partially and slowly absorbed or 
not absorbed. Water is osmotically retained or attracted into 
the intestinal lumen, although enhanced mucosal secretion 
of fluid may also occur. Drinking water must be freely avail-
able, and use is contraindicated with dehydration. Effects are 
realized in monogastric animals generally in 3 to 12 hours. 
Magnesium salts are frequently used as saline purgatives. 
Magnesium ions also cause release of CCK, which increases 
peristaltic activity. Magnesium sulfate (Epsom salts), iso-
tonic in a 6% solution, magnesium hydroxide, magnesium 
oxide (milk of magnesia), and magnesium citrate are the 
magnesium salts most commonly employed. The solutions 
need not be hypertonic to produce an effect. About 20% of 
the magnesium ions are absorbed when magnesium sulfate 
is dosed orally, and if purgation does not occur, additional 
amounts of magnesium may be absorbed with subsequent 
depression of the excitable tissues in the body. This is more 
likely to occur if renal function is impaired. Salts such as 
sodium sulfate (Glauber’s salt), sodium phosphate, potas-
sium sodium tartrate (Rochelle salt), and even large quanti-
ties of sodium chloride are effective saline purgatives. Saline 
purgatives are often combined with polyethylene glycol 
(PEG) for whole bowel irrigation implemented for bowel 
preparation before lower bowel procedures such as surgery 
or colonoscopy.The safety and efficacy of sodium phosphate 
has been described in healthy dogs (n = 8) when used to pre-
pare for colonoscopy. Orogastric sodium phosphate (1 mL/
kg in 2 mL/kg water followed by 2 mL/kg) was less effective 
as a preparatory agent compared with PEG (66 mL/kg) and 
bisacodyl (10 mg/dog; dog weight not provided). Most (five 

of eight) dogs receiving sodium phosphate vomited dur-
ing or after administration. In contrast, dogs receiving PEG 
tended to regurgitate. Sodium phosphate enemas were asso-
ciated with transient hyperphosphatemia and hypocalcemia 
that were not considered clinically relevant in these normal 
dogs. Other electrolyte concentrations statistically varied but 
remained within normal limits. The protocols for colonos-
copy preparation included 20 mL/kg warm water enemas; 
treatments were repeated at 4 hours and enemas at 24 hours 
(before procedures). Enemas may have contributed to vom-
iting because of distention. Dogs receiving PEG were also 
pretreated (20 minutes) with metoclopramide (0.3 mg/kg 
subcutaneously). The authors concluded that sodium phos-
phate enemas should not be considered as preparative agents 
for colonoscopy.148

The sugar alcohols mannitol and sorbitol will also induce an 
osmotic catharsis, as will the synthetic disaccharide lactulose, 
which is not digested in the small intestine because no spe-
cific enteric enzyme is present. It passes to the large intestine, 
where saccharolytic microflora ferment lactulose to produce 
acetic, lactic, and other organic acids, which in turn lower the 
pH of the colonic content and exert an osmotic effect. Water 
is attracted, the fecal mass softens, and colonic peristalsis 
ensues. Lactulose is used for chronic constipation and treat-
ment of hepatic encephalopathy. Acidification of the contents 
of the large intestine favors a greater formation of the ionized 
and thus nonabsorbable ammonium ion rather than the read-
ily absorbable ammonia molecule, which requires detoxifica-
tion in the liver by the urea cycle. Hyperammonemia is thus 
decreased. Absorption of other toxic amines from the hind gut 
is also reduced by acidification of the contents. Some meteor-
ism may be evident after administration of lactulose. Lactitol 
is an alternative osmotic cathartic. It is less sweet than lactu-
lose and may be better tolerated.

Irritant Cathartics
Contact or irritant purgatives were thought to stimulate the 
mucosal lining of the GI tract and thereby initiate local myen-
teric reflexes that would enhance intestinal transit. How-
ever, they also activate secretion. Irritant cathartics act either 
directly or indirectly, depending on whether the compound 
must be metabolized to its active product. Some purgatives 
are so highly irritating that they may cause severe colic and 
superpurgation.

Several bland vegetable oils act as irritant purgatives. Their 
action is based on hydrolysis by pancreatic lipase in the small 
intestine and subsequent formation of sodium and potassium 
salts of the released fatty acids, which act as irritant soaps. 
They differ in potency depending on the oil used. Castor oil 
produces highly irritant ricinoleates; raw linseed oil leads to 
formation of less irritant linoleates; and olive oil leads to rather 
mild oliveates. The response to castor oil is prompt, and evacu-
ation of the whole intestinal tract occurs, leading to an almost 
complete emptying. Moist bulky feeds are necessary after pur-
gation with castor oil. It is used mainly in nonruminants and 
often employed in calves and foals. The effect occurs in 4 to 8 
hours in small animals.

KEY POINT 19-31 Bulk laxatives cause reflex bowel contrac-
tion and softening of the stool.
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The diphenylmethane cathartics appear to have a greater 
effect on the large intestine. Their precise mechanism of action 
is unclear. An effect is usually seen within 6 to 8 hours, and 
excessive catharsis may occur with overdosage. Bisacodyl also 
is a diphenylmethane cathartic that inhibits glucose absorp-
tion and Na+, K+ ATP activity, as well as altering motor activity 
of the visceral smooth muscle. Only about 5% of any dose of 
bisacodyl is absorbed. This agent is used both orally and by 
enema.

Enemas
Introduction of solutions or suppositories into the rectum to 
initiate the defecation reflex is a useful and simple method to 
correct or prevent constipation. Many preparations have suc-
cessfully served as enemas, including soapy water (soft anionic 
soap), isotonic or hypertonic sodium chloride solutions, sor-
bitol, glycerol, surfactants such as sodium lauryl sulfoacetate, 
mineral oil, and olive oil. Enema preparations that contain 
phosphate should not be used indiscriminately because they 
can precipitate potentially fatal hyperphosphatemia, hypocal-
cemia, and hypernatremia in cats149 or debilitated animals.

AGENTS PROMOTING 
GASTROINTESTINAL FUNCTIONS

Several preparations are used therapeutically to control spe-
cific GI diseases by promoting digestive or other metabolic 
processes. These compounds generally consist of normal 
microbiota or digestive enzymes or related substances that are 
used for replacement therapy in deficiency states.

Digestive Enzymes
Pancreatic extracts that stimulate pancreatic exocrine secre-
tions are of therapeutic benefit in cases of chronic pancreati-
tis and pancreatic hypoplasia, in which glandular function is 
diminished or destroyed. Pancreatin (Panteric, Stamyl, Vio-
kase) obtained from hog pancreas is the major ingredient of 
most commercial pancreatic enzyme preparations. Enteric-
coated preparations to prevent destruction of pepsin in the 
stomach are generally thought to be better than noncoated 
preparations. In a few instances, enteric-coated preparations 
are the most effective in dogs with pancreatic insufficiency; 
they are added to food and must be provided with each meal. 
Dosage is adjusted to obtain a normal stool. Simultaneous 
administration of nonsystemic alkalinizing agents to maintain 
an optimal pH range for enzyme activity has not proved suc-
cessful clinically. However, the administration of cimetidine 
about half an hour before dosing with pancreatic extract does 
limit gastric inactivation of the enzymes. Proper dietary con-
trol is also essential for the successful management of animals 
suffering from pancreatic insufficiency. Premixing in food 
does not appear to be necessary for efficacy of these products.

Bile acids and their salts promote absorption of long-chain 
fatty acids and fat-soluble vitamins. They also act as choler-
etics (discussed previously). Examples include dehydrocholic 
acid (Decholin) and chenodiol (previously called chenodeoxy-
cholic acid).

Diastases are amylolytic enzymes obtained from malt and 
Aspergillus oryzae and are used for replacement of pancreatic 
α-amylase and to control flatulence caused by gas produced 
from soluble carbohydrates by bacterial flora.

Antiflatulence Drugs
Simethicone is an inert over-the-counter mixture of silox-
ane polymers stabilized with silicon dioxide.24 It acts as an 
antifoaming agent by covering bubbles with a thin layer that 
facilitates bubble collapse. Reduction in foam may reduce gas 
volume, although therapeutic efficacy is not clear.24

BIOTHERAPEUTICS: PREBIOTICS, 
PROBIOTICS, AND SYNBIOTICS

The concept that microbes might be beneficial rather than 
simply detrimental to health enjoys a long history of anecdotal 
evidence. Among the oldest observations is the Old Testament 
recording of Abraham ingesting sour milk (Genesis 18:8). The 
purported health benefits of microbial products are varied, but 
they are more often supported by testimonials than by scien-
tific evidence. However, hypothesis-driven research is increas-
ingly generating evidence-based examples of the therapeutic 
benefits of biotherapy.

Product Definitions
The term probiotic was originally coined in 1965 to refer to 
substances secreted by one microorganism that stimulate the 
growth of another.150 The term has been modified at least 
five times and continues to vary with the author. Most recent 
modifications are intended to encompass nondairy products 
(e.g., plant-based products), recognizing the importance 
of organism load to ensure a therapeutic effect; to allow for 
transient, rather than prolonged, effects that would otherwise 
require transplantation (implying colonization), and to allow 
for multiple and diverse benefits, including those manifested 
beyond the GI tract.150 Perhaps the easiest working definition 
of probiotics is that offered by the World Health Organization: 
live microorganisms that, when administered in adequate 
amounts, confer a health benefit on the host.150

In contrast to probiotics, prebiotics are nondigestible food 
ingredients (e.g., dietary fiber) that beneficially affect the bac-
terial population. They differ from other fermentable carbohy-
drates in that they interact with selective microorganisms.151 
They presumably are most beneficial to those microbes tar-
geted for their therapeutic benefit, thus shifting the com-
position of the intestinal microbiota toward the beneficial 
organisms. Examples include fructooligosaccharides, inulin, 
transgalactosylated oligosaccharides, and soybean oligosac-
charides that selectively promote the growth of bifidobacteria. 
Metabonomics is the scientific discipline that studies com-
pounds formed from prebiotics. Synbiotics contain both prebi-
otics and probiotics, with the prefix syn implying a synergistic 

KEY POINT 19-32 The normal intestinal microbiota plays an 
important role in nutrition, metabolism, pathogen control, 
and immunity.



711CHAPTER 19 Gastrointestinal Pharmacology

effect of the prebiotic on the probiotic portion of the combina-
tion products. To be a symbiotic, the prebiotic portion should 
have demonstrated positive effects on the specific probiotic 
component of the combination product.150 Some products 
sold as probiotics are actually the fermentation products pro-
duced by target microbe; presumably, the products are those 
imparting the therapeutic benefits of the microbes.

Normal Microbiota
Normal Flora
Understanding the impact of biotherapeutics requires an 
appreciation of the normal GI microflora. The total body 
microbiota (human and presumably dogs or cats) outnum-
bers other cells by approximately tenfold. Up to 30% of dry 
fecal matter represents microbes. The number of microbial 
species in the GI tract (again in humans) is estimated to be 
between 400 and 500 based on 16S rRNA sequencing and 
metagenomic. However, only a fraction (approximately 10%) 
are conducive to cultures.152,153 Whereas some of these uncul-
turable microbes are closely related to those already identified, 
others represent totally new species. Therefore very little is 
known regarding the microbiota of the GI tract. To further 
complicate our understanding, the number and diversity 
of microbes increases with a number of factors. Differences 
owing to location in the GI tract reflect, in part, differences in 
pH and transit time. Peristalsis and low pH lower microbial 
counts in the stomach, duodenum, and jejunum,152 whereas 
numbers and diversity increase in the ileum (104-8 CFU or 
colony-forming units/mL) and colon. Rapid transit decreases 
numbers because bacteria colonizing sites with a high transit 
rate (e.g., lower ileum) must be able to effectively adhere to the 
mucosal epithelium; thus organisms such as lactobacilli must 
compete with pathogenic organisms for adherence receptors if 
they are to colonize these regions. Organisms that do not have 
to adhere are likely to be present in much higher numbers in 
the colon. Higher colonic pH (5 to 6) leads to slower epithe-
lial turnover, which also increases bacterial counts. More rapid 
microbial growth results in a lower redox potential.

Intestinal bacterial by-products produced under low redox 
conditions contribute to a higher short-chain fatty acid con-
centration. Even within the colon, bacterial growth and fer-
mentation products are diverse among regions, with growth 
and carbohydrate fermentation greater proximally and protein 
fermentation greater distally. Diet has a profound impact on 
microbiota. Nondigestible foods are a source of energy and 
carbon for the microbiota and may influence metabolites that 
positively or negatively influence the population. Food also 
affects host GI function and health and thus indirectly affects 
the microbiota.152

The microbiota of the human GI tract was recently reviewed 
and may provide insight into the complexities of microbiota in 
other species.152 The number of colony-forming units per mL 

increased from the stomach and duodenum (103) to the colon 
(1014). The composition increases in complexity with age such 
that the microbiota is relatively simple in newborn and very old 
subjects. Nutritional and physical requirements are sufficiently 
sophisticated that the conditions for optimal growth simply 
are not known for up to 70% of the bacterial population.151 
However, four microhabitats have been described: the lumen; 
the mucous layer of epithelial cells; the surface of epithelial 
cells; and the crypts of the ileum, cecum, and colon (which 
generally are colonized with motile, spiral-shaped organisms). 
In humans a central core of microbiota might be partitioned 
into five bacterial groups: Clostridium leptum; Clostridium coc-
coides; Bacteroides; and, in smaller part, Bifidobacterium.151

The GI flora of dogs has been described and compared to 
that in humans,154,155 (Table 19-3) and the microbiota of the 
cat has been described.154 Selective media often do not sup-
port the growth of target microbes in dogs, contributing to the 
list of unculturable bacteria.154 However, because the dog is 
a carnivore, its GI tract is shorter than that of humans. Simi-
larities between human and dog include the proportion of 
gram-negative to anaerobic organisms, the makeup of gram-
negative isolates, and floral behavior in response to probiotics 
or prebiotics.154,156 Genera that are numerous in both the GI 
tract of restricted-access dogs and humans include Lactoba-
cillus, Bifidobacterium, Eubacterium, Bacteroides, and Pepto-
streptococcus. The major difference between dogs and humans 
appears to be the proportion of bifidobacteria;154 however, a 
study examining floral changes in response to different hous-
ing environments demonstrated that the number of bifido-
bacteria dramatically increase under conditions in which 
exposure to the environment is controlled.156 Under such 
conditions major differences between the two species among 
culturable bacteria are limited and include the following: (1) 
Bacteroides and Streptococcus are the most common isolates in 
the ileum and colon of dogs; however, these isolates, although 
not the predominant isolate in humans, are present in a large 
proportion of humans; (2) Fusobacterium is not as numerous 
in dogs as in humans. In the cat, bifidobacteria appear to be 
even less numerous than in the dog.

Gastrointestinal Microbe–Host Interactions
The sophisticated interactions among the intestinal mucosa, 
host immune cells, the microbiota, and food have been 
described,157 and the impact of probiotics on host immunity 
has been reviewed.158 It is beyond the scope of this chapter 
to discuss the interactions, but it is notable that the mecha-
nisms by which commensals are recognized as such and fail 
to stimulate an inflammatory response by the GI tract are not 
yet known. Interactions are modulated in part through pattern 
recognition receptors (PRRs) that recognize microbial motifs 
referred to as pathogen-associated molecular patterns (PAMPs). 
The PAMPs are evolutionarily highly conserved, not varying 
within microbes in the same class. Consequently, mamma-
lian cells are able to recognize all microorganisms with only 
a few PRRs. Receptor families that identify PAMPS include 
Toll-like receptors located either on the cell surface or intra-
cellularly and nucleotide-binding oligomerization domain 

KEY POINT 19-33 The normal microbiota consists of close to 
500 organisms, most of which have not been cultured or 
otherwise specifically identified.
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(NOD) receptors. Thus far, 11 mammalian Toll-like recep-
tors have been identified.157 Whether colonization is neces-
sary for immunomodulation to occur is not clear.158 However, 
microbial adhesion to the epithelial cells or mucus is generally 
recognized to be necessary. Activation of the immune system 
may reflect microbial alteration of epithelial tight junctions 
with subsequent bacterial translocation.

Impact of Normal Flora on Gastrointestinal 
Health and Disease
In the last decade, the role of normal microbiota in GI physi-
ology has been recognized as critical, protecting against inva-
sion of pathogenic strains of bacteria, facilitating maturation 
and maintenance of the immune system, facilitating normal 
bowel smooth muscle function, supporting digestion of cer-
tain foods, and contributing to nutrition through the produc-
tion of vitamins (vitamin K; vitamin B in some species) and 
other nutrients (e.g., short-chain fatty acids). Energy salvage 
is facilitated through conversion of nutrients to short-chain 
fatty acids.152,159 Known effects of commensal intestinal bacte-
ria include GI epithelial cell proliferation, energy capture, and 
production of metabolites; the latter, in particular, also can 
result in detrimental health effects.152

By-products of microbial metabolism may be either ben-
eficial or detrimental. When included with probiotics, by-
products are intended to support beneficial organisms or 
ameliorate negative effects of by-products. However, organ-
isms themselves are chosen for their anticipated by-products. 
Among the organisms most commonly cited as beneficial are 
Lactobacillus and Bifidobacterium spp. Major sources of food 
for microbes include resistant starches; dietary fibers such as 
cellulose, hemicellulose, pectin, and inulin; and unabsorbed 
sugars and sugar alcohols. Substrates also include dietary pro-
tein (host or diet) and endogenous materials such as pancre-
atic enzymes, GI secretions, the mucoid layer, and sloughed 
GI epithelial cells. By-products of carbohydrates are formed 
primarily in the proximal colon; products include monosac-
charides, disaccharides, and oligosaccharides. Further metab-
olism of these by-products results in short-chain fatty acids 
(including butyrate), as well as lactic, succinic, and formic 
acid. Butyrate is the major fuel source of colonic epithelial 
cells. However, butyrate purportedly also reduces the risk of 
colon cancer and inhibits proinflammatory cytokines. Intes-
tinal microbes may metabolize other compounds into active 
or inactive metabolites, which may be subsequently absorbed. 
Examples include flavonoids, isoflavonoids and plant lig-
nans.152 Benefits of microbial fermentation of plant prod-
ucts include the production of enterolignans associated with 
estrogenic and antioxidant effects. Oxalobacter formigenes 
transforms oxalates; its absence increases the risk of oxalate 
stones in humans.152 The production of potentially beneficial 

Table 19-3  Canine Normal Microbiota
Region Human (%) Dog (log CFU/g)

Gram-Negative Aerobes
Escherichia coli N/A
Enterobacter 1%
Pseudomonas N/A
Gram-Negative Rods Jejunum (4)*

Feces(6)*

Gram-Positive Aerobes
Enterococcus Colon (6-7)†

Streptococcus Colon (8-9)†

Staphyloccoccus Colon (8-9)†

Combined Jejunum (3)*

Feces (9)*

Gram-Positive Cocci Jejunum (3)*

Feces(4)*

Corynebacterium N/A

Gram-Positive Rods Jejunum (3)*

Feces (4)*

Gram-Negative Anaerobes
Bacteroides 20% to 42% Colon (10+)

Jejunum (2)*

Feces (6)*

Porphyromonas N/A
Prevotella 6%
Fusobacterium Colon (8-9)†

Jejunum (3)*

Feces (6)*

Bifidobacterium 1%-7% Colon (6-8)†

Veillonellaceae N/A

Gram-Negative Rods, other Jejunum (3)*

Feces (6)*

Gram-Positive Anaerobes

Gram-Positive Cocci Jejunum (3)*

Feces (10)*

Peptostreptococcus N/A
Peptococcus N/A

Gram-Positive Rods Jejunum (3)*

Feces (7)*

Lactobacillus Colon (7-10)†

Clostridium 22%-30% Colon (6-8)†

Jejunum (3)*

Feces (10)*

Eubacterium N/A

CFU, Colony-forming units. Eubacterium and Corynebacterium are pleomorphic.
*Data from Mentula S, Harmoinen J, Heikkilä M et al: Comparison between cul-
tured small-intestinal and fecal microbiotas in beagle dogs, Appl Environ Microbiol 
71(8):4169-75, 2005.
†Data from Rastall RA: Bacteria in the gut: friends and foes and how to alter the balance, 
J Nutr 134:2022S-2026S, 2004.

KEY POINT 19-34 The relationship between microbiota and 
the gastrointestinal immune system represents one of the 
most sophisticated communication systems in the body 
and its inadvertent or intended or manipulation is likely to 
contribute to disease or control, respectively.
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by-products often requires cooperative actions among differ-
ent populations of microbes.

Bacterial by-products have a number of adverse effects. 
Protein by-products, produced primarily in the distal colon, 
include ammonia and amines resulting from deaminations; 
these products are associated with procarcinogenic effects 
(e.g., nitrosamines). Cysteine and methionine degradation 
yields sulfides, which inhibit colonic use of butyrate. Anaer-
obic colonic fermentation of aromatic amino acids tyrosine 
to phenols and tryptophan to indoles and their subsequent 
metabolism yield several procarcinogenic compounds. Many 
of these determinental compounds also play a role in hepatic 
encephalopathy. Bacterial deconjugation and dehydroxylation 
of bile acids contribute to their enterohepatic circulation; 
other compounds conjugated by compounds such as tau-
rine, glycine, and sulfate may likewise be recycled. The gen-
eral effect of recycling is longer exposure to potentially toxic 
compounds.

Probiotics as Therapeutic Agents
The science behind the use of probiotics is profoundly com-
plicated by the unknown nature of the normal microbiota; the 
variables that influence it, including diets, diseases, and other 
patient factors such as breed, age, or gender; a lack of under-
standing of the pathophysiology of targeted disease; and issues 
regarding the quality of the products. Further hampering our 
understanding are the studies themselves. A variety of in vitro 
and in vivo models have been used (as reviewed by de Vrese 
and Schrezenmeir160 and Lenoir-Wijnkoop and coworkers151), 
but poor scientific design mars the credibility of many.

In humans probiotics have been demonstrated to have an 
impact on a large number of potential health problems (Table 
19-4).151 Although the data were drawn from humans, a 
review of those indications relevant to dogs and cats is reason-
able; this discussion is limited to those indications for which 
sufficient evidence exists to support potential to probable 
therapeutic benefit. This review summarizes human reviews 
of well-designed clinical trials.151,161, 162

Gingival disease. Theoretically, probiotic microbes able to 
adhere to dental tissues occupy spaces that otherwise would 
be occupied by pathogens. For example, dairy products con-
taining Lactobacillus or Bifidobaceriumorganisms might com-
pete with cariogenic microbes such as salivary Streptococcus 
mutans or others. Several clinical trials have demonstrated 
a reduction in the number of dental caries in humans who 
ingest probiotics containing Lactobacillus.151

Antibiotic-induced diarrhea. Diarrhea as a side effect of 
selected commonly used antibiotics may reflect colonic 
overgrowth of Clostridium difficile or other organisms. Strat-
egies for treatment (discontinuation of the inciting antibi-
otic, immediate retreatment with a new antibiotic) are not 
always successful, and one of the most commonly selected 

 antibiotic in humans (oral vancomycin) to treat overgrowth 
of  Clostridium organisms tends to be associated with adverse 
events. Although other antibiotics may be as effective as van-
comycin, use of probiotics is a reasonable approach.

Based on a review of 10 clinical trials in close to 2000 chil-
dren ranging in age from less than 1 year up to 18 years of age, 
probiotics were beneficial in the prevention of pediatric anti-
biotic-associated diarrhea.162 Probiotic strains that showed 
the most promise included Lactobacillus GG, Lactobacillus 
sporogenes, and Saccharomyces boulardii when 5 to 40 billion 
colony-forming units were administered daily. Other organ-
isms studied included members of Lactobacillus spp., Bifido-
bacterium spp., Streptococcus spp., and S. boulardii alone or in 
combination, including other treatments that might prevent 
antibiotic-associated diarrhea. The impact of age (e.g., infants 
versus older children) or duration of antibiotic therapy could 
not be assessed. Probiotics tended to be well tolerated after 2 
to 12 weeks of therapy. Although the review concluded that 
routine treatment of probiotics for the prevention of pediatric 
antibiotic-associated diarrhea could not yet be recommended, 
further studies are warranted.

Infectious diarrhea. Probiotics also appear to be beneficial 
when used as an adjunct to rehydration fluids in the treatment 
of acute, infectious diarrhea in adults and children, although 
further research is indicated to determine the most effective 
probiotic and dosing regimen. In contrast, the use of probi-
otics as an adjunct to antibiotic therapy for C. difficile colitis 
could not be supported by a review of relevant clinical trials. 
However, the number of studies was small.

Liver disease. A review of clinical trials studying the use 
of probiotics for treatment of nonalcoholic fatty liver disease 
and nonalcoholic steatohepatitis found insufficient evidence 
to support or refute treatment. However, the use of probiotics 
and synbiotics to support liver function or treat liver disease 
has been reviewed by Lenoir-Wijnkoop and coworkers151 and 
is discussed with regard to the management of liver disease.

Hyperlipidemia. Several species of Lactobacillus may bind to 
cholesterol in the presence of bile acids and low redox poten-
tial.161

Inflammatory bowel disease. Because of the complex rela-
tionship between the intestinal microbiota and the immune 
response, the use of probiotics as adjunct therapy for treat-
ment of IBD is reasonable.163 Probiotics have been used suc-
cessfully to reduce Helicobacter pylori colonization in humans; 
severity of mucosal inflammation also is reduced in a mouse 
model. Clinical trials investigating the efficacy of probiotics in 
the treatment of H. pylori often are conflicting, ranging from 
ineffective as sole therapy to effective if used in conjunction 
with standard therapy antimicrobial and antiulcer therapy. 
One study in humans (n = 138) found that equal numbers 
of Lactobacillus acidophilus, Lactobacillus bulgaricus, Strepto-
coccus thermophilus, and Bifidobacterium lactis (total of 109 
organisms/mL) combined with quadruple therapy (amoxi-
cillin, metronidazole, bismuth subcitrate, and omeprazole) 
eradicated infection in 85% of humans compared with 71% 
receiving quadruple therapy alone (as reviewed by Lenoir-
Wijnkoop and coworkers151).

KEY POINT 19-35 Evidence for the beneficial effects of probi-
otics will be difficult to establish because of the impact of 
multiple (including unknown) variables on response.
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Table 19-4  Examples of Probiotic Indications for Treatment of (Human) Disease161

Organism Specific Indications Comments

Lactobacillus 2,4,7,8
acidophilus 2,6,7,8,9,10 C Decreased diarrhea of various causes
breve 7 Decrease Clostridium infection
bulgaricus 6,7 C, E Microbial intereference
caseia P Decreased urogenical infection by E. coli, others
gasseria E Decreased Candida infection
GG 4 Decreased colon cancer
jonhsonii L Decreased cholesterol
lactis 7 Adjunct to antibiotics
paracaseia 3,7 U Preservation of key nutrients
plantarum 3,7 C,U Reduced inflammatory bowel disease
reuteri L Reduced irritable bowel syndrome
rhamnosus 7 L Promotion of immunity
salivarius 7 Eradication of Helicobacter pylori
sporogenes 4,10 Reduction in hepatic encephalopathy
Bacillus E or S
Bifidobacterium 2, 4,7 Decreased neonatal necrotizing enterocolitis
bifidum C Decreased Candida
lactic C
longum C
breve L
infantis L
animalis
lactis 6
Enterococcus
faecium C Decreased duration of acute diarrhea with gastroenteritis
faecalis L
Streptococcus
salivarius L
thermophilus 6,7 A
mutans 4
Saccharomyces Decreased Candida
boulardii 4 C Decreased risk of antibiotic-induced diarrhea

Decreased irritable bowel syndrome
Source of microbial nutrients

Leuconostoc
mesenteroides 3,7 A,U
Lactococcus E
Oxalobacter

formigenes
Pediococcus
pentasoaceus 3,7 U
Key:
 1  Allergic disease
 2  Antibiotic-induced diarrhea
 3  Bacterial translocation
 4  Gingival disease
 5  Infectious diarrhea
 6  Inflammatory bowel disease

 7  Liver disease
 8  Urinary tract infection
 9  Decreased Clostridium (Dog)
 10  Lower cholesterol

 E  Enteric coating
 P  Patented with substantial research
 C  Evidence supported with clinical studies
 L  Limited evidence
 S  Spores
 U  Urease producer (useful in hepatic encephalopathy)
 A  Requires protection from acid
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Probiotic therapy with conventional therapy does not 
appear to provide any benefit compared with conventional 
therapy alone in patients with mild to moderate ulcerative 
colitis. Although limited evidence suggests that probiotics 
may reduce clinical signs, support was not sufficient for rec-
ommendations. Likewise, evidence was not sufficient to sup-
port a role for probiotics in the treatment of Crohn’s disease.

Probiotics do not appear to be effective for prevention of 
allergic diseases or food hypersensitivity in pediatric patients.

Urinary tract infection. The use of probiotics in the treatment 
of urinary tract infections in human patients was reviewed by 
Lenoir-Wijnkoop.151 GI bacteria are a major source of urinary 
tract infections. As in animals, those causing UTI in humans 
are predominantly caused by uropathogenic E. coli, gram-
negative organisms, and Enterococcus faecalis. In general, Lac-
tobacillus sp. is the most common probiotic recommended 
for treatment of UTI. However, selected species are likely to 
emerge as more effective than others. A meta-analysis of 25 
studies in human medicine found probiotics (lactobacilli) to 
be of benefit in treatment of bacterial vaginosis. However, a 
clear benefit could not be demonstrated for UTI (five stud-
ies); conclusions were difficult to draw because of limitations, 
including differences in study design and limited sample 
size.163a

Oxalate urolithiasis. The use of probiotics in the treatment 
of renal oxalate stones in human patients was reviewed by 
Lenoir-Wijnkoop and coworkers.151 The absence of O. formi-
genes from fecal microbiota increases the risk of kidney stones. 
Both animal and human studies have documented that O. 
formigenes is able to become established in the GI tract, and 
establishment reduces urinary oxalate concentration. At least 
two studies have demonstrated a potential benefit of probiot-
ics containing O. formigenes in the prevention or treatment 
of oxalate crystalluria.164,165 Weese and coworkers166 demon-
strated that fecal samples containing lactic acid bacteria and 
several bacteria isolated from dogs or cats degraded oxalate 
in vitro. The addition of selected prebiotics (e.g., guar gum) 
increased the degradation.166

Allergic diseases. The use of probiotics in the treatment of 
allergic diseases (including atopic allergic disease and asthma 
in human patients) was reviewed by Lenoir-Wijnkoop and 
coworkers.151 The rationale for efficacy reflects the immuno-
modulatory effects of probiotics. Based on clinical trials in 
humans, response has been limited to younger patients with 
severe disease. Similarly, probiotics have had only a limited, if 
any, effect on allergic rhinitis and asthma in humans.

Nosocomial infections. A meta-analysis examined the 
impact of probiotics on the prevention and treatment of nos-
ocomial C. difficile–associated diarrhea and hospital-asso-
ciated pneumonia in humans.167 Although the prevention 
of antibiotic-induced diarrhea was a recognized beneficial 
effect, no evidence was found to support the theory that pro-
biotics prevent nosocomial infection; clinical trials were rec-
ommended.

Irritable bowel syndrome. A meta-analysis168 identified the 
limitations of drawing conclusions given differences in study 
design, including organisms, doses, and the definition of 

 irritable bowel syndrome (IBS). Clinical efficacy was reported 
in several studies, with improvement manifested as decreased 
bloating, gas, and pain. Lactobacillus spp. and Bifidobacterium 
were targeted treatments.

Prebiotics (as opposed to probiotics) also have been associ-
ated with therapeutic benefits in humans with effects extend-
ing beyond local (GI) sites. The list is not much different than 
that for probiotics. Those conditions for which scientific evi-
dence supports the potential use of prebiotics include aller-
gies, immunomodulation (gut-associated lymphoid tissue 
as well as cellular Th1/Th2 ratio) that improves resistance to 
infections, constipation, irritable bowl syndrome, mineral 
metabolism (particularly strengthening of bone), prevention 
of cancer, and treatment of H. pylori infections. In addition, 
prebiotics have been scientifically associated with weight loss, 
presumably as a result of increased satiety mediated through 
GI suppression of ghrelin. Feed conversion efficiency has been 
described in food production animals. Interestingly, fermenta-
tion of prebiotics purportedly increases bacterial biomass in 
which nitrogen is fixed, thus decreasing the ammonia load in 
patients with hepatic encephalopathy.

Scientific data regarding the use of biotherapeutics in dogs 
and cats are slowly emerging. The use of prebiotics and pro-
biotics in dogs has been reviewed by Rastall.154 L. acidophi-
lus DSM 13241 fed (2 × 109 colony-forming units daily per 
dog) in 15 healthy dogs decreased the number of culturable 
Clostridum spp. and was associated with an increase in indices 
indicative of immunomodulation (increased serum IgG and 
monocytes and decreased plasma nitric oxide). Prebiotics that 
have been studied154 include lactosucrose and fructooligosac-
charides. In their report, the authors noted that most prebiot-
ics are enzymatically synthesized and that the technology can 
be modified such that enzymes are obtained from the target 
microbe, thus yielding highly specific probiotics.

Feeding 1.5 g lactusucrose daily for 2 weeks to healthy dogs 
(n = 8) increased bifidobacteria and decreased Clostridium 
spp. In another study, Bifidobacterium and Lactobacillus organ-
isms also increased, and Clostridium and Enterobacteriaceae 
organisms decreased in cats receiving 0.75 g daily. A decrease 
in toxin levels and odor also was described for both dogs and 
cats. Fructooligosaccharides fed at a rate of 4 g/day to adult 
health dogs (n = 20) increased Bifidobacterium and Lactobacil-
lus organisms and decreased Clostridium spp. Although both 
lactate and butyrate increased, ammonia, dimethylsulfide, 
and hydrogen sulfide also increased. Fructooligosaccharides 
at a rate of 0.75% in the diet of healthy adult cats for 2 weeks 
decrease Clostridium spp. and E. coli. Rastall154 also described 
the formulation of a symbiotic containing Lactobacillus organ-
isms cultured from one dog, following the tradition of probiot-
ics being based on microbes isolated from the target species. 
Among the isolates cultured, Lactobacillus mucosae, L. aci-
dophilus, and Lactobacillus reuteri were subjected to prebiotic 
carbohydrates. Baillon and coworkers169 prospectively studied 
the viability of L. acidophilus added to a dry dog food at a con-
centration of 10(9) colony-forming units. Dogs (n = 15) were 
fed control and treated diet for 2 weeks each. Supplementation 
of the diet resulted in fecal recovery of organisms during but 
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not after feeding of the treated diet, indicating colonization had 
occurred. The number of clostridial organisms was decreased.

Probiotics might comprise wild-type microbes associ-
ated with natural microbiota or genetically mutated forms 
of otherwise pathogenic but normal microbiota. Different 
strains of probiotic bacteria are presumed to impart differen-
tial effects, with variability representing habitat preferences of 
the microbe, specific capabilities of the microorganism, and 
differential enzymes. The number of colony-forming units 
ingested as probiotics is minor compared with the normal 
microbiota.151 However, they travel through regions of the 
GI tract that are sparsely populated and therefore may tran-
siently become the dominant microbe, potentially muting 
pathogens as a result of competitive exclusion. Rinkinen and 
coworkers170 demonstrated the ability of lactic acid bacteria 
to competitively inhibit adhesion of selected canine pathogens 
(including C. perfringens) in vivo using isolated canine jejunal 
mucosa. However, Enterococcus faecium actually facilitated 
adhesion and colonization of Campylobacter jejuni, support-
ing the need for controlled clinical trials before assumptions 
are made regarding the impact of probiotics.

Probiotics and related compounds are not approved drugs 
and undergo no premarket approval with regard to efficacy, 
safety, or quality. Data, if available, represent efforts of the man-
ufacturer or the scientific community. Consumer Laboratories 
(www.consumerlab.com) reviewed issues specifically related to 
quality assurance of a probiotic product. Many of these factors 
should be addressed on the label, including the following:
 1.  All types of bacteria or yeast, including genus and species, 

should be listed, with their correct spelling. The number of 
colony-forming units should also be included on the label. 
The number must be sufficient to allow adequate dosing in 
reasonable volumes. Generally 1 to 10 billion (109 to 1010) 
colony-forming units are recommended (in humans) per day.

 2.  Viability of organisms, which may decrease during time 
that elapses from manufacture to purchase because of 
exposure to heat, moisture, and oxygen.

 3.  The presence of contaminating (potentially pathogenic) 
organisms including E. coli, Salmonella spp., Staphylococcus 
aureus, and Pseudomonas aeruginosa (according to Food 
and Drug Administration requirements).

 4.  The extent of enteric protection of selected organisms, 
including L. bulgaricus, S. thermophilus, and Leuconostoc 
and Lactococcus spp., varies (Table 19-4). Organisms that 
generally do not need protection include most Lactoba-
cillus, Bifidobacterium, and Streptococcus organisms or 
organisms present as spores, including Bacillus and some 
Lactobacillus spp.

Consumer Laboratories might also be solicited to identify 
superior products. Of 27 products (23 human, 4 pet) reviewed 
by Consumer Laboratories (as reviewed by the author January 

2010), 10 (9 human, 1 pet) failed to contain the labeled amount 
of microbes and 5(2 human, 3 pet) failed to provide at least 
109 colony-forming units per serving (although dogs and cats 
may require less than 1 billion). Marked variability was found 
in the dose delivered among pet products. No product failed 
as a result of microbial contamination (with mold). Weese 
and coworkers166 also examined the quality of probiotics, 
including eight veterinary products. The contents of only two 
of thirteen products matched labeled descriptions, with five 
veterinary products not providing specific content informa-
tion. Some products did not contain all labeled products while 
some products contained additional bacteria, some of which 
were potentially pathogenic. Organisms in several products 
were not viable. These studies emphasize the importance of 
selecting a probiotic that meets the standards of quality assur-
ance reviews.

DRUGS AFFECTING THE LIVER

Cholagogues and Choleretics
Substances that cause contraction of the gallbladder are called 
cholagogues. The resistance of the sphincter of Oddi decreases 
as bile flows freely into the duodenum. Dietary fat and concen-
trated magnesium sulfate introduced directly into the duode-
num through a tube exert a cholagogue effect through release 
of CCK/pancreozymin from the upper small intestine. Vagus 
stimulation also promotes contraction of the gallbladder.

Substances that increase secretion of bile by the hepato-
cytes are known as choleretics. A drug that stimulates the liver 
to increase output of bile of low specific gravity is called a 
hydrocholeretic.

Bile acids are synthesized from cholesterol and secreted 
into bile. Their production is increased by stimulation of the 
vagus nerves and by the hormone secretin, which increases 
the water and bicarbonate content of bile. Physiologically, 
however, bile acids are mainly responsible for the “bile salt–
dependent” component of bile secretion and flow. Bile salts 
secreted with bile are almost complete (95%) resorbed, under-
going enterohepatic circulation. Reabsorption occurs princi-
pally in the terminal ileum. The primary bile acids are cholic 
and chenodeoxycholic acids; secondary acids include deoxy-
cholic and lithocholic acid; lithocholic acid and ursodeoxy-
cholic acid (UDCA) represent less than 5% of the total bile 
salt components. The major salts of bile acids are glycine and 
taurine. Bile acids induce bile flow, inhibit (by feedback) cho-
lesterol synthesis, and promote dispersion and absorption of 
lipids and fat-soluble vitamins.

A number of natural bile salts and several partially syn-
thetic derivatives are used therapeutically as choleretics, 
including dehydrocholic acid, which is the most potent hydro-
choleretic agent. Naturally occurring bile acid conjugates 
such as glycocholate and taurocholate enhance bile flow to a 
lesser extent. Bile salts used therapeutically have a dual action 
in directly promoting fat absorption and stimulating biliary 
secretion after they have been absorbed. Overdosage with 
these compounds tends to cause diarrhea. UDCA is a natu-
ral bile acid constituting a very small portion of the bile acid 

KEY POINT 19-36 Because probiotics and related com-
pounds are not approved products, they undergo no pre-
market approval with regard to efficacy, safety, or quality; 
extra care should be taken to find a high-quality product.
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pool. It is a degradation production of chenodeoxycholic acid. 
Among the bile acids, UDCA has the lowest hydrophobic–
hydrophilic balance, the lowest capacity to make micelles, and 
the least potential for cholestatic or cellular membrane toxic-
ity. Because cholestatic liver disease may be associated with 
accumulation of toxic bile acids, treatment with UDCA is 
appealing. Its efficacy in a variety of chronic liver diseases has 
been established. Its mechanism of action is not well under-
stood but is probably related to bile acid metabolism.171 The 
use of UDCA in dogs suffering from selected cholestatic liver 
diseases has been documented.172 The disposition of UDCA 
has been studied in healthy cats.173 Sporadic vomiting and 
diarrhea were reported, but otherwise the drug appears to be 
safe. Scientific studies establishing its safety and efficacy in dis-
eased animals are indicated. Bile acids are effluxed from the 
canicular membrane into bial by a transport protein described 
as a “sister” to P-glycoprotein. However, selected bile acids, 
including UDCA, inhibit P-glycoprotein. 174 The therapeutic 
implications in patients with cholestasis or being treated with 
UDCA are not clear.

Liver Protectants and Hepatotropic Agents
A comprehensive review of the treatment and management of 
hepatic disease is beyond the purview of this chapter. How-
ever, a selection of the drugs for treatment of liver failure are 
listed and the rationale for their use noted. The major pharma-
cologic properties of many of these substances are discussed 
elsewhere in this volume. Hepatotropic agents are those hav-
ing a special affinity for the liver or exerting a specific effect. 
Lipotropic agents hasten removal of fat or decrease its deposi-
tion in the liver. Use of lipotropic agents (choline, methionine, 
cysteine, betaine, lecithin, hydroxocobalamin) to increase 
mobilization of hepatic lipid is of proven value only in cases 
in which deficiencies of these substances exist. Deficiencies 
may be present in hepatic disease as a result of anorexia or 
insufficient dietary protein. Patients receiving and consum-
ing a nutritious diet with adequate amounts of protein do not 
require supplementation with lipotropic agents, but their use 
has not been shown to be detrimental.

S-adenosyl-L-methionine
S-adenosyl-L-methionine (SAMe) is an endogenous coen-
zyme composed of ATP and the sulfur-containing amino 
acid methionine. The methyl group attached to the sulfur of 
methionine is chemically reactive such that it can be donated 
(i.e., transmethylation) to a number of acceptor substrates. Up 
to 80% of methionine in the body is used to form SAMe in 
the liver, which is the major, but not sole, site of methylation 
reactions. Regeneration of SAMe depends on vitamins B6 and 
B12 and folic acid.175 Transmethylation represents the primary 
function of SAMe, although sulfhydryl (transulfation) and 
aminopropyl (aminopropylation) groups also are donated. As 
such, SAMe is involved in more than 40 metabolic reactions 
in the body. Substrates are variable and include nucleic acids, 
proteins, and lipids. SAMe donates methyl groups to diverse 
compounds such as choline, creatine, carnitine, norepineph-
rine, DNA, and transfer RNA.

Aminopropylation yields compounds that affect cell and 
tissue repair. Transmethylation is important in detoxification, 
energy utilization, gene transcription and membrane func-
tions that influence growth, and cellular signaling and adap-
tation. Transmethylation is necessary for formation of the 
phsopholipid bilayer of outer cell membranes and membrane 
fluidity. After donating its methyl group, SAMe is converted 
to S-adenosylhomocysteine, the precursor to transsulfuration 
reactions. Transsulfuration also is important, resulting in the 
formation of sulfur and thiolated compounds, glutathione 
(GSH; one of the principle antioxidants of the liver), cysteine 
(the rate-limiting substrate for GSH formation), and sulfates. 
Each is particularly important in detoxification and conju-
gation reactions, including bile conjugation and bile flow. 
Glutathione has many additional effects on cellular biology, 
including gene transcription, triggering proinflammatory cell 
signaling and apoptosis, and also is important as an intracel-
lular scavenger of oxygen radical.

The importance of SAMe in GSH synthesis suggested a 
possible role in liver disease. Studies in humans have dem-
onstrated that SAMe is associated with an increase in hepatic 
GSH in chronic liver disease. Bile flow increases, presumably 
in response to increased sulfate bioavailability; sulfated bile 
acids are more soluble than others. Lieber175 reviewed the 
role of SAMe in the body and its role in the treatment of liver 
disease in humans.176 In an original research report, Center 
and coworkers177 also reviewed the role of SAMe, with an 
emphasis in the liver. Multiple hepatic functions are depen-
dent on GSH. Howver, SAMe formation from methionine 
decreases with severe liver disease as a result of downregu-
lation of SAME synthetase. Sequelae include impairment of 
multiple hepatic functions as well as retention of methio-
nine, which may contribute to hepatic insufficiency.

Because SAMe is unstable and is destroyed in the GI tract, 
it must be administered as an enteric-coated product. After 
absorption, oral bioavailability of SAMe is low on account of 
first-pass metabolism. Gender differences in oral bioavailabil-
ity exist for SAMe in humans, with peak concentrations three-
fold to sixfold higher in women compared with men. SAMe is 
minimally bound to serum proteins (in humans) and is able to 
penetrate into and accumulate in cerebrospinal fluid.174

A case report178 described the successful treatment of acet-
aminophen overdose (1 g/kg) in a dog with SAMe and sup-
portive care; treatment was not begun until 48 hours after 
ingestion. Center and coworkers177 examined the safety and 
effects of SAMe on the redox potential in red blood cells and 
the liver in normal, healthy cats (n=15) receiving 48 mg/kg of 
SAMe (Denosyl) orally once daily for 113 days. Plasma SAMe 
concentrations increased in concert with each dose. Peak con-
centrations approximating 1 to 1.5 μg/mL occurred between 
2 to 4 hours after each dose; the disappearance half-life after 
oral dosing approximated 3 hours. Concentrations did not 
accumulate during the 113-day dosing period. Unmetabolized 

KEY POINT 19-38 Many hepatoprotectants either facilitate 
bile acid secretion or promote the activity of glutathione 
oxygen radical scavenging.
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SAMe appears to be eliminated almost equally in urine and 
feces. In humans and normal cats, SAMe was not associated 
with adverse events. In clinically normal cats, the redox status 
of both red blood cells and hepatocytes was increased after 113 
days of SAMe administration. Further, red blood cells became 
more resistant to osmotic lysis. Hepatic cysteine, GSH, and 
protein increased, the latter attributed to an anabolic effect of 
SAME. Bile flow also increased, and histologic improvement 
was noted in the seemingly normal cats that had asymptom-
atic nonsuppurative portal inflammation.

SAMe is among the supplements for which comparison of 
labeled and actual contents may not match. The hygroscopic 
nature of SAMe contributes to quality assurance issues in 
that improper formulation and storage can result in the loss 
of active ingredient. The lack of premarket approval suggests 
that consumers should take a proactive approach to ensuring 
the quality of purchased products. Manufacturers appear to 
have improved the predictability of high-quality product in 
that eight of eight manufactured products tested by Consumer 
Laboratories and reported on its website in 2007 passed evalu-
ation (as of January 2010). This compares to 2003, in which 
one product was found with only 30% of its listed amount, and 
in 2000, when close to 50% of tested products contained less 
than the labeled content (www.consumerlab.com). Enteric-
coated products are available to protect SAMe from GI acid-
ity; among the tests implemented by Consumer Laboratories 
is assurance of proper dissolution of enteric-coated products.

SAMe is available in several salt forms, each of which 
weighs a different amount and thus contributes variably to the 
total weight in mg. Care should be taken to dose on the active 
ingredient (i.e., SAMe). Salts include tosylate, disulfate tosyl-
ate, disulfate ditosylate, and 1,4-butanedisulfonate (Denosyl). 
For example, 200 mg of S-adenosyl-methionine disulfate 
tosylate contains only 100 mg of SAMe. The salt name should 
be included on the label as part of the chemical name, and the 
label should indicate the amount of active ingredient. SAMe 
also can be reviewed in the Herb and Plant Supplement at con-
sumerlab.com179

SAMe may be involved in a number of drug–diet interac-
tions. Because it inhibits uptake of serotonin, any other com-
pound that does likewise should be avoided or used cautiously. 
This includes antidepressant behavior-modifying drugs such 
as monoamine oxidase inhibitors, selective serotonin reuptake 
inhibitors, tricyclics, tramadol, and selected herbs (such as  
St. John’s wort).

Animal studies and clinical human studies indicate that 
SAMe improves biochemical parameters of liver function.180

Endogenous concentrations are reduced in patients with 
cirrhotic liver disease. Production of sulfated compounds 
and phosphatidylcholine subsequently is reduced. In animal 
studies SAMe improved bile secretion impaired by a variety 
of toxins and by pregnancy. Drug-induced hepatotoxicity and 

chronic liver disease were also reduced, without occurrence 
of serious side effects.176 SAMe may act synergistically with 
UDCA for treatment of chronic progressive liver disease.181 
Although absorbed well after oral administration, SAMe 
undergoes extensive first-pass metabolism.180 The compound 
is so hygroscopic that it is unstable unless protected; it might 
be most.

prudent to use products in bubble packets. Tablets cannot 
be broken without risking loss of efficacy. Caution is recom-
mended when purchasing SAMe; an independent investi-
gation that compared the content of SAMe with the labeled 
amounts found 6 of 13 products to be mislabeled. SAMe is 
marketed with silymarin (discussed in the next section) by 
Nutramax Laboratories for use in animals.

Milk Thistle
Silymarin has been reviewed by the Herb and Plant Supple-
ment Encyclopedia at consumerlab.com. A member of the 
daisy family (Asteraceae), silymarin is one of the most impor-
tant medical constituents of ripe seeds of the blessed milk 
thistle plant (Silybum marianum). The name reflects the leg-
end that attributes the white leaf veins to a drop of the Virgin 
Mary’s milk and the location of the hidden infant Jesus during 
the family’s flight from Egypt. Other synonyms for milk thistle 
include Marian thistle, Mary thistle, St. Mary’s thistle, Lady’s 
thistle, Holy thistle, sow thistle, thistle of the blessed virgin, 
Christ’s crown, Venus thistle, heal thistle, variegated thistle, 
and wild artichoke.

Silymarin is a combination of seven flavonolignans (a fla-
vanoid). The most prevalent is silybinin (silybin), which itself 
is two different compounds, with others including silychristin 
(or silicristin), and silydianin (also silidianin). Although all 
parts of the plant have been used medicinally,182 the concen-
tration of silymarin is highest in the seeds and leaves. Gener-
ally, the flavonoids are extracted. Silybin is often complexed 
with phosphatidylcholine, which improves its bioavailability. 
Dosing should be based on silybinin equivalents. As with 
flavonoids, the active ingredient of silymarin are potentially 
potent antioxidants, scavenging hydroxyl radicals, superoxide 
anions, and lipid oxygen radicals owing to lipid peroxidation.

Animal models (including tetrachloromethane hepatotox-
icity in dogs and a variety of other hepatotoxicants) support a 
hepatoprotective effect. Its mechanism of hepatoprotection is 
not known. Suggested mechanisms include increased hepatic 
regeneration (by stimulating RNA polymerase, ribosomal 
RNA, and potentially DNA synthesis), scavenging of oxygen 
radicals, “stabilization of ” hepatocyte cell membranes, and 
competitive inhibition of toxins that might otherwise bind to 
hepatic and damage cell membrane receptors (e.g., Amanita 
phalloides). In rat and mice models of acetaminophen toxi-
cosis, silymarin was associated with higher concentrations of 
hepatic glutathione and superoxide dismutase in experimen-
tal compared with control animals. Silymarin can also bind to 
steroid receptors, although the clinical relevance of this is not 
clear. Antifibrotic effects have been demonstrated in animal 
models. Finally, antinflammatory effects may reflect inhibition 
of lipoxygenase and subsequent leukotriene synthesis.182

KEY POINT 19-39 The hygroscopic nature of SAMe may 
result in poor-quality product, and efforts should be taken 
to prescribe a product of known quality.
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Silymarin is poorly water soluble, and concentrated 
products are considered necessary for effective absorption. 
According to Consumer Laboratories, most studies involv-
ing silymarin are based on extract products that contain 70% 
to 80% silymarin on a weight basis. However, some prod-
ucts composed of seed powder contain only 1.5% silymarin. 
Quality assurance is likely to be an issue with silymarin: of 
eight products tested by Consumer Laboratories, only two 
contained the labeled amount. The remaining seven prod-
ucts ranged from 19% to 85% (median 64%). When properly 
labeled, the source of milk thistle (generally the seed) should 
be noted on the product. Care must be taken when dosing on 
the basis of label information; doses range from 15 to 1200 
mg, reflecting in part the source and type of preparation. For 
example, pills made from seed powder contain about 9 to 15 
mg of silymarin compared with 112 to 240 mg for pills made 
from dry extracts. Differences in doses may also reflect dif-
ferent salt preparations. In humans the phosphatidylcholine 
preparation may be more orally bioavailable, leading to a dose 
that is lower (1.5 to 3 mg/kg twice daily) compared with a 70% 
extract (3 mg/kg twice to thrice daily).

As a flavonoid, silymarin is an inhibitor of P-glycoprotein 
and should be used cautiously with drugs known to serve as 
substrates for the transport protein. Silymarin may also inhibit 
selected CYP450 (specifically P450 2C9) enzymes.

Milk thistle is used to prevent or treat a number of medi-
cal conditions, including hepatitis (acute or chronic), and to 
protect the liver from toxicants, including medications. Milk 
thistle is the most common alternative medicine used in 
humans for treatment of liver diseases, with more than 50% 
of users claiming efficacy. Other proposed health benefits of 
silymarin include improved diabetic control. An intravenous 
preparation of silybinin is available in Europe for treatment 
of mushroom poisoning caused by A. phalloides. Note that 
as of January 2010, of the 10 milk thistle products tested by 
Consumer Laboratories, nine did not pass, the primary reason 
being that the actual amount was less than the label claimed 
amount.

Miscellaneous Vitamins, Minerals, and Nutrients
Choline
Choline is an indispensable metabolite of the body. It forms 
part of a number of endogenous compounds, particularly 
phospholipids. Phosphatidylcholine, lysophospholipids, plas-
malogens, and sphingomyelins are phospholipids that contain 
choline. The mode of action of choline as a lipotropic agent is 
unknown. It may promote conversion of liver fat into choline-
containing phospholipids, which are more rapidly transferred 
from the liver into blood. Choline is also essential for synthe-
sis of phospholipids that are used in intracellular membranes 
concerned with lipoprotein synthesis. It is thought that the 
lipotropic agents methionine, betaine, and lecithin are benefi-
cial because they contain choline or promote choline synthesis. 

The requirement for choline is well recognized in all condi-
tions predisposing to fatty infiltration of the liver, including 
diabetes mellitus, malnutrition, and cirrhosis. Greater than 
normal quantities of choline seem to be necessary for preven-
tion of a fatty liver when the liver is already damaged. Choline 
deficiency is not the only cause of fatty liver in these condi-
tions, nor will choline supplementation alone restore the liver 
to full functional competence. Choline is, however, extremely 
valuable in the multitherapeutic approach to prevention and 
cure of fatty liver.

Selenium and Vitamin E
Selenium is now known to be essential for tissue respira-
tion and is protective against dietary hepatic necrosis. It is 
extremely active and is only required in minute amounts. 
Vitamin E enhances the action of selenium, but both are 
required.

Selenium is an essential component of glutathione peroxi-
dase, which catalyzes oxidation of reduced glutathione:

     (2)Glutathione-SH+H2O2 (reduced form) →
Glutathione−S−S glutathione+ 2H2O (oxidized form)

This glutathione peroxidase catalyzes removal of hydrogen 
peroxide and fatty acid hydroperoxides and thus exerts a pro-
tective effect on all cells but especially on muscle, liver, and 
erythrocytes. The essential substances required for removal of 
peroxides are reduced glutathione and glutathione peroxidase. 
Vitamin E maintains glutathione in the reduced form by pre-
venting formation of hydroperoxides; it is an antioxidant and 
thus reduces the amount of glutathione peroxidase required. 
Cysteine (N-acetylcysteine) is required for the reduced sulf-
hydryl radical of glutathione and is generally present in 
adequate quantities. Selenium and vitamin E enhance each 
other’s action and together protect cells, especially hepato-
cytes, against harmful buildup of peroxides.

Vitamins
In the presence of liver disease, the fat-soluble vitamin K 
should be supplemented because hepatic stores may be quite 
rapidly depleted. The water-soluble vitamins of the B-complex 
group are frequently employed in therapeutic regimens for 
hepatic insufficiency. Few controlled studies have been carried 
out in this regard, but the rationale behind their clinical use is 
based on ensuring an adequate supply of metabolic cofactors.

Hydroxocobalamin (previously called vitamin B12) is 
stored in the liver, mainly in mitochondria, but there is also 
a microsomal fraction. This microsomal vitamin may be of 
importance in hepatic protein metabolism. Microsomal cell 
fractions from the livers of hydroxocobalamin-deficient ani-
mals are defective in the incorporation of methionine and ala-
nine into protein. General liver protein synthesis is depressed 
in hydroxocobalamin deficiency.

Hydroxocobalamin has a lipotropic effect. It is involved in 
metabolism of labile methyl groups and in formation of cho-
line. Hydroxocobalamin is also necessary for overall utiliza-
tion of fat. When intake is low, however, the demand for this 

KEY POINT 19-40 SAMe and milk thistle are among the few 
dietary supplements for which evidence of efficacy for 
treatment or prevention of liver disease exists.
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vitamin in hematopoiesis exceeds that for any other clinically 
recognizable physiologic function.

Glucose and Fructose
The liver resists many forms of injury when its stores of car-
bohydrate and protein are adequate; its efficiency is impaired 
when hepatocytes are laden with fat. Administration of a 
hypertonic solution of glucose and fructose produces favor-
able responses in a variety of hepatic abnormalities. A high 
glycogen content appears to protect liver cells from damage, 
and inhibition of gluconeogenesis (which occurs with admin-
istration of both insulin and glucose) may play an important 
role. Under the influence of insulin, hepatocytes undergo 
glycogen storage, hypertrophy, and hyperplasia. Insulin has a 
major anabolic effect on the liver.

TREATMENT OF SPECIFIC 
(NON-INFECTIVE) DISORDERS  
OF THE GASTROINTESTINAL TRACT

Treatment of gastrointestinal disorders frequently involves 
drugs that target the disease rather than the gastrointestinal 
tract. Enhanced discussion of such conditions or the drugs 
used to treat them might be found in their respective chapters 
(i.e., Treatment of Bacterial Infections [Chapter 8], Glucocor-
ticoids [Chapter 30] or Immunomodulators [Chapter 31]). 
Treatment of specific infectious diseases also will be found in 
chapters that address treatment of the causative organisms.

Diseases of the Oral Cavity
The primary treatment for the feline eosinophilic granuloma 
complex is glucocorticoids,183 given orally (prednisone, 1 to 2 
mg/kg twice daily), subcutaneously (methylprednisolone ace-
tate, 20 mg every 2 weeks), or intralesionally (triamcinolone, 
3 mg weekly). Progestational compounds such as methylpro-
gesterone may prove beneficial, but side effects associated with 
long-term use (including hyperadrenocorticism and diabetes 
mellitus) should limit their use to cases that have not responded 
to any other (properly administered) drug therapy. Up to 50% 
of treated cats may relapse. Because of the potential impact 
of leukotrienes on eosinophil trafficking (see the section on 
inflammatory bowel disease), leukotriene receptor antagonists 
might be considered. Stomatitis may be a reflection of an auto-
immune skin diseases, renal disease, microbiologic infection 
(viral, bacterial, or fungal) or may be idiopathic. Antimicro-
bial therapy should be considered in cases of idiopathic sto-
matitis; therapy may be necessary on a chronic, intermittent 
basis. Drugs should target anaerobic organisms (e.g., metro-
nidazole, a penicillin derivative, or clindamycin). Glucocor-
ticoid therapy should be used cautiously in stomatitis unless 
an autoimmune disorder has been diagnosed or other causes 
(including infectious ones) have been ruled out.

Diseases of the Esophagus
Megaesophagus
Myasthenia gravis is the most common cause of secondary 
megaesophagus in dogs. It is diagnosed on the basis of response 

to edrophonium chloride, a short-acting anticholinesterase.184 
Effects of the drug on skeletal muscle occur within 1 minute 
of intravenous administration and last up to 10 minutes or 
longer in some myasthenic patients. Drug therapy of mega-
esophagus associated with myasthenia gravis targets improve-
ment in muscular activity with anticholinesterase therapy 
(pyridostigmine bromide, 1 to 3 mg/kg orally every 12 hours) 
and suppression of the immune response with glucocorticoid 
or other immunosuppressive therapy (e.g., azathioprine). Pyr-
idostigmine improves appendicular muscle strength but may 
not improve pharyngeal or esophageal function. Prednisone 
tends to be the preferred glucocorticoid but may contribute to 
muscle weakness. Azathioprine does not have many of the side 
effects of glucocorticoids, but remission takes longer to achieve 
(up to several weeks), and neutropenia may limit treatment. 
Mycophenolate mofetil is a lymphocyte-inhibiting immuno-
modulator used orally to prevent graft-versus-host rejection in 
human renal transplant patients. The drug inhibits purine syn-
thesis but only in lymphocytes (both B and T lymphocytes), 
and side effects are limited to GI upset. The drug can be given 
orally, causing response within 4 hours of administration. The 
drug has proved efficacious for treatment of myasthenia gra-
vis in dogs (5 to 10 mg/kg every 12 hours orally).185 Thyroid 
hormone replacement (thyroxine) may also prove helpful. 
Treatment for megaesophagus for which an underlying cause 
cannot be found is difficult. A number of drugs that stimulate 
GI smooth muscle have been recommended, including meto-
clopramide and cisapride, with varying reports of success. Nei-
ther of these two prokinetic drugs are likely to be effective in 
the striated muscle of the esophagus; further, enhanced lower 
esophageal sphincter tone might impede esophageal empty-
ing. Bethanechol may stimulate propagating contractions in 
selected dogs. Drugs that relax the lower esophageal sphinc-
ter (anticholinergics and calcium channel blockers) have not 
proved effective. A major focus for treatment of myasthenia 
gravis is prevention of aspiration pneumonia and treatment or 
prevention of esophagitis.

Esophagitis
Esophagitis should be treated by correction of the underly-
ing etiology. It is commonly associated with ingestion of a 
corrosive or hot (thermally) material. The feline esophagus 
appears to be particularly susceptible to drug-induced esoph-
agitis (discussed in the following section). Antibiotic therapy 
in such cases should be reserved for esophageal perforation. 
The mucosa can be protected by administration of sucralfate 
administered as a slurry (1 g in 10 mL warm water), 5 to 10 
mL every 6 to 8 hours. Lidocaine solution (Xylocaine viscous 
solution) may be administered orally (2 mg/kg every 4 to 6 
hours) to minimize pain. Esophagitis caused by gastroesoph-
ageal reflux should respond well to medical management. In 
addition to protecting the damaged mucosa with sucralfate, 
drug therapy targets increasing gastric pH and tightening 
the lower esophageal sphincter. Antisecretory drugs (e.g., 
famotidine, omeprazole) help minimize damage induced by 
gastric acid and pepsin. Among the antihistaminergic drugs, 
ranitidine and nizatidine have prokinetic activity in humans 
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comparable to that of cisapride, an effect evident within 1 hour 
after administration.128 Interestingly, a peppermint–caraway 
oil preparation induced relief from dyspepsia equal to that 
produced by cisapride in human patients.186 Antacids may 
also prove beneficial; products containing alginic acid may 
provide additional protection of the esophagus by providing 
a barrier of foam. Prokinetic drugs should be administered 
to tighten the lower esophageal sphincter. Indeed, metaclo-
pramide or cisapride is probably as effective as antisecretory 
drugs in preventing further esophageal damage associated 
with gastric reflux. Glucocorticoids can be used to minimize 
esophageal stricture formation resulting from damage to the 
esophagus that extends into the muscular layers. Therapy 
should include tapered doses of glucocorticoids followed by 
reevaluation at 2-week intervals. Pentoxifylline may be an 
alternative or adjuvant therapy, particularly for drug-induced 
esophagitis.187

Gastroesophageal Reflux
Up to 60% of humans are considered to be at risk for devel-
oping perioperative gastroesophageal reflux (GER), whereas 
GER was demonstrated in 17% to 55% of healthy dogs. 
The difference in incidence of GER between these studies  
might be attributable to differences in the anesthetic agents 
used.

Metaclopramide prevents GER in unanesthetized dogs, as 
was demonstrated experimentally.188 Wilson and coworkers189 
also prospectively studied the effect of metoclopramide on GER 
(defined when esophageal pH to <4 or an increase to >7.5 that 
lasted more than 30 seconds) in anesthetized dogs. Animals 
were undergoing orthopedic surgical procedures; anesthetic 
protocols (morphine and acepromazine as premeds and thio-
pental for induction) and surgical positioning were the same 
in treatment and placebo (saline) groups. Blinded and ran-
domization methods were not clear. The authors determined, 
after reviewing the medical records of dogs undergoing the 
same surgical procedures and anesthetic protocols, that 55% 
of dogs experienced GER. A high dose (1 mg/kg followed by 
constant-rate infusion [CRI] 1 mg/kg/hr) but not a low dose 
(0.4 mg/kg followed by 0.3 mg/kg/hr CRI) of metoclopramide 
reduced the relative risk of GER by 54%. The timing of meto-
clopramide administration in relation to anesthesia was not 
provided. Vomiting occurred preoperatively in 55% of ani-
mals but was not a predictive factor for the risk of GER. No 
adverse effects attributed to treatment were identified. Preop-
erative vomiting in response to preanesthetic agents was not 
a risk factor for GER in dogs, whereas the duration of surgery 
(but not anesthesia) tended to be a risk factor.190 Wilson and 
coworkers190 compared the effects of pre-anesthetic morphine 
to mepiridine with or without acepromazine in healthy dogs  
(n = 30) using a randomized design. When compared 
with morphine, treatment with meperidine alone or with 
acepromazine before anesthesia was associated with a 55% 
and 27% risk reduction in risk of developing GER. In this 
same study, GER was detected in 51 of 90 dogs within 36 min-
utes of induction isoflurane (n = 14), halothane (n = 19) or 
sevoflurane (n = 18).

Esophogeal Motility and Oral Medications
The association of doxycycline administration with esopha-
geal lesions in cats191, 191a has led to several studies focusing 
on passage of medications through the feline esophagus. In 
one study, approximately 50% of capsules were retained in the 
midcervical esophagus of cats for longer than 240 seconds. 
Trapped capsules passed into the stomach if a small amount of 
food was administered.192 A prospective study used fluoros-
copy to document the esophageal transit of barium tablets (20 
mg) or capsules (size 4) in cats.193 The percentage of swallows 
needed for successful passage (movement of the medication 
into the stomach) of each medication was determined when 
administered with or without a follow-up bolus of water (6 
mL). Success was only 36.7% 5 minutes after administration, 
compared with 90% at 30 seconds and 100% at 90 seconds if 
the medication was followed with a water bolus. The study 
was performed in a nonrandomized fashion, with the “wet” 
study always following 5 minutes after a “dry” study. Retention 
of dry medicaments was generally in the cervical esophageal 
region.193 Treatment should consist of an antisecretory drug, 
sucralfate, and metoclopramide. An anti-inflammatory may 
be helpful; glucocorticoids have been used, but pentoxyfylline 
might also be considered.

Diseases of the Stomach
Acute Gastritis
Acute gastritis is best treated by resolution of the underly-
ing cause, whether it is diet, infectious agents or chemicals 
(including drugs or toxins), or metabolic diseases (e.g., renal 
or liver disease). Chemicals, including hydrochloric acid and 
bile acids, can induce vomiting as a result of direct damage or 
hypertonicity. Inflammation, if allowed to progress, can result 
in erosion and ulceration. Although most patients with acute 
gastritis improve in 1 to 5 days, some patients require support-
ive therapy.194 Depending on the patient, supportive therapy 
(in addition to nothing given orally) may include fluid therapy, 
antiemetics, and protectants or adsorbents. Fluid therapy with 
balanced crystalloids may require the addition of potassium. 
Bicarbonate is rarely indicated; glucose supplementation may 
be indicated in some patients. Any of the antiemetics previ-
ously discussed can be used, although phenothiazine deriva-
tives should be withheld until volume replacement has begun. 
Metaclopramide is useful when given either peripherally or 
centrally; maropitant is likely to be very effective. Among the 
protectants, bismuth subsalicylate has proved most useful 
in decreasing vomiting associated with acute gastritis. How-
ever, gastric distention from the drug may cause the animal to 
vomit; therefore prudence is indicated in its use.

Gastric Ulceration and Erosion
There is no sensitive indicator of damage to the GI mucosa; 
damage may be quite extensive before hematemesis or melena 
is noted. Damage to the GI mucosa (erosion or ulceration) 
probably occurs more frequently than anticipated. For exam-
ple, up to 25% of human patients admitted to intensive care 
units have gastric erosions; by the third day of hospitalization, 
this number increases to 90%. The risk of translocation of 
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enteric pathogens is increased in these patients, suggesting an 
important role for prophylactic anti-ulcer therapy. Sucralfate 
has been recommended as the preferred method of prophy-
laxis in patients in whom enteral nutrition is not possible.195 
Diseases in which mucosal damage should be anticipated and 
treatment implemented include but are not limited to mast cell 
disease, renal disease, liver disease, and IBD. The underlying 
cause of ulceration must be resolved; additionally, antisecre-
tory drugs and antacids are indicated for treatment of mucosal 
damage.

Nonsteroidal antiinflammatory drugs. The most commonly 
recognized cause of GI ulceration in dogs is probably use of 
NSAIDs. The primary mechanism of ulceration by NSAIDs 
is inhibition of both the constitutive and inducible forms of 
cyclooxygenase, the enzyme responsible for formation of the 
cytoprotective prostaglandin E (see Chapter 29). The latter 
(inducible) enzyme is particularly important for healing in the 
damaged gastrointestinal mucosa. Alteration of ion (probably 
hydrogen) transport across the mucosa also has a variable role 
in ulcer formation, depending on the NSAID used (e.g., aspi-
rin).196 Ulcerogenic drugs (e.g., glucocorticoids, which also 
inhibit the inducible cycclooxygenase) but potentiate ulcer-
ation caused by NSAIDs. Treatment of NSAID-induced GI 
ulceration includes discontinuation of the drug; replacement 
of missing prostaglandins by administration of cytoprotec-
tants such as misoprostol; providing cytoprotection through 
sucralfate; and inhibiting acid secretion by administration of 
an antisecretory drug (e.g., ranitidine or omeprazole). Sucral-
fate, misoprostol, H2-receptor antagonists and proton-pump 
blockers have been studied either as sole agents or in vari-
ous combinations for their ability to prevent GI ulceration in 
patients requiring high doses or long-term NSAID therapy. 
Among them, misoprostol probably provides the most consis-
tent protection, followed by sucralfate and then antisecretory 
drugs. Although famotidine was found to be equal in efficacy 
to misoprostol for treatment of NSAID-induced ulceration in 
humans,197 the H2-receptor blockers are described as having 
only limited efficacy, particularly for ulcers in the stomach, 
unless it is used at higher than (generally twice) recommended 
doses198 Proton pump inhibitors have proved superior to H2-
receptor antagonists for treatment of NSAID-induced ulcer-
ation.198

The effect of misoprostol (3 mg/kg orally every 8, 12, or 24 
hours) on gastric injury induced by aspirin (25 mg/kg orally 
every 8 hours) was studied prospectively in normal dogs  
(n = 24; 6 dogs per group) using a parallel, placebo-controlled 
design. Animals were dosed with aspirin and either placebo or 
misoprostol, the latter at 8- or 12-hour intervals, for 28 days 
with gastroscopy performed on -9, 5, 14, and 28 days. Visible 
lesions were scored on a scale of 1 (mucosal hemorrhage) to 11 
(perforating ulcer). Median total scores between the placebo or 
misoprostol at 24 hours were significantly greater than scores 
in the group receiving misoprostol at 8-or 12-hour intervals. 

In contrast, no differences were measured between placebo 
and misoprostol at 24-hour intervals. Differences were not 
detected among groups for vomiting, diarrhea, or anorexia.199

In cases of NSAID overdosing (including accidental inges-
tion), prophylactic administration of both sucralfate and miso-
prostol is recommended along with an antisecretory drug. The 
duration of antiulcer therapy depends in part on the elimina-
tion half-life of the drug and the amount of NSAID ingested. 
The elimination half-life of some of the drugs is several days, 
suggesting that toxic concentrations may remain in the blood-
stream for some time (1 to 2 weeks). Omeprazole may prolong 
the half-life of the NSAID, suggesting that treatment dura-
tion should err on the side of too long rather than too short. 
Prevention of NSAID-induced ulceration in humans is best 
accomplished with proton pump inhibitors; omeprazole was 
superior to either ranitidine or misoprostol after 6 months of 
NSAID therapy for reducing the risk of either gastric or duo-
denal ulcer.200 Omeprazole also may be the preferred choice 
in dogs; at least twice daily dosing also is recommended for 
famotidine. 87 Because of its potential to impair drug metabo-
lism, omeprazole might be less desirable than the antihista-
minergic antisecretory drugs when preventing ulcers in order 
to avoid prolonging NSAID half-life. Administration of cyto-
protective agents for treatment of ulcers depends on the drug 
and the amount ingested. In general, treatment should extend 
at least 1-2 weeks after the inciting NSAID has been eliminated 
(i.e., at least 5 half-lives of the inciting NSAID or longer in the 
case of accidental ingestion that saturates drug metabolizing 
enzymes). Administration of cytoprotective antacids such as 
magnesium–aluminum hydroxide combinations with a meal 
may provide further protection.

Stress ulcers. A European meta-analysis (Mantel–Haenszel 
test) found that sucralfate was superior to H2 antisecretory 
drugs and equal to antacids in the prevention of macroscopic 
stress bleeding in long-term ventilated patients in an inten-
sive care unit. Further, the incidence of pneumonia (caused 
by nosocomial organisms) was less in those ventilated patients 
receiving sucralfate compared with antacids or antisecretory 
drugs.201

The efficacy of omeprazole (20 mg orally once daily) in 
prevention of exercise-induced gastric ulceration in Rac-
ing Alaskan Sled Dogs (three teams of 16) was tested using a 
randomized placebo design.202 Response was based on endo-
scopic scoring of the gastric mucosa after completion of the 
race (0=least, 3=numerous bleeding ulcers). Mean score was 
significantly less (0.65) for treatment compared with placebo 
(1.09), although diarrhea was worse in the treatment group 
(54%) compared with placebo (21%). The percentage of ani-
mals that developed ulcers between the two groups was not 
reported. Williamson and coworkers203 subsequently reported 
on the efficacy of famotidine in this study.

Helicobacter species. H. pylori infects over 50% of the 
global human population. Infection will persist for life, unless 
specifically treated. All infected persons develop gastritis, 
with 15% of infected persons developing peptic ulceration. 
Infection also is associated with an increased risk of gastric 
adenocarcionoma and mucosa-associated lymphoid tissue 

KEY POINT 19-41 Sucralfate has been associated with 
effective prevention of ulcers associated with nonsteroidal 
antiinflammatory drugs and stress.
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lymphoma; indeed, it is classified as a class 1 carcinogen by the 
World Health Organization.209a The role of Helicobacter spe-
cies as causal agents in GI diseases in dogs and cats is being 
elucidated. It is likely that a causal relationship exists between 
the organism and the disease.

A causal relationship also has been suggested in ferrets, 
cheetahs, and cats. Clinical signs attributed to Helicobacter 
organisms in dogs and cats include chronic vomiting and diar-
rhea, inappetence, pica, and fever.210 More than 70% of human 
patients with GI ulceration associated with Helicobacter 
organisms are cured of their ulcerative disease if Helicobacter 
is successfully eradicated. The pathophysiology of Helicobacter 
in part reflects urease-mediated conversion of urea to ammo-
nia and bicarbonate. Ammonia causes local tissue damage, 
whereas bicarbonate appears to facilitate deeper colonization 
of the organism into the mucosa.210 Cytokine production by 
the organism appears to be associated with inflammation 
and ulcerogenesis; biochemical changes in the mucosa also 
contribute to disease. Treatment includes a colloidal bismuth 
(i.e., bismuth subsalicylate), an antibacterial that targets Heli-
cobacter (metronidazole, amoxicillin, or clarithromycin), 
and an antacid (an H2-receptor antagonist or omeprazole). 
Bismuth accumulation causes cell wall damage and subse-
quent cell lysis. Among the antibacterials selected, amoxicil-
lin is associated with the greatest and clarithromycin with the 
least amount of microbial resistance in humans. Resistance to 
metronidazole is also increasing. The duration of therapy in 
humans is several weeks. Reports of similar therapy in dogs 
and cats support but do not conclusively prove this approach 
may be beneficial in dogs and cats suffering from selected GI 
diseases. One study reported marked improvement in 90% of 
dogs and cats treated with a combination of metronidazole, 
amoxicillin, and famotidine for 3 weeks. Sucralfate may also 
be of benefit.

Gastric Dilatation–Volvulus
Therapy for gastric–dilatation volvulus (GDV) focuses on 
management of this acute and potentially life-threatening dis-
ease and long-term prevention. Medical management of the 
patient with acute disease focuses on resolution of the dila-
tation or volvulus and treatment of the sequelae of the syn-
drome. The sequelae of GDV that are most life-threatening are 
decreased cardiac preload (compression of the posterior vena 
cava and hepatic portal systems by the enlarged stomach), isch-
emia of the gastric wall (with loss of the mucosal barrier and 
increased risk of perforation), and congestion of abdominal 
viscera with subsequent endotoxemia and disseminated intra-
vascular coagulation. Although they are potentially later in 
onset, cardiac arrhythmias also may become life-threatening. 
Shock should be treated with a balanced crystalloid electro-
lyte solution or hypertonic saline. Shock doses of glucocorti-
coids (methylprednisolone) may ameliorate some of the signs 
or clinical sequelae of endotoxemia although evidence for 
such use is lacking. Free radical scavengers (deferoxamine or 
allopurinol) may help reduce damage caused by reperfusion. 
Methylprednisolone may also be helpful in minimizing the 
effects of oxygen radicals The impact of prophylactic lidocaine 

on reperfusion injury was retrospectively studied in dogs  
(n = 51; 47 nontreated dogs served as control). Animals receiv-
ing lidocaine for cardiac arrhythmias were excluded from 
study. Dogs received either a loading dose (2 mg/kg intra-
venously) followed by CRI or a CRI alone (0.05 mg/kg/min) 
for at least 3 hours. No difference was detected in survival or 
complications between the two groups, although hospitaliza-
tion was longer in the treatment group.204

Decompression of the dilated stomach can be facilitated 
by chemical restraint or sedation. Oxymorphone may be the 
drug of choice. Cardiac arrhythmias are most commonly ven-
tricular in origin but may include atrial arrhythmias such as 
fibrillation. Intravenous lidocaine is the preferred drug for 
ventricular arrhythmias, administered initially as an intrave-
nous bolus followed by a CRI (75 μg/kg/min). Procainamide 
can be used (intravenously, including CRI if lidocaine is inef-
fective; mexiletine) may be preferred. Amiodarone may also 
be used to acutely treat atrial fibrillation. Use of anti-secretory 
drugs is recommended to minimize the effects of hydrochloric 
acid on the already damaged mucosa. Although antimicrobi-
als may be indicated, their use ideally is limited to situations in 
which contamination is known (i.e., surgical) or translocation 
is likely. Corrective surgery, including gastropexy, may be indi-
cated. Medical management of chronic GDV has not been well 
established. Motility modifiers (metaclopramide, cisapride) 
and H2-receptor antagonists may be indicated, particularly 
after an acute episode, to minimize the accumulation of gastric 
secretions. However, their efficacy has not been established.

Gastric Motility Disorders
Dietary management of delayed gastric emptying should pre-
cede pharmacologic management. Underlying causes, includ-
ing electrolyte abnormalities, should be corrected, and use of 
concurrent drugs (e.g., anticholinergics, alpha-adrenergics, 
opioid antagonists) that might alter motility or response to pro-
kinetic agents should be discontinued. Prokinetic agents can be 
added when dietary management fails; cisapride is preferred.

Vomiting
For many causes of vomiting, studies regarding the etiology, 
prevention or treatment in animals are lacking. Accordingly, 
much of the information is drawn from the human litera-
ture. The discussions are offered as points of consideration, 
recognizing that relevance to dogs or cats remains to be 
demonstrated.

Chemotherapy-induced Emesis
Ellebaek and Herrstedt205 reviewed the prevention and treat-
ment of nausea associated with chemotherapy in humans. 
The relative emetogenic potential of antineoplastic agents 
was described. In humans level 1 agents (lowest potential; 
<10% of patients) include chlorambucil, hydroxyurea, inter-
feron α, tamoxifen, and vincristine; level 2 (10% to 30%): 
asparaginase, fluorouracil, gemcitabine, melphalan, pacli-
taxel, and thiopeta; level 3 (30% to 60%): cyclophosphamide 
(at <600 mg/m2), doxorubicin, methotrexate (<1000 mg/m2), 
and mitomycin; level 4 (60% to 90%): busulfan, carboplatin, 
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cyclophosphamide (≥600 mg/m2), doxorubicin (>60 mg/m2), 
methotrexate (≥1000 mg/m2), and mitoxantrone; and level 5, 
the highest (>90% incidence): cisplatin (≥60 mg/m2), cyclo-
phosphamide (1000 mg/m2), pentostatin, and others.205a

Chemotherapy-induced vomiting appears to reflect the 
release of serotonin from enterochromaffin cells of the GI 
mucosa with subsequent stimulation of type 3 vagal afferent 
5-HT3 serotonin receptors in the mucosa, the nucleus tractus 
solitarius of the medulla oblongata, and the CRZ. At the CRZ, 
D2, opioid, and 5-HT3 receptors stimulate vomiting. Neu-
rokinin receptors in humans are responsible for the delayed 
phase of vomiting associated with cisplatin anticancer che-
motherapy. Maropitant appears to be effective for control of 
 chemotherapy-induced emesis in dogs.205a,b Rau and cowork-
ers demonstrated the efficacy of maropitant (2 mg/kg PO once 
daily) for control of vomiting associated with doxorubicin 
administration in dogs (n = 25) with cancer. Dogs were stud-
ied using a randomized, placebo-controlled study (n = 24) for  
5 days posttreatment. Both vomiting and diarrhea were sig-
nificantly less in the treatment group.205a D2 antagonists, such 
as phenothiazines and butyrophenones, have limited efficacy 
in humans in preventing acute vomiting associated with che-
motherapy, with their use limited primarily to combination 
therapy for breakthrough nausea and vomiting. In a compara-
tive study of humans undergoing cisplatin chemotherapy, anti-
emetic efficacy of metoclopramide was evident at 0.54 mg/L 
with efficacy as an antiemetic being dose dependent.206 Gluco-
corticoids, and specifically dexamethasone, improve the anti-
emetic efficacy of metoclopramide in humans; trials in dogs or 
cats are lacking. However, acute nausea induced by chemother-
apeutic agents appears to be best prevented by the combination 
of dexamethasone (0.22 mg/kg intravenously) with serotonin 
antagonists. Among the antiserotinergic drugs, no differences 
in clinical efficacy appear to exist between ondansetron and 
dolasetron; however, granisetron, although not necessarily 
more effective, may last twice as long, perhaps because of its 
tighter affinity for serotonin receptors.

Postoperative Nausea and Vomiting
The use of antiemetics to prevent or treat postoperative nau-
sea was reviewed by Ku and Ong.207 The incidence of post-
operative vomiting in humans receiving volatile anesthesia 
ranges from 20% to 30%. Risk or predictive factors include 
age, gender (greater in females), history of vomiting or motion 
sickness, and duration and type of surgery and anesthesia. 
Opioid preanesthetics increase and alpha-2 agonists decrease 
the risk. Intraoperative drugs that increase the risk in humans 
include nitrous oxide (especially in patients already vomiting), 
whereas the more potent volatile anesthetics are associated 
with less vomiting compared with the less potent anesthet-
ics. Propofol as an inducing agent causes less vomiting than 
do thiopental, etomidate, and ketamine; propofol also may 
reduce vomiting associated with general anesthesia.20 The 
impact of anticholinergics (atropine) or neuromuscular block-
ade antagonists (neostigmine) on postoperative emesis is less 
clear, although the incidence is reduced with the combination 
of the two agents. As with preoperative opioids, postoperative 

opioids increase the risk of nausea and emesis (due to direct 
stimulation of the CTZ and decreased GI motility) even if pain 
is effectively controlled. The incidence of vomiting associated 
with opioid-induced analgesia can be reduced by using those 
opioids associated with less emesis, and balanced analgesia.

Treatment of postoperative emesis is approached by either 
preventing or rescuing the patient. Drugs used as preventives 
include antagonists of H1 receptors (dimenhydrinate), mus-
carinic receptors (scopolamine patch), and 5-HT3 receptors 
(ondansetron or other carbazalone derivatives). Glucocorti-
coids (dexamethasone [0.11 to 0.14 mg/kg] and methylpred-
nisolone), whose antiemetic mechanisms are unknown, also 
are recommended (administered intravenously) in patients 
with a high risk. Their use is more effective when combined 
with other antiemetics, particularly 5-HT3 antagonists. The 
NK1 receptor antagonists have recently undergone investiga-
tion, with early information in humans suggesting that NK1 
antagonists may be more effective than 5HT3 receptor antago-
nists; accordingly, maropitant is reasonable choice in dogs or 
cats. Combinations are recommended over single drugs when 
treating breakthrough vomiting or nausea. Examples include 
5-HT3 receptor antagonists with antihistaminergic drugs (e.g., 
ondansetron with cyclizine or promethazine) or combinations 
of droperidol, metoclopramide, or dimenhydrinate.20 Com-
binations with an NK1 receptor antagonist should be consid-
ered. Ideally, the combination would not include a drug that 
has already failed to control vomiting.

Postoperative Ileus
In humans, the time for gastric motility to recovery post-
operatively ranges from 24 to 48 hours, the colon 48 to 72 
hour. Thus, even with uncomplicated ileus, the time to recov-
ery after surgery is 72 hours or less. The efficacy of metoclo-
pramide in treating or preventing postoperative ileus has been 
studied in humans with conflicting results.208 In an observa-
tional, prospective study design, Seta and Kale-Pradhan208 
found no difference in time to first bowel movement in inten-
sive care unit patients that received metaclopramide postop-
eratively compared with those that did not. The drawbacks of 
this study include its design (nonrandomized, nonblinded, 
and non–placebo controlled) and very small sample size  
(n = 32; 16 per group). The authors reviewed the impact of 
metoclopramide on the effects of postoperative ileus in the 
report. Differences in dose, poor end points, and variability in 
study subjects (including surgical procedures) preclude con-
sensus among the studies. Further, differences in opioid use 
among treatment groups generally has not been addressed. 
Time to reduction in oral feeding was a more frequent posi-
tive indicator of response to metoclopramide than was time to 
first bowel movement. However, the authors caution that the 
time to first bowel movement more likely reflects initiation of 
an oral diet, and studies using both outcome measures must 
address cause and effect. The review of the studies regard-
ing the effect of metaclopramide on postoperative ileus are 
inconclusive.

The effect of lidocaine as a prokinetic for treatment of post-
operative ileus after abdominal surgery has been the subject of 
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a Cochrane Review of randomized clinical trials in humans.209 
A review of 39 trials found that the data were insufficient 
(generally owing to inconsistent outcomes, small sample size, 
or poor data-collection methods) to recommend the use of 
CCK-like drugs, cisapride, dopamine antagonists, proprano-
lol, or vasopressin. The authors noted that cisapride has been 
withdrawn from the marked, and further consideration was 
not given. Fifteen trials had reviewed alvimopan, a peripheral 
mu receptor antagonist that currently is an investigational 
drug. The authors noted that alvimopan may prove effective 
but further information was needed to define the criteria for 
use. Erythromycin was found to be consistently ineffective. Of 
the drugs studied, only intravenous lidocaine or neostigmine 
were considered potentially effective, but further assessment 
based on clinically relevant outcomes was indicated. No major 
adverse events to any of the drugs was noted in the review.

For postoperative ileus induced by opioids, treatment 
options include stimulant laxatives, oral naloxone, prokinetic 
agents (metoclopramide should follow an opioid antagonist), 
and potentially alvimopan. Misoprostol (high dose; approxi-
mately 6 μg/kg in humans) also might be considered; because 
this dose might be associated with nausea (in humans), a 
lower dose, given more frequently, may be necessary. Therapy 
should begin early.

Small Intestinal Diseases
Diarrhea

Acute diarrhea. Like vomiting, diarrhea should be man-
aged by providing supportive therapy, treating symptoms, 
and resolving the underlying cause with specific therapy.210 
Generally, intestinal causes of acute diarrhea include diet, tox-
ins or drugs, and infections (including viral, microbial, and 
parasitic). A number of extraintestinal diseases include diar-
rhea as a manifestation. For many diarrheas rehydration and 
maintenance of hydration and electrolyte balance are the cor-
nerstones of therapy Antiemetics should be used to control 
vomiting accompanied by acute diarrhea. Those antiemet-
ics that cause hypotension (e.g., phenothiazine derivatives) 
should be withheld until fluid replacement has begun. Pro-
tectants and adsorbents are indicated for diarrheas associ-
ated with toxins (including “garbage enteritis”) and may be 
used for nonspecific (undiagnosed) causes of acute diarrhea. 
Kaolin may be useful for its adsorbent properties. Bismuth 
 subsalicylate provides both adsorbent and antiinflamma-
tory effects and is the preferred antidiarrheal agent for toxin- 
associated diarrheas.

Motility modifiers must also be used with discretion for 
treatment of diarrhea. Hypomotility rather than hypermotil-
ity is the more likely abnormality, and most motility modifiers 
cause hypomotility. Further, such drugs are often associated 
with side effects. However, among the motility modifiers, opi-
oid drugs such as loperamide increase resistance to outflow as 
well as provide antisecretory effects. As such, of the motility 
modifiers, the opioid derivatives are preferred for short-term 
use as long as toxins, drugs, or obstructive disease have been 
ruled out as causes. Anticholinergic motility modifiers are 
reserved for psychogenic causes of acute diarrhea.

Viral Enteritis
There is no specific treatment for diarrheas of viral origin. 
Fluid therapy, electrolyte replacement, and antiemetics are 
indicated, depending on the severity of clinical signs. Among 
the viral causes of diarrhea, canine parvovirus stands out for 
its severity and life-threatening nature. Intensive, aggressive 
care such as that offered at tertiary hospitals can increase sur-
vival rates to 96% compared with 67% at local practitioners. 
The rate of survival with no therapy may range from 64% to 
79%.211 Supportive therapy centers around the intravenous 
administration of balanced electrolytes (e.g., lactated Ringer’s 
solution) with potassium replacement. Damage to the mucosal 
barrier and risk of bacterial translocation should be addressed 
with parenteral antibiotics. The use of the viral neuromidase 
inhibitor olstamavir may be helpful in this regard. Antibiotics 
should target both aerobes and anaerobes. E. coli was identi-
fied as an organism associated with septicemia in canine par-
vovirus212,213; however, C. perfringens may also play a role.214 
Because of the life-threatening nature of sepsis, combination 
therapy with a beta-lactam antibiotic (amoxicillin may be pre-
ferred to cephalexin because of a better anaerobic spectrum) 
and an aminoglycoside (gentamicin, amikacin) is recom-
mended. Vomiting and the life-threatening nature of the illness 
preclude oral administration of antibiotics. Ceftiofur has been 
used by some clinicians because of its efficacy toward E.coli; 
however, its limited spectrum (toward anaerobes) might limit 
efficacy for treatment of parvovirus-associated bacteremia; 
adverse events also may be an issue. Fluorinated quinolones 
should be avoided if possible because of the risk of cartilage 
defects in young, growing animals. Because fluid therapy 
is likely to be intensive in these patients, and because most 
patients are pediatric, an increased volume of distribution 
should be anticipated and higher higher doses of antimicro-
bials, particularly water soluble, may be indicated. Treatment 
of septic shock may include drugs that target eicosanoids and 
other mediators of endotoxic shock. Prevention of endotox-
emia or its effects, is reasonable, although reaching consensus 
regarding effect through randomized clinical trials is limited 
by study designs.211 Glucose may be added when indicated 
by clinical signs consistent with septicemia. Glucocorticoids 
and flunixin meglumine have historically been advocated to 
ameliorate some of the negative sequelae resulting from endo-
toxemia, with benefits more likely if treatment occurs within 
4 hours of the onset of endotoxemia. Shock doses of glucocor-
ticoids should be used. Controversy regarding the use of flu-
nixin meglumine centers primarily on the risk of GI damage. 
However, damage is generally so severe at the time of clinical 
presentation that it is reasonable to assume that the use of a 
single dose of flunixin meglumine is not likely to contribute to 
further damage. An additional benefit of flunixin meglumine 
is its potent visceral analgesic effect, which may be important 
is alleviating the marked pain and its negative pathophysi-
ologic sequelae. Because cyclooxygenase 2 is the predominant 
eicosanoid mediating the sequelae of shock, any of the newer 
injectable NSAIDs that target cyclooxygenas 2 (e.g., carprofen, 
meloxicam, firocoxib) presumably should be equally effective 
in treatment or prevention of endotoxic shock. Opioids should 
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be avoided because of their inhibitory effect on expelling lumi-
nal contents.

Although currently experimental, compounds targeting 
endotoxin may prove to be an important adjuvant to patients 
suffering from sepsis. Examples include endotoxin serum or 
a bacterial toxoid (Salmonella typhimurium; 10 mL/kg). The 
latter is commercially available. Transfusions with fresh whole 
blood or plasma can be beneficial in some dogs, particularly 
those that are hypoproteinemic or anemic. The impact of a 
recombinant amino terminal fragment of bactericidal perme-
ability-increasing protein (rBPI21; an antimicrobial and endo-
toxin-neutralizing agent) was studied in dogs (n = 40) with 
viral enteris. Treatment (3 mg/kg intravenously over 30 min-
utes, followed by 3 mg/kg intravenously over 5.5 hours) was 
implemented using a randomized placebo (n = 9 dogs treated 
with canine plasma protein) controlled design. Outcome mea-
sures included plasma endotoxin concentration, severity of 
clinical signs, and survival of parvovirus. No treatment effect 
could be identified ; however, contributing factors were insuf-
ficient sample size and biased patient selection toward animals 
that are less ill than the average infected animal.211

Treatment of diarrhea associated with parvovirus is gen-
erally not indicated. Until the mucosa has had time to heal, 
drugs intended to prevent or resolve diarrhea are not likely to 
be effective.

Bacterial Enteritis
The role of antimicrobial therapy in the treatment of diarrhea 
should be closely examined. Bacterial infection is not a major 
cause of diarrhea, nor does infection appear to perpetuate 
small intestinal diseases. More important, use of antimicrobial 
agents does not appear to improve the course of most acute 
diarrheas. Antimicrobials (neomycin, ampicillin) may, in fact, 
worsen diarrhea, perhaps because of suppression of normal 
microflora. Use of antimicrobials for treatment of diarrhea 
should be based on a diagnosis of intestinal bacterial infec-
tion (overgrowth detection, based in part, on fecal gram stain-
ing) or in cases of mucosal damage sufficiently severe to allow 
bacterial translocation. In the latter case, clinical signs gener-
ally include hemorrhagic diarrhea, fever, and abnormal white 
blood cell counts. Systemic antimicrobial therapy is indicated 
for bacterial translocation.

Despite the low incidence (less than 4% of cases of acute 
diarrhea), bacterial infections have been associated with both 
acute and chronic enterotoxigenic diarrhea of both small and 
large intestines. Diagnosis and antibacterial treatment are 
best based on culture and susceptibility data when possible. 
The most likely therapy for each of the infecting organisms 
is enrofloxacin, trimethoprim–sulfonamide combinations, 
and chloramphenicol for Salmonella; erythromycin, enro-
floxacin, furazolidone, doxycycline, neomycin, clindamycin, 

or chloramphenicol for C. jejuni; a prolonged course of tri-
methoprim–sulfonamide combinations, tetracycline, or chlor-
amphenicol for Yersinia enterocolitica (prognosis is guarded); 
metronidazole for C. difficile; and amoxicillin, ampicillin, 
metronidazole, tylosin, or clindamycin for C. perfringens. For 
E. coli the role will be difficult to establish. Clostridium pili-
formis (formerly Bacillus piliformis: Tyzzer’s disease) is a less 
common, although rapidly fatal, cause of acute hemorrhagic 
enterocolitis. The organism appears to be  nonresponsive 
to antimicrobials, wih therapy being supportive in nature. 
Salmon poisoning (Neorickettsia helminthoeca) is an endemic, 
fatal cause of diarrhea in dogs in the Pacific Northwest. As 
with other rickettsial organisms, tetracycline (oxytetracycline, 
doxycycline) is the treatment of choice. Oral therapy (in the 
absence of vomiting) includes tetracycline, chloramphenicol, 
sulfonamides, and penicillins. Therapy should continue for 2 
to 3 weeks; the trematode vector can be treated with fenben-
dazole for 10 to 14 days (50 mg/kg, once daily). Because bacte-
rial infections as a cause of diarrhea are often associated with 
some type of toxin production, motility modifiers should be 
avoided. Bismuth subsalicylate may be beneficial for both its 
adsorbent and antiinflamamtory effects.

Hemorrhagic Gastroenteritis
This syndrome of uncertain etiology is characterized by a 
packed cell volume (PCV) that may be as high as 80%. Hemo-
concentration rather than dehydration is the cause. Treatment 
requires prompt and rapid but appropriate volume replace-
ment with a balanced electrolyte solution until the PCV falls 
below 50%. Fluid therapy should continue for an additional 
24 hours to maintain the PCV at 50% or lower. Disseminated 
intravascular coagulopathy may develop if fluid therapy is not 
instituted rapidly.

Chronic Diarrhea
Treatment of chronic diarrhea should be based on removing 
the underlying causes. This is perhaps more important than 
in acute diarrhea because drugs used to symptomatically treat 
acute diarrhea should not be continued on a long-term basis. 
Chronic IBD is discussed later as a separate entity.

Bacterial overgrowth is increasingly being recognized as 
a cause of chronic intermittent small bowel diarrhea in dogs. 
Because no sensitive, specific, and widely available diagnos-
tic test is available, diagnosis is difficult unless an underlying 
cause (e.g., partial intussusceptions, tumors, foreign body) can 
be identified. Oral treatment should include broad-spectrum 
antibiotics, such as tylosin (10 to 20 mg/kg every 12 hours) 
or metronidazole, a drug effective against anaerobes (10 to 20 
mg/kg every 12 hours). The use of probiotics should be con-
sidered as previously discussed.

Intestinal fungal disease may also manifest as chronic 
diarrhea. Prognosis is generally poor to fair. Intestinal histo-
plasmosis should be treated with an orally administered azole 
drug. Itraconazole is the drug of choice (5 to 10 mg/kg every 
12 hours) followed by ketoconazole (10 to 15 mg/kg every 12 
hours); both drugs should be given 3 to 4 months after clini-
cal signs of remission. Voriconazole also might be considered. 

KEY POINT 19-43 Although gram-negative coliforms clearly 
should be targeted in patients with viral enteritis for which 
translocation is a concern, anaerobes also should be tar-
geted.
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Amphotericin B can be given in addition to an azole drug, 
particularly for severe cases. Currently, no antifungal drug has 
been effective for treatment of pythiosis (previously phycomy-
cosis). Surgical resection followed by imidazole therapy (itra-
conazole or ketoconazole) is indicated in animals in which the 
disease is diagnosed before tissue damage and infiltration.

Protozoal diseases of the small intestine include coc-
cidioidomycosis, cryptosporidiosis, and giardiasis. Pentat-
richomonas hominis also has been associated with diarrhea, 
particularly in puppies and kittens. Diagnosis of each infection 
is based on identification of the organism or of cysts in feces. 
Treatment of coccidioidomycosis includes sulfadimethoxine 
(50 to 65 mg/kg once daily orally for 10 days); trimethoprim–
sulfonamide combinations (30 mg/kg orally once daily for 10 
days), quinacrine (10 mg/kg orally once daily for 5 days), or 
amprolium (100 mg [small dogs] to 200 mg [large dogs] of 
20% powder once daily in gelatin capsules, or 1 to 2 teaspoons 
of 9.6% amprolium per gallon of free-choice water for 1 to 2 
weeks). There is no effective treatment of cryptosporidiosis in 
dogs. This infection is generally self-limiting in immunocom-
petent animals. A number of therapies can be used to treat 
giardiasis. Metronidazole (25 to 30 mg/kg orally twice daily 
for 5 to 10 days) is the treatment of choice, although up to 
a third of animals may not respond. Metronidazole benzo-
ate has demonstrated efficacy in treatment of feline giardiasis 
based on a study in 26 chronically infected cats, 10 of which 
also were infected with Cryptosporidium parvum.215 Cats were 
treated with 25 mg/kg orally twice daily for 7 days; the drug 
was prepared as a solution. It is not clear if the dose was based 
on active ingredient (i.e., metronidazole base) or total drug. 
All cats were negative for three consecutive fecal examinations 
(based on indirect immunofluorescence assay) for the 15 day 
after treatment study period. Albendazole (25 mg/kg orally 
every 12 hours for 2 days) can be used in dogs, but safety and 
efficacy have not been reported in cats. Fenbendazole (50 mg/
kg orally once a day for 3 days) may also be effective. Fura-
zolidone (4 mg/kg orally every 12 hours for 5 to 10 days) can 
be used in cats, although toxicity may limit its use. For nonre-
sponsive cases in dogs, quinacrine (6.6 mg/kg orally every 12 
hours for 5 days) can be used, although side effects (anorexia, 
lethargy, vomiting, and fever) are common. Ipronidazole (126 
mg/L drinking water) is a poultry drug that can be used for 
treating groups of animals. Tinidazole (currently not available 
in the United States; 44 mg/kg once orally) may also be use-
ful. Pentatrichomoniasis should respond to a 5-day course of 
metronidazole therapy; tinidazole for 3 days may also be use-
ful. Both drugs can be used according to previously described 
dosing regimens.

Short Bowel Syndrome
Short bowel syndrome occurs after surgical removal of a large 
portion of the small intestine. Resultant malabsorption results 
in malnutrition and diarrhea. The impact of the resection on 
bowel function and the ability of the remaining bowel to adapt 
to the loss depend on the extent and site of resection. Dogs 
have functioned with an absence of clinical signs following 
resection of up to 85% of the small intestine. Preservation of 

the ileum is important because of its role in slowing transit and 
absorption of vitamin B12 and bile acids. Medical management 
focuses primarily on correction of secondary ill effects. Exo-
crine pancreatic insufficiency should be treated with enzyme 
supplementation. Gastric hypersecretion should be treated 
with H2-receptor antagonists. Bacterial overgrowth should be 
treated with appropriate antimicrobial therapy (e.g., metroni-
dazole, tylosin). Cholestyramine can be used to bind exces-
sive bile acids that result in diarrhea. Occasionally, motility 
modifiers may be indicated to slow transit time. The opioids 
are preferred because of their effects on segmentation and thus 
retention of luminal contents.

Bacterial translocation. Bacterial translocation refers to the 
movement of gastrointestinal origin microbes or their prod-
ucts across the intact gastrointestinal tract into normally 
sterile tissues and subsequent direct infection or inflamma-
tion causing tissue injury, organ failure, and death. The treat-
ment of subsequent sepsis is addressed in Chapter 8. Bacterial 
translocation ideally is prevented.151a-c Among the choices to 
prevent bacterial translocation are antimicrobials (selective 
gastrointestinal or digestive decontamination; SDD) and pro-
biotics. The concept of SDD has been promoted and studied 
in the human critical care patient. Steinberg has reviewed the 
impact of bacterial translocation (in the surgical patient)215a 
and Schultz and co workers have reviewed the conclusions 
of several metaanalysis that focus on SDD in the critical care 
patient as part of their report of a clinical trial involving SDD 
with a favorable outcome. 215b In general, scientific clinical evi-
dence supporting SDD is lacking, and as such, SDD has not 
become a standard of care for the critical care patient. None-
theless, Schultz has demonstrated a benefit of SDD in a popu-
lation of critical care patients receiving ventilator support. In 
their review, the authors indicate that the risk of emergent 
resistance as a sequelae of SDD—a major antagonist argu-
ment against its routine implementation—did not occur in 
one clinical trial: indeed, SDD was associated with decreased 
resistance in this trial. This might be a reasonable expecta-
tion particularly if principles of judicious use are applied (see 
Chapter 6). Care must be taken when extrapolating the results 
of meta-analysis regarding SDD use in humans to the veteri-
nary patient in that the applicability of the sample human pop-
ulations may not represent the diseases with which veterinary 
criticalists are faced. Drug choices for SDD include oral drugs 
that target gram-negative coliforms but are not orally bioavail-
able, coupled with systemic antimicrobials targeting the same. 
However, Schulz and coworkers have also demonstrated that 
oral absorption of drugs normally characterized by no oral 
bioavailability may indeed occur in the critical care patient.215c 
As such, further caution is recommended when using SDD. 
There is a need for well-designed clinical trials that address 
SDD with antimicrobial therapy are lacking in the veterinary 
critical care patient.

The use of probiotics to prevent colonic bacterial translo-
cation in human patients undergoing abdominal surgery was 
reviewed by Lenoir-Wijnkoop and coworkers.151 The rationale 
targets the increased risk of bacterial translocation associated 
with surgical trauma, portal hypertension, decreased hepatic 
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function and immunosuppression. Several controlled clinical 
trials have been implemented using synbiotics. One study in 
human liver transplant recipients found that the incidence of 
infection was much lower (3%) in patients receiving antibi-
otics plus a highly concentrated combination product of four 
fibers (2.5 g each of beta-glucan, resistant starch, inulin, and 
pectin) and four probiotics (1010 Lactobacillus plantarum, Lac-
tobacillus paracasei, Lactobacillus mesenteroides, and Pediococ-
cus pentosaceu) compared with those patients that received 
antimicrobials only (48%). A recent controlled clinical trial in 
humans undergoing pancreatic surgery found that the combi-
nation of probiotics and selective bacterial decontamination 
had no effect on bacterial translocation and other selective 
outcome measures.215d

Diseases of the Large Intestine
Diarrhea
Diarrhea associated with the large intestine should be 
approached in the same manner as diarrhea of the small intes-
tine. Chronic IBD is discussed as a separate entity.

Irritable bowel syndrome. IBS, spastic colon, or nervous 
colitis is a poorly described functional disorder afflicting dogs 
and is diagnosed by ruling out other causes of large bowel 
diarrhea. Effective treatment is complicated by the intermit-
tent nature of the syndrome.216 Dietary management should 
be stressed for long-term management. Some large bowel 
diarrheas may respond to dietary fiber (psyllium). Intermit-
tent bouts of diarrhea attributed to IBS can be managed with 
administration of short-term opioid antidiarrheals (1 week or 
less). Anticholinergics can be used to reduce intestinal spasms, 
particularly those associated with pain and tenesmus. Combi-
nation anticholinergics and sedatives (e.g., chlordiazepoxide 
and clidinium) also may prove useful.

Treatment of IBS in humans was reviewed by Spanier and 
coworkers.217 Whereas the prevalence in humans is as high as 
24%, the role of IBS as a cause of diarrhea in dogs or cats is not 
clear. In humans no specific therapy emerges as clearly effec-
tive, causing afflicted patients to seek out alternative therapies. 
A review of clinical trials reveals therapies of variable efficacy 
to include probiotics (L. acidophilus, Candida and others); 
herbal products such as aloe or peppermint oil; and non-
medicinal therapies such as colonic irrigation, acupuncture, 
psychotherapy, and meditation. None was well supported, but 
positive scientific evidence was greatest for Chinese herbal 
therapy and psychological therapy.217

Clostridium spp. C. difficile has reached epidemic propor-
tions in human medicine, with antimicrobial-induced sup-
pression of normal flora as a major risk factor. Those drugs 
most commonly associated with its emergence included 
clindamycin, penicillins, and cephalosporins; fluoroquino-
lones have also been identified in humans (see Chapter 8). 
Environmental contamination and fecal-to-oral transmission 
are important, with hand carriage by health care personnel 
occurring in human patients in much the same way as with 
methicillin-resistant Staphylococcus aureus. In humans a new 
strain has emerged with increased virulence. Outbreaks have 
increased in the hospital setting, with community-acquired 

infections increasing in North America and Europe.218 Clini-
cal signs range from mild diarrhea to pseudomembranous 
colitis to toxic (and potentially fatal) megacolon. Clostridial 
toxins increase with deletion of the gene that downregulates 
production. Pathophysiology reflects binding of toxin by intes-
tinal cells, disruption of epithelial tight junctions, and inflam-
mation. Watery diarrhea is the clinical hallmark of infection. 
A seasonal pattern has been described for selected human 
hospitals.220 Enterotoxicosis associated with C. perfringens 
is also emerging as a cause of large bowel diarrhea primar-
ily in dogs (see Chapter 8). Diagnosis is based on a reverse 
latex agglutination test available in many human laboratories. 
Acute treatment includes metronidazole, ampicillin, or amox-
icillin. Tylosin may be effective for cases requiring long-term 
treatment. High-fiber diets (or psyllium) may also be helpful. 
Other bacterial diseases of the large intestine were discussed 
as causes of diarrhea in the small intestine.

Clostridial resistance may have already emerged toward 
newer 8-methoxy fluoroquinolones used to treat the organism 
(e.g., gatifloxacin and moxifloxacin).221

Antibiotic-responsive diarrheas. Several chronic enteropa-
thies afflicting dogs are reported to respond to a number of 
antibiotics, leading to the term antibiotic-responsive diarrhea 
(ARD). The distinction of antibiotic-responsive diarrhea from 
small bowel diarrheas associated with (idiopathic) small intes-
tinal bacterial overgrowth is not clear.222 Small bowel diarrhea 
of German Shepherd Dogs typifies the syndrome. Antibiotics 
to which animals have responded include tetracycline, metro-
nidazole, ampicillin, tylosin, and enrofloxacin.

Tylosin-responsive chronic diarrhea was described in dogs 
(n = 14).222 Middle-aged, large-breed dogs are more com-
monly affected with clinical signs referable to both the small 
and large bowels. However, the study is complicated by study 
design (e.g., all dogs were treated with tylosin 1 month before 
starting the study, and animals that responded to sequential 
therapies were dropped from the study). Nonetheless, the 
authors reported that all animals responded to tylosin (6 to 
16 mg/kg orally once daily) within 3 days (most commonly 
within 24 hours), with clinical signs recurring within 30 days 
of discontinuing therapy in 86% of dogs. Other failed therapies 
attempted with recurrence included prednisone treatment (for 
3 days; partial response) or Lactobacillus rhamnosus probiotics 
(no responders). On the basis of response to tylosin, poten-
tial pathogens have been proposed, including C. perfringens, 
campylobacters, and Lawsonia intracellularis. A proposed 
rationale for the syndrome is the existence of an as of yet to be 
identified specific enteropathogenic common to the canine GI 
tract that is susceptible to tylosin.

Several antimicrobials have beneficial immunomulatory 
effects in the GI mucosa (as reviewed by Westermarck and 
coworkers222). These include metronidazole and fluoroquino-
lones (ciprofloxacin and enrofloxacin). The use of enrofloxacin 
to treat inflammatory bowel disease is discussed later. Probiot-
ics have been shown to be effective for pediatric antimicrobial 
diarrhea, but not that associated with C. difficile. Trichomo-
niasis is caused by Entamoeba histolytica and Balantidium 
coli, protozoal organisms associated with diarrhea of the large 
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intestine in dogs and cats. Treatment of trichomoniasis was 
delineated in the section on diseases of the small intestine.

Treatment of B. coli infection has not been delineated in 
animals but, based on the response in humans, might include 
the use of tetracyclines or metronidazole.

Megacolon. Initial medical management of megacolon 
associated with mild constipation should include bulk laxa-
tives and more active laxatives such as bisacodyl or docusate 
sodium suppositories. As constipation progresses to obstipa-
tion, enemas and evacuation under general anesthesia are 
implemented. In severe cases broad-spectrum antimicrobi-
als may be indicated to decrease the potential for bacterial 
translocation across the damaged mucosa. Long-term medical 
management should be accompanied by dietary management. 
Laxatives and periodic enemas are indicated. Prokinetics such 
as cisapride have had variable success but should be tried. 
Earlier use is more likely to be prevent progression from con-
stipation to obstipation in cats. Erythromycin demonstrated 
a prokinetic effect on colonic motility but did not provide a 
clinically evident benefit in human patients with postoperative 
colonic ileus.183 Antisecretory drugs with anticholinesterase 
activity (e.g., ranitidine, nitazidine) might also be considered.

Inflammatory Bowel Disease
Pathophysiology
IBD is characterized by infiltration of inflammatory cells in the 
gastric or intestinal mucosa (or both).194,223 Its emergence in 
predisposed animals is facilitated by the large immune system 
and its multivariate responses presented by the GI tract, cou-
pled with the vast number of antigens from ingested microbes, 
parasites, food, toxins, endogenous microbes or their prod-
ucts, and other materials. Increased intestinal permeability to 
antigens probably plays a role, but it is not clear if this is an ini-
tiating event or a sequela. Disruption of the intricate balance 
between microbe and host leads to breakdown of mucosal 
tolerance. This key event leads to initiation, progression, and 
reemergence of disease.223 Loss of mucosal tolerance generally 
requires a loss of the normal barrier, as might occur with loss 
of cadherins. Immunologic dysfunction largely reflects altered 
T-cell [CD-4] activity. High concentrations of IL-10 and 18, 
and TGF-β promote T cell differentiation to the Th-1 phe-
notypes, resulting in high concentrations of IL-2, INF-γ, and 
TNF-alpha.224 A third factor in the loss of mucosal tolerance is 
the presence of endogenous microflora.

German and coworkers223 reviewed IBD in dogs, and 
Allenspach and coworkers225 described risk factors for thera-
peutic failure. Canine IBD is a group of diseases that are highly 
variable in cause and presentation. Manifestations and treat-
ment depend on cell type (with lymphocytic–plasmacytic 
most common, followed by eosinophilic), region affected (any 
location but most commonly small intestine) and breed (e.g., 
histiocytic [large macrophages] ulcerative colitis of Boxers, 

protein-losing enteropathies of Soft Coated Wheaten Terriers, 
gluten sensitivity of Irish Setters, and immunoproliferative 
enteropathy of Basenjis).223 The type of predominating cell 
(lymphocytic, plasmocytic, eosinophilic, or histocytic) that 
causes inflammation can serve as a basis of the classification 
and, to some degree, treatment of IBD.226 Overgrowth of small 
intestinal bacteria in response to either a primary (e.g., idio-
pathic) or secondary (e.g., acquired) disorder has been studied 
as a potential cause, particularly in German Shepherd Dogs; 
IgA deficiency has been suggested.223 Although commonali-
ties exist between human and canine IBD, the most common 
forms in human include ulcerative colitis and Crohn’s disease. 
Ulcerative colitis is diffuse and superficial, involving predomi-
nantly neutrophils, with some lymphocytes and plasma cells, 
particularly in the ileum. Crohn’s disease is focal and segmen-
tal, characterized by chronic pyogranulomatous inflamma-
tion. When extrapolating therapeutic options between human 
and canine or feline IBD, considerations must also include dif-
ferences in the pathophysiology of the diseases among species. 
Even within species, preferred therapies and extent of response 
is too variable among canine and feline populations to be pre-
dicted without supportive diagnostic (histopathologic) data. 
Accordingly, treatment should be approached individually 
(Table 19-5). A scoring system has been proposed for dogs to 
facilitate treatment.226

The “4-R’s” approach to treatment of Crohn’s disease in 
humans includes removal (underlying causes such as inappro-
priate diet), replacement (missing nutrients, such as vitamin 
B12), re-inoculation with “friendly” bacteria (L. acidophilus 
and L. bulgaricus along with fructose oligosaccharides), and 
repair. Dietary considerations in the role of (human) IBD have 
been reviewed by Shah.227 The role of gut flora, GI immunity, 
and IBD based on models and spontaneous disease has been 
reviewed in humans.228,229 A series of studies using interleukin 
10–deficient mouse colitis models demonstrated the influence 
of different bacterial substrates at different sites of inflamma-
tion. Inflammation best responded to a combination of van-
comycin–imipenem or neomycin–metronidazole compared 
with ciprofloxacin and metronidazole. Response to the latter 
was effective for acute but not chronic colonic inflammation. 
Narrow-spectrum antimicrobials such as ciprofloxacin were 
more effective in preventing but not treating experimentally 
induced colitis230 (see also the discussion of antibiotic-respon-
sive diarrhea). Studies have demonstrated that inflammatory 
disease will not evolve experimentally in microbe-free envi-
ronments but can be experimentally induced by transfer of 
T-cells reactive to bacterial antigens. In human patients with 
IBD, lesions are worse in those areas with highest microbial 
counts. Although the role of potential pathogens has been 
intensively studied, emerging data suggest that it is the com-
mensal, rather than pathogenic, microbes that are contribut-
ing to the disease. As such, perpetuation of the disease may 
reflect abnormal signaling between host immune system and 
microbes and a loss of host tolerance for microbes. Accord-
ingly, treatment for IBD targets not only suppression of the 
inflammatory response but also manipulation of the contrib-
uting microbiota with either antimicrobials or probiotics.

KEY POINT 19-44 Effective treatnment of of IBD is compli-
cated by the complex interaction between microbes, the 
gastrointestinal tract, and the local immune response.
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Table 19-5  Products for Treatment of Inflammatory Bowel Disease
Category Product Example Drug or Active Compound

Undigested carbohydrates
Undigested proteins

Supplement Iron
Protein
Water- and fat-soluble vitamins
Cyanocobalamine
Trace elements
Electrolytes

Antiinflammatories Aminosalicylates
Mesalazine (5 aminosalicylic acid, 5 ASA) Asacol (Mesalamine) Increased stability in acid medium; 

absorption slowed)
Salofalk (coated with ethylcellulose)

Sulfasalazine Sulfapyridine diazotized to 5 ASA
Pentoxyfylline
Leukotriene receptor antagonists

Immunomodulators Cyclosporine
Glucocorticoids
Systemic

Prednisolone (preferred to prednisone in cats and possibly 
some dogs)

Prednisone
Topical (oral) Budesonide

Fluticasone
Tixocortol pivolate

Topical (foams; rectal)* Hydrocortisone acetate
Prednisolone metasulphobenzoate
Hydrocortisone sodium phosphate
Prednisolone sodium phosphate

Enema Methylprednisolone
Betamethasone valerate
Beclometasone diproprionate
Budesonide

Directed polypeptides Role not yet elucidated
Probiotics Lactobacilus acidophilus, bulgaricus With fructose oligosaccharide

Bifidobacterium?
Others

Antibiotics Metronidazole
Fluoroquinolone Enrofloxacin†

Others (e.g., Tylosin)
Protection Sucralfate

Antisecretory drugs Famotidines, proton pump inhibitors
Polysulfated glycosaminoglycans Glucosamine, chondroitin sulfates

*Foams adhere to mucosa and are for colonic disease. Administered at night.
†Histocytic ulcerative colitis.
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Unfortunately, IBD is a diagnosis of exclusion and is made 
after other causes of inflammatory disease of the GI tract have 
been ruled out. Food allergies or intolerance; infections by 
fungal, bacterial, or parasitic organisms; and neoplasms must 
be ruled out or their role in the pathophysiology identified and 
treated accordingly. Confirmation of the diagnosis is based on 
biopsy, which also is necessary to identify the predominant 
inflammatory cell associated with the disease and the most 
appropriate therapy. For example, eosinophilic infiltrates may 
respond to dietary management alone. Monitoring response 
to therapy should include, in addition to clinical signs, serum 
folate and cyanocobalamin concentrations; serum albumin 
levels can be used as a monitoring tool in animals with protein-
losing enteropathy. Allenspach and coworkers225 retrospec-
tively determined that hypocobalaminemia (<200 ng/mL),  
along with hypoalbuminemia, is a risk factor for therapeutic 
failure.

Initial medical management may vary with the severity 
and length of disease. In dogs, particularly, elimination of 
an irritating diet and antibiotic-responsive causes might be 
considered before biopsy. This is best accomplished by a well-
designed clinical trial in the patient. The role of diet in human 
IBD has been well reviewed.227 Feeding the animal an elimina-
tion diet containing novel or highly digestible protein foods 
or (particularly for colonic disease) a high-fiber diet (e.g., 
yams, sweet potatoes, pumpkin) might be considered first. The 
role of diets with altered n:3 to n:6 omega-fatty acid ratios or 
hydrolyzed diets (protein molecules are small and presumably 
nonantigenic) is not yet clear but may be promising.223

Antiinflammatories remain the cornerstone of therapy 
for IBD in dogs and cats. Use of glucocorticoids should be 
reserved for animals in which biopsy has confirmed a diag-
nosis of IBD. Indiscriminate use of glucocorticoids can be 
dangerous, particularly in areas in which fungal causes of GI 
disease are not uncommon. In addition, use of glucocorti-
coids in patients with GI lymphoma may render the neopla-
sia resistant to further glucocorticoid therapy used as part of 
a combination antineoplastic regimen. Glucocorticoids are 
indicated in dogs and cats with lymphocytic–plasmacytic IBD. 
Prednisolone (2.2 mg/kg/day orally) should result in clinical 
response within 1 to 2 weeks. Therapy should continue at the 
same rate for another 2 weeks (beyond clinical response) and 
then slowly be tapered. More severe cases of IBD or cases that 
do not initially respond to prednisolone may respond to dexa-
methasone (0.22 mg/kg/day orally).Because glucocorticoids 
impair healing in the gastrointestinal mucosa (by virtue of 
cyclooxygenase 2 inhibition), antisecretory and cytoprotec-
tant drugs are indicated. Indeed, their use is indicated in gen-
eral to facilitate healing development of multidrug resistance 
has been implicated as a cause of therapeutic failure with glu-
cocorticoids in some human patients with IBD; expression of 
mucosal multidrug resistance may ultimately be used to deter-
mine response of IBD patients to therapy.231 Several mecha-
nisms of glucocorticoid resistance have been described in 
humans and may be relevant to dogs or cats.232 These include 
heterogenicity of the disease process itself, overexpression of 
the MDR1 gene causing increased P-glycoprotein–mediated 

efflux of glucocorticoid from target cells; impaired glucocor-
ticoid–receptor signaling; and activiation of epithelial proin-
flammatory mediators such as nuclear factor kappa B.

Humans generally do not tolerate systemic glucocorticoids 
as well as dogs or cats, leading to effective alternative thera-
pies for IBD.233 For example, 80% of human ulcerative colitis 
cases are successfully controlled with a variety of 5-amino-
salicylic acid preparations. Rectal glucocorticoid foams have 
also proven useful for diseases involving the colon. “Topical” 
budesonide is as effective as systemic glucocorticoids and is 
better tolerated than systemic glucocorticoids. Glucocorticoids 
are the cornerstone of therapy for Crohn’s disease; more severe 
disease responds to higher doses of steroids. The extrapolation 
of these treatments to dogs and cats is limited in part because 
colonic disease is not as common (limiting applicability of 
therapies targeting the colon). Further, the extent of first-pass 
metabolism of budesonide is not known. A number of thera-
pies should be considered in dogs or cats that do not respond 
to initial therapy or for which glucocorticoids are not toler-
ated or contraindicated. Various immunomodulators should 
be considered. In humans, these have included cyclosporine 
and mycophenolate mofetil.. Allenspach and coworkers234 
reported on the use of cyclosporine for treatment of IBD in 
dogs (Chapter 19). Overall, cyclosporine was considered effec-
tive in 78% of the animals. In humans, long-term cyclosporine 
may facilitate long-term control when used in combination 
(but not alone) with other immunomodulating drugs. Leu-
kotrienes appear to be involved in chronic allergic diseases 
such as IBD, atopy, and asthma. A role has been described 
in signaling and trafficking between eosinophils and lym-
phocytes in affected tissues, and in the IL-5 eotaxin induced 
differentiation, proliferation, and release of eosinophils at the 
level of the bone marrow. Accordingly, leukotriene receptor 
antagonists (e.g., zafirlukast or montelukast; see Chapter 29) 
might be considered as the sole agent in mild disease in those 
animals in which glucocorticoids are contradicted, in combi-
nation for nonresponders, or as dose-sparing agents. The role 
of TNF-alpha in Crohn’s disease of humans has led to some 
scientific support for pentoxifylline (also referred to as oxpen-
tifylline).235 It has proved useful in mouse models of colitis236 
and in humans as a dose-sparing agent when combined with 
glucocorticoids or directed polypeptide therapy.237

Sulfasalazine (20 mg/kg every 12 to 24 hours orally in cats; 50 
mg/kg/day divided every 8 to 12 hours in dogs) may also be ben-
eficial in cats and dogs with IBD. Response may take 1 to 2 weeks. 
As a sulfonamide, sulfasalazine may cause immune-mediated 
diseases ascribed to other sulfonamide antibiotics; use of the 
drug should be based on a histologic diagnosis whenever pos-
sible. Newer 5-aminosalicylate (sulfasalazine-like drugs) such 
as mesalazine and olsalazine (10 to 20 mg/kg every 12 hours) 

KEY POINT 19-45 Although glucocorticoids are the cor-
nerstone of inflammatory bowel disease therapy, glu-
cocorticoids also impair gastrointestinal healing, and 
gastroprotective therapies should simultaneously be 
implemented.
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might be considered; both may decrease tear production in dogs. 
Omega fatty acid (fish oil) products also may be helpful for their 
antiinflammatory effects; response may take several weeks.

Animals that continue to be unresponsive to medical man-
agement of IBD may respond to azathioprine (0.3 mg/kg every 
other day, orally in cats; 2.2 mg/kg/day in dogs). Response may 
take up to 5 weeks. Side effects of azathioprine are sufficiently 
severe that a diagnosis of severe IBD should be confirmed 
(based on biopsy) before its use. White blood cell counts 
should be monitored weekly and the drug temporarily discon-
tinued if neutrophil counts drop below 2000/uL.

The role of directed polypeptides in the management of 
refractory human IBD is emerging.238,239 Emerging therapies are 
targeting co-stimulatory molecules which are responsible for ini-
tial interactions between T cell receptors and macrophage MHC 
antigen complexes.224 Endotoxin and cytokines interact directly 
or indirectly with a variety of co-stimulatory molecules, includ-
ing CD40-ligands (with T-cells) and B-7, an immunoglobulin 
that serves as a ligand for C28 (also a T cell co-stimulatory mol-
ecule). Because many of these therapies represent proteins for-
eign to dogs and cats and because animals are already affected by 
a dysfunctional immune system, caution is recommended with 
their use. Side effects can be profound in humans and may pre-
clude adaptation to dogs or cats. Use in dogs and cats should be 
implemented only after collecting intensive scientific support.

Antibiotic therapy is intended to resolve bacterial over-
growth that might be contributing to the inflammatory pro-
cess and either mimicking or contributing to IBD. However, 
response may just as likely reflect immunomodulation rather 
than antimicrobial therapy. Therapy for overgrowth in the 
large intestine should target clostridial organisms (metroni-
dazole or ampicillin), whereas broader-spectrum drugs (tylo-
sin, ampicillin) should be used for small intestinal disease. C. 
perfringens overgrowth in the small intestine may be difficult 
to detect; drug therapy that targets this organism includes 
tylosin and ampicillin. Metronidazole therapy in conjunction 
with glucocorticoids is indicated not only for its antibacterial 
effects but also because it appears to have immunomodulatory 
capabilities; indeed, this may explain why it may be effective as 
the sole therapy in some cases of IBD.

Nonhypoproteinemic dogs with lymphocytic–plasmacytic 
enteritis responded to a combination of oral antiinflammatory 
agents (prednisone, 1 mg/kg twice daily slowly decreased to  
0.5 mg/kg every 48 hours) and antimicrobial agents (met-
ronidazole 10 mg/kg twice daily for 21 days); most dogs 
also received oral cimetidine (0.5 mg/kg bid) and meta-
clopramide (0.5 mg/kg bid) for 90 days.240 Treatment dogs 
(n = 16) received a prescription diet. A group of normal ani-
mals (n = 9) were studied as untreated controls. Dogs were 
studied for 120 days, with outcome measures including 
clinical signs, endoscopic lesions and histopathy of endo-
scopic biopies. After treatment, the mean activity index 
diminished from 7.3 at baseline to 1.7, 0.8, 0.5, and 0.19 at 
baseline, on days 30, 60, 90, and 120, respectively. Fur-
ther, gastric and duodenal endoscopic lesions decreased in  
75% of animals, although no significant reduction was detected 
histologically.

Hostutler and coworkers241 have retrospectively described 
a series of cases (n = 9) of canine histoycytic ulcerative coli-
tis responsive to antibiotics. The common drug among all 
nine dogs was enrofloxacin, with or without combinations of 
amoxicillin or metronidazole. Four of the dogs had failed to 
respond to antiinflammatory therapy that included combina-
tions of prednisolone, azathioprine, or sulfasalazine, with or 
without other antibiotics, for a duration of 1 to 20 weeks. The 
remaining five dogs responded to antibiotics alone. Diarrhea 
resolved within 3 to 12 days of treatment with enrofloxacin at 
standard recommended doses. Although three dogs remained 
asymptomatic for 7 to 14 months, some dogs have required 
therapy for 2 to 21 months or longer.

Among the more promising approaches of therapy that 
do not directly suppress inflammation is the use of probiot-
ics (see the earlier discussion of biotherapeutics). Probiotics 
are intended to replace the pathogens with healthy flora that 
have developed host tolerance. Their use in patients with IBD 
should be strongly considered; however, notably lacking is 
scientific evidence regarding their use. Necssary information 
ranges from characterization of the normal state of microbiota 
in the canine and feline gastrointestinal tract to its state in 
patients with IBD; the optimal replacement microbiota; and 
clinical trial evidence of response when used as either sole 
or combined therapy. Further, deficiencies in product qual-
ity may limit effective response. None the less, attention must 
be given to this approach to therapy. The role of probiotics 
in the treatment of IBD in humans has been reviewed.228,229 
Randomized controlled clinical trials in humans have dem-
onstrated resolution or improvement of IBD compared with 
controls (placebo or 5-aminosalicylic acid) after treatment 
with probiotics containing bifidobacteria, lactobacilli, and 
streptococci as core microbes.228,229 However, because the 
pathophysiology of IBD and endogenous microbiota (and pre-
sumed response to biotherapeutic) varies with site, age, diet, 
species, and other factors, scientific evidence of efficacy of bio-
therapeutics in IBD may be slow to emerge. Human and mice 
model data are not necessarily relevant to either dogs or cats; 
studies in target species are needed to support efficacy. Fur-
ther, the microbiota of individuals with IBD is different from 
that in normal animals and (has been described as unstable). 
Accordingly, although biotherapeutics are largely safe in nor-
mal animals, the unknown impact of colonization of microbes 
in the diseased intestine mandates that discretion (and knowl-
edge) accompany biotherapeutic use. Marteau and cowork-
ers228 reviewed the role of biotherapeutics in the treatment of 
IBD. Several studies suggest that E. coli and Bacteroides vulga-
tus, both normal flora, in particular, may be reasonable targets 
of therapy. Members of bifidobacteria and lactobacilli gener-
ally tend to be the most likely organisms to provide protection 
against IBD, but species differences in normal flora are likely 
to mandate clinical trials in target species as a basis of proof.

KEY POINT 19-46 The mechanism of efficacy of selected anti-
microbials for treatment of inflammatory bowel disease may 
reflect immunomodulation more that antibacterial effects.
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Associated clinical signs of IBD that may require medical 
management include vomiting, small or large bowel diar-
rhea, flatulence, and occasionally GER. Hematochezia may 
be present with colitis. Diarrhea is the primary presentation 
of IBD in dogs. Vomiting occurs less commonly with gastric 
and enteric IBD; hematochezia occurs consistently in colitis. 
Anorexia and weight loss occur to variable degrees in IBD. 
Use of antisecretory drugs is indicated, in part to provide GI 
protection; sucralfate likewise is indicated, particularly in the 
presence of erosive or ulcerative disease and glucocorticoid 
therapy.

Supplementation of cobalamin should be considered at 
least in cats with chronic inflammatory disase of the small 
intestine associated with hypocabalaminemia. Ruaux and 
coworkers242 studied 19 cats severly deficient in cobalamine 
(based on serum concentrations) during and after treatment 
(250 units subcutaneously once weekly) for 4 weeks.

Treatment for Helicobacter spp. might also be considered. 
Leib and coworkers216 demonstrated marked improvement in 
dogs with IBD when they were treated for Helicobacter spp. 
Chronically vomiting dogs with spirochetes and either normal 
or inflamed stomach or duodenum (based on biopsy samples) 
were studied. Dogs were assigned to receive twice daily for two 
weeks “triple” therapy (amoxicillin 15 mg/kg, metronidazole 
10 mg/kg and bismuth subsalicylate at 13 to 26 mg/kg [0.25 
to 2 262-mg tablets, depending on body size), either with or 
without famotidine (0.5 mg/kg). Potential therapeutic benefits 
of bismuth subsalicylate include antibacterial effects, altered 
microbial adhesion, protection agains ulcerative effects, and 
decreased resistance to metronidazole (as reviewed by Leib 
and coworkers216). Placebos apparently were not given and 
blinding was not ascribed; assignment to either group was by 
coin toss, and although other therapies were discouraged, some 
dogs did receive other antibiotics as well as antiinflammatory 
therapies. Dogs were reevaluated at 4 weeks and 6 months. No 
significant treatment effect emerged in the famotidine group, 
with the frequency of vomiting reduced by 86% and organ-
isms eradicated in approximately 75% of dogs in both groups. 
On the basis of this study, the authors concluded that famoti-
dine did not enhance response to therapy; however, caution 
is recommended in basing therapy on this conclusion, in part 
becausethe ability of the study to detect a famotidine effect was 
not identified. In humans eradication of Helicobacter might be 
expected in more than 90% of human patients receiving “qua-
druple” (i.e., with antisecretory drugs) therapy. As with other 
investigators, recrudescence or re-infection of dogs with Heli-
cobacter after presumably successful eradiction (based on the 
presence of the organism rather than molecular techniques) is 
not unusual. In Leib’s study216 close to 50% of dogs negative for 
Helicobacter at 4 weeks were positive by 6 months, suggesting 
improved therapy is still needed.

Liver Diseases
With few exceptions, treatment of liver disease is nonspecific, 
being primarily supportive and symptomatic.243 Feline hepatic 
lipidosis is largely a nutritionally managed disease and as such 
is not discussed in this chapter; however, future considerations 

should be made in the role of adipose hormones in the initia-
tion or perpetuation of the syndrome. Recommended supple-
ments include L-carnitine (250 to 500 mg/cat), taurine (250 
mg), B vitamins at twice the standard recommended dose, 
vitamin C (30 mg/kg), vitamin E (100 to 400 mg/cat), and 
elemental zinc (7 to 8 mg/cat). Supplemenation with vitamin 
K (e.g., 0.5 to 1.5 mg/kg) also may be indicated.

Acute Hepatic Failure
Supportive therapy includes intensive fluid therapy with a 
balanced electrolyte solution to which potassium chloride,  
B vitamins, and (particularly in the presence of hypoglyce-
mia or septicemia) glucose has been added. Coagulopathies 
are likely to reflect disseminated intravascular coagulopa-
thy (stimulated by massive endothelial damage in the liver), 
impaired coagulation protein synthesis, or both. Clinical 
coagulopathies should be treated with heparin and replace-
ment therapy (fresh whole blood or plasma or fresh frozen 
plasma). Rapid destruction of hepatic storage sites of vitamin 
K may also contribute to bleeding disorders, and replacement 
therapy may be indicated. Gastric ulceration should be antici-
pated and GI bleeding minimized by the use of antisecretory 
drugs. However, cimetidine is not recommended because of its 
negative effects on hepatic enzyme activity; omeprazole like-
wise might be used only cautiously. Antibiotics are indicated 
because of increased risk of bacteremia. Bacteria are likely to 
be gram-negative coliforms or anaerobes from the GI tract 
or Staphylococcus spp. Combination antimicrobial therapy is 
indicated for full antibacterial coverage. No documented stud-
ies have established the usefulness of drugs intended to sup-
port the liver as it heals or overcomes acute hepatic necrosis. 
Intrahepatic glutathione is an important scavenger of oxygen 
radicals, and its depletion probably contributes to inflamma-
tory damage. Replacement in the form of acetylcysteine (e.g., 
Mucomyst) is certainly indicated for acetaminophen over-
dose but also might be considered in any case of acute hepatic 
necrosis. Cimetidine, a potent inhibitor of hepatic microsomal 
enzymes, might be considered in cases of acute hepatic failure 
associated with the formation of toxic drug metabolites, such 
as acetaminophen. However, its routine use in other cases of 
acute disease is discouraged because of its inhibitory effects.

Treatment for hepatic encephalopathy focuses on 
decreased absorption of encephalotoxins generated by 
microbes from protein and fat degradation. Medical man-
agement should be implemented in conjunction with dietary 
management. Lactulose is a semisynthetic disaccharide that 
is metabolized by colonic bacteria to lactic acid. In addi-
tion to the osmotic laxative effect, which causes evacuation 
of the luminal contents, acidification of the contents results 
in ionization of ammonia, precluding its absorption across 
the rectal mucosa. It can be administered either orally or, 
in severe cases of encephalopathy, as a retention enema  
(three parts lactulose to seven parts saline, administered at  

KEY POINT 19-47 Acute drug hepatopathies might be treated 
with intravenous N-acetylcysteine.
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20 mL/kg every 4 to 6 hours). The enema should be retained 
for 15 to 20 minutes. Lactitol is an alternative to lactulose that 
is less sweet and perhaps better tolerated. It is administered 
as a powder (500 mg/kg daily orally). Oral doses for long-
term management with either lactulose or lactitol should 
generate two to three soft stools a day. Povidone–iodine 
(10%) given as an enema also acidifies luminal contents 
and provides some antibacterial activity. Selective microbial 
decontamination may reduce formation of encepahlotoxins. 
Neomycin (22 mg/kg orally twice daily or as an enema in 
water) also decreases bacteria responsible for formation of 
encephalotoxins. Other antimicrobials used for long-term 
management of hepatic encephalopathy include metronida-
zole (7.5 mg/kg orally every 8 to 12 hours) and ampicillin 
(22 mg/kg orally every 8 hours). With severe encephalopathy 
glucose-containing fluids may help prevent accumulation of 
ammonia in neurons.

Benzodiazepine receptors increase in patients with hepatic 
encephalopathy; use of benzodiazepine receptor antagonists 
such as flumazenil can be effective in human patients, but its 
efficacy is less well established in animals. If the drug is used, 
animals should be monitored for seizures. Intracranial pres-
sures may increase in some patients; treatment should include 
mannitol (1 mg/kg of a 20% solution intravenously over 30 
minutes, at 4-hour intervals) and furosemide. Glucocorticoids 
appear to offer no advantage to patients suffering from hepatic 
encephalopathy and may be contraindicated for treatment 
of increased intracranial pressure associated with hepatic 
encephalopathy.

Vomiting in patients with acute or chronic liver disease 
should be treated with antiemetics active at the CTZ or emetic 
center. Metoclopramide has been the first drug of choice, fol-
lowed by a phenothiazine derivative; maropitant might rea-
sonably replace either. Impaired hepatic function may increase 
the duration of action of the drug, whereas dehydration may 
increase plasma drug concentrations. Dosing regimens should 
take these changes into account. Volume replacement should 
take place before treatment with phenothiazine antiemetics in 
the dehydrated patient.

Chronic Hepatic Diseases
Halting hepatic inflammation. As with acute hepatic disease, 

treatment of chronic disease focuses on removal or correction 
of the inciting cause and supportive and symptomatic therapy. 
Long-term management should be accompanied by discontin-
uation of any drugs that are contributing to the chronic dam-
age to the liver and dietary regimen. Drugs intended to remove 
the inciting cause are used in diseases for which the diagnosis 
is clear. For example, cecoppering agents are indicated in dogs 
predisposed to copper storage disease. However, Poldervaart 
and coworkers244 retrospectively reviewed hepatitis in dogs 
and concluded that the role of copper as a cause or contributor 
to acute or chronic hepatitis may be underestimated. Drugs 
used to treat copper-related hepatic disease include D-penicil-
lamine (10 to 15 mg/kg orally 30 minutes before a meal, every 
12 hours; start with a lower dose and increase after the first 
week) and, for animals that cannot tolerate D-penicillamine, 

trientine (2,2,2-tetramine, 10 to 15 mg/kg orally twice daily). 
In Bedlington Terriers with copper hepatotoxicosis, 2,3,2-tet-
ramine (7.5 mg/kg orally every 12 hours) may be used instead 
of trientine (and may result in greater copper elimination), but 
the drug must be reformulated. A more controversial treat-
ment for copper storage disease focuses on decreased absorp-
tion of copper in the diet by treatment with zinc acetate (5 to 
10 mg/kg or 100 mg for the first 3 months and 50 mg thereafter 
orally every 12 hours, 1 hour before each meal). This treatment 
should be started at a young age, before hepatic accumulation 
of copper has occurred. Monitoring plasma zinc concentra-
tions every 2 to 3 months has been recommended to ensure 
therapeutic concentrations and to prevent toxic concentra-
tions of zinc that might lead to hemolytic anemia (therapeutic 
range of zinc is 200 to 500 μg/dL; higher than 1000 μg/dL is 
considered toxic).

Suppression of hepatic inflammation in chronic liver dis-
ease is problematic but critical if the progression of chronic 
to cirrhotic disease is to be halted. Underlying causes should 
be identified and removed. Consideration should be given to 
the role that insulin resistance, adioponectin, and adiponec-
tin have in perpetuating the inflammatory response.4 Hepatic 
damage by drugs often is reversible if the drug is discontinued 
before fibrosis has occurred. Drug-induced hepatic disease is 
often dose and duration dependent, meaning that the risk of 
toxicity increases with higher doses (plasma drug concentra-
tions) and long-term therapy. Consequently, single doses or 
short-term therapy with a hepatotoxic drug is not likely to lead 
to chronic hepatic disease. Examples of drugs associated with 
chronic liver disease in dogs are discussed in Chapter 4. Anti-
convulsants (primidone, phenobarbital, and phenytoin) and 
heartworm preventive (oxibendazole–diethylcarbamazine) 
are among the most commonly used drugs associated with 
hepatic disease. However, any drug metabolized by the liver 
and to exposure is considerable (ie, large initial doses, or long 
duration of exposure) might be considered as a possible cause 
of liver disease.

Identifying the role of infection as a continued cause of 
liver disease may be difficult. However, with the exception 
of ascending chronic cholangiohepatitis, bacterial infection 
as a cause of chronic liver disease is uncommon. Because the 
liver is well perfused, any antimicrobial with a good gram-
negative spectrum should be effective. However, as disease 
progresses and fibrosis deposition occurs, drugs that are more 
lipid-soluble should be considered Because of the loose but 
increasingly characterized association of Helicobacter spp. and 
cholangiohepatitis in cats,245 treatment for helicobacter might 
be considered.

Idiopathic chronic hepatitis (chronic active hepatitis or 
chronic active liver disease) is generally detected by increases 
in serum alanine transferase activity (greater than 10 times 
normal) and alkaline phosphatase activity (greater than 5 
times normal). Biopsy should provide a confirmation as well 
as a histologic description on which therapy and response 
to therapy can be based. Inflammation usually is controlled 
with immunosuppressant drugs; evidence of piecemeal 
necrosis, bridging necrosis, and fibrosis indicates their need. 
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Prednisolone (1 to 2 mg/kg orally a day) should be adminis-
tered until clinical remission occurs (generally 7 to 10 days) 
and the dose then gradually tapered (decreased every 10 days) 
until a minimum effective dose has been established. Clini-
cal signs, clinical pathologic changes (at 1- to 2-week inter-
vals), and ultimately a repeat hepatic biopsy (at 2 to 3 months) 
should be monitored for response to therapy. Note that glu-
cocorticoids can increase serum bile acids, and the failure 
of these to decrease is not necessarily indicative of contin-
ued damage. More aggressive immunosuppressive therapy is 
implemented if glucocorticoids cannot be tolerated or if the 
progression of hepatic disease cannot be halted with gluco-
corticoids. Azathioprine therapy is initiated (2 mg/kg/day or 
50 mg/m2 orally given every day for 7 days, then every other 
day), with prednisolone therapy continued for the first 7 days 
and then alternated with azathioprine thereafter. Weekly white 
blood cell counts should be performed to detect bone-marrow 
suppression by azathioprine; therapy should be suspended for 
5 to 7 days if the neutrophil count drops below 2000 cells/μL 
or the platelet count below 50,000/μL. Lymphocytic or scle-
rosing cholangitis/cholangiohepatitis in cats may also respond 
to glucocorticoid therapy (2.2 mg/kg orally a day). In order 
to avoid the adverse events associated with azaothioprine or 
other anti-inflammatory drugs, alternative therapies might be 
considered. Pentoxifylline is among these alternative drugs 
for additional control of inflammatory disease.246 The role of 
mycophenolate or cyclosporine in treating immune-mediated 
liver disease has not been addressed.

Ursodeoxycholic acid has proved beneficial in both dogs 
and cats with chronic liver disease, particularly if it is asso-
ciated with a significant cholestatic component. The dose in 
patients with chronic hepatitis (8 to 10 mg/kg) is less than that 
in patients with primary biliary cirrhosis or sclerosing cholan-
gitis (10 to 5 mg/kg/day). Note that more studies are needed to 
describe the clinical efficacy of ursodeoxycholic acid in dogs 
and cats. The drug appears to be safe; cats showed no evidence 
of adversity when dosed with 10 mg/kg orally for 8 weeks. 
Dehydrocholic acid (10 to 15 mg/kg orally every 12 hours) 
has also been recommended in cats with cholangiohepatitis 
and “ludged bile.” Note, however, that less evidence is available 
to support the efficacy of this bile acid and that it is among 
the lipid-soluble and thus potentially hepatotoxic bile acids. 
A deletion in an efflux transport protein has been identified 
as the underlying cause of biliarly mucoceole in dogs; its role 
in feline diseases has yet to be identified. Ascorbic acid (25 
mg/kg/day orally) has been suggested as supportive therapy in 
dogs with chronic hepatic disease because the liver is less able 
to produce this vitamin. Zinc therapy has also been suggested 
to reduce copper deposition in the damaged liver.

When the progression of disease cannot be halted and, spe-
cifically, fibrotic tissue deposition continues, antifibrotic drugs 
can be considered. Prednisolone provides some prevention of 
collagen deposition. Colchicine appears to improve (histologi-
cally) the progression of cirrhosis in human patients, but evi-
dence is lacking in dogs because of lack of controlled trials. 
Adverse reactions have not been reported in dogs receiving 
colchicine (0.03 mg/kg/day orally) for 6 to 30 months.

Sequelae of Chronic Liver Disease
Management of GI ulceration was previously discussed. As 
disease progresses, the likelihood of ulceration increases not 
only because of impairment of the mucosal barrier but also 
because of increased risk of bleeding resulting from coagulop-
athies. Bleeding into the GI tract increases the risk of hepatic 
encephalopathy. Treatment of hepatic encephalopathy was 
discussed under acute hepatic failure.

Control of ascites can be difficult with chronic disease. 
Fluid accumulation is more likely to reflect increased sodium 
and water retention (stimulated by portal hypertension) rather 
than decreased albumin, although hypoalbuminemia may con-
tribute to ascitic fluid formation. Dietary restriction of sodium 
should be the targeted method by which ascitic fluid formation 
is controlled. If this is insufficient, diuretic therapies should be 
instituted. Because ascites may be associated with high aldo-
sterone concentrations, spironolactone (1 to 2 mg/kg orally 
every 12 hours) might be the first diuretic used. The dose may 
be doubled in 1 week if there has been little response. Note that 
its cardioprotective effects (see Chapter 15) may also poten-
tial contribute to control of inflammation in the liver. Because 
spironolactone is a potassium-sparing diuretic, potassium 
supplementation may not be necessary and may be dangerous. 
If the patient continues not to respond to spironolactone, furo-
semide therapy can be instituted (1 to2 mg/kg orally every 8 
to 12 hours initially and then titrated to a minimum effective 
dose daily, every other day, or every third day). Care must be 
taken not to dehydrate the patient. Total eradication of ascitic 
fluid need not be the goal of diuretic therapy.

Animals with chronic (including cirrhotic) liver disease are 
increasingly susceptible to bacterial infections and specifically 
to septicemia. However, routine use of antimicrobials is not 
recommended in order to avoid advent of resistance; fluoro-
quinolones in particular should be avoided routinely. Previ-
ous exposure to antibials should be considered as drugs are 
empirically selected to treat septicemia. Both gram-negative 
coliforms and anaerobes should be targeted with antimicro-
bial therapy.

As hepatic disease progresses to end-stage disease, note 
that patients are more susceptible to disseminated intravas-
cular coagulation. This syndrome should be anticipated in 
patients and managed accordingly.

A review of of 41 relevant articles regarding the use of 
SAMe in human patients with liver disease, including a 
focus on cholestasis.179 Most studies enrolled only a small 
number of patients, and the quality of the studies were 
markedly variable. The review concluded that SAMe was 
more effective than placebo in reducing hyperbilirubinemia 
and pruritis associated with cholestasis, in studies compar-
ing SAMe with traditional therapy (ursodeoxcycholic acid) 
for liver disease, although two clinical trials indicated that 
ursodeoxycholic acid was preferred to SAMe for cholestatic 
pruritis associated with pregnancy. The remaining studies 
were too diverse with regard to diagnosis to allow conclu-
sions to be drawn.

Sixteen placebo-controlled clinical trials were reviewed in 
human patients with a variety of chronic liver diseases who 
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were receiving milk thistle. As with the SAMe studies, poor 
study methods or reporting limited effective evaluation, caus-
ing reviewers to have difficulty with interpretation of results. 
In general, meta-analyses indicated small treatment effects, 
with some statistical significance favoring milk thistle for 
treatment of selected liver disorders based on improvements 
in aminotransferases and liver function tests. Milk thistle was 
associated with few adverse events, and these generally were 
considered minor.247 Cholangitis and cholangiohepatitis in the 
cat are frequently associated with IBD or pancreatitis. In the 
cat, the common association may reflect the proximity of the 
bile duct to the pancreatic duct. Treatment is similar to that for 
chronic liver disease, including SAMe and silymarin, choleret-
ics, and antimicrobials (to decrease bacterial and toxin load), 
which target gastrointestinal microflora. Immune suppression 
is indicated in nonsupprative disease, particularly if associated 
with IBD. In the dog, the presence of fibrosis may indicate the 
need for antifibrotics (e.g., colchicine or elemental zinc).

PORTOSYSTEMIC SHUNTING

In his original report of cerebrospinal fluid concentrations 
of potential mediators of hepatic encephalopathy, Holt and 
coworkers248 reviewed the pathophysiology of neurologic 
abnormalities associated with portosystemic shunting.

Among the proposed altered mediators, which might serve 
as targets of drug therapy, are monoamine and amino acid 
neurotransmitter systems, endogenous benzodiazepines and 
their receptors, and ammonia. Upregulation of genes encod-
ing peripheral GABA-like receptors has been proposed as a 
cause of altered neurotransmission. Accumulation of poten-
tial neurotoxins, including GABA, has also been proposed. 
Others include include short-chain fatty acids, mercaptans, 
false neurotransmitters such as tyramine, octopamine, beta-
phenylethanolamines; manganese, and ammonia. Ammonia 
is associated with increased cerebrospinal fluid tryptophan, 
possibly because of direct stimulation by way of the neutral 
amino acid transport proteins at the blood–brain barrier. 
In the absence of a urea cycle, CNS ammonia is removed by 
transamination of glutamate into glutamine, which occurs in 
astrocytes by way of a specific astroglial enzyme in rats. Gluta-
mine, in turn, however, may competively inhibit blood–brain 
barrier transport proteins responsible for efflux of the large, 
neutral amino acids. Supporting this mechanism, clinical signs 
of hepatic encephalopathy resolved in rats with portosystemic 
shunting treated with methionine sulfoximine, an inhibitor of 
glutamine synthetase.

A Cochrane review of clinical trials studying the use of 
probiotics for treatment of nonalcoholic fatty liver disease 
and nonalcoholic steatohepatitis found insufficient evidence 
to support or refute treatment. However, the use of probiotics 
and synbiotics to support liver function or treat liver also dis-
ease has been reviewed by Lenoir-Wijnkoop and coworkers.151 
The rationale reflects the impact that these agents might have 
on the microbiota of the gut–liver axis, a term used in human 
medicine to refer to the impact that gut-derived endotox-
ins and active metabolites have on the liver. Upregulation of 

proinflammatory cytokines may contribute to inflammation 
progressing to fibrosis and lipid peroxidation. Theoretically, 
modulation of the gut microflora might reduce these detri-
mental microbiota effects. Again, in a mouse model, a probi-
otic containing three species of Bifidobacterium, four species 
of Lactobacillus, and Streptococcus thermophilus decreased the 
extent of (alcohol-induced) liver disease. In a human clini-
cal trial, treatment of a synbiotic containing fructooligosac-
charides, Bifidobacterium, and seven species of Lactobacillus 
(L. acidophilus,L.. rhamnosus, L. plantarum, L. salivarius, 
L. bulgaricus, L. lactis, L. breve plus) decreased liver enzymes 
and (in the alcoholic group) increased hepatic function in 
patients with nonalcoholic fatty liver disease and alcoholic 
cirrhosis. More intriguing, a prospective, randomized study 
in human patients with liver cirrhosis associated with mini-
mal hepatic encephalopathy positively responded to a symbi-
otic containing four probiotic non–urease-producing strains  
(L. plantarum, L. paracasei, Leuconostoc mesenteroides, Pedio-
coccus pentosaceus) and four fibers (beta-glucan, resistant 
starch, inulin, pectin). The fecal microbiota was recolonized 
with non–urease-producing Lactobacillus spp., urinary pH 
decreased along with serum ammonia and endocoxin. Hepatic 
encephalopathy was reversed in 50% of patients, and hepatic 
function improved in 50% of patients receiving the symbiotic.

Diseases of the Pancreas and Acute Pancreatitis
The combination of feline trypsinogen-like imunoreactivity 
and abdominal ultrasound findings appear to be able to diag-
nose feline pancreatitis with high sensitivity and specificity.249 
Steiner et al provides evidence that exocrine pancreatic insuf-
ficiency does occur in cats and can be diagnosed on the basis 
of feline trypsin-like immunoactivity.250 Cobalamin but not 
folic acid absorption is impaired in exocrine pancreatic insuf-
ficiency. Decreased folic acid indicates concurrent intestinal 
disease.

Medical management of acute pancreatitis is support-
ive and symptomatic, allowing the pancreas to “rest” and 
heal. Drugs that may contribute to pancreatitis251,252 should 
be discontinued. Suspected drugs include thiazide diuretics, 
furosemide, azathioprine, L-asparaginase, sulfonamides, and 
tetracyclines. Glucocorticoids, bromide, phenobarbital, and 
H2-receptor antagonists have also been implicated. Gluco-
corticoids may impair macrophage clearance of alpha-mac-
roglobulin complexes (protease inhibitors complexed with 
proteolytic enzymes), thus predisposing the pancreas to stim-
ulation by CCK.

Animals should be fasted to prevent pancreatic stimula-
tion. Fluid therapy consisting of balanced electrolytes should 
be administered for at least 3 to 4 days, depending on the 
severity of the case. Electrolytes and acid–base therapy should 
be monitored; hypokalemia should be anticipated and treated 
accordingly. Because of the risk of subclinical hypocalcemia, 
sodium bicarbonate should be used cautiously because alka-
losis can precipitate a hypocalcemic episode in these patients. 
Antiemetics should be used in animals that continue to vomit. 
Ideally, a drug that acts both centrally and peripherally, such as 
metoclopramide, should be chosen.
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Analgesic therapy is indicated in patients with moder-
ate to severe pain. Opioid analgesics such as butorphanol or 
buprenorphine should be considered. Meperidine has been 
recommended as well, although its short duration of action 
may preclude effective use. Fresh whole blood or plasma may 
replace alpha macroglobulins responsible for clearing the pan-
creas of proteolytic enzymes and may increase plasma albu-
min. This may be important, particularly in the case of severe 
pancreatitis or that associated with disseminated intravascular 
coagulation. The advent of disseminated intravascular coagu-
lationshould be treated accordingly.

Protease inhibitors such as aprotinin (250 mg or 1,500,000 
kallikrein inhibitory units intraperitoneally every 6 to 8 hours) 
may be more effective in dogs than in humans because of dif-
ferences in potency.253 However, the drug may be prohibitively 
expensive. Alternatively, 5000 kallikrein inhibitory units/kg 
intravenously every 6 hours has been recommended but is not 
as preferred as intraperitoneal injection. Selenium (0.1 mg/kg 
every 24 hours by intravenous infusion administered as seleni-
ous acid [40 μg/mL]) may be helpful.

Because oxidative stress plays a major role in the early 
stage of acute pancreatitis, antioxidant therapy might be con-
sidered. Among the antioxidants studied is N-acetylcysteine, 
which intracellularly is converted to a reduced GSH provider, 
which directly scavenges reactive oxygen species. N-acetyl-
cysteine (1000 mg/kg every 3 hours intraperitoneal [IP]) 
was effective in reducing outcome measures (cytokines, con-
jugated dienes, lung injury, survival) associated with acute 
pancreatic in a mice ceruline or diet model when adminis-
tered prophylactically (1 hour before induction or with the 
diet).253 Glucocorticoid therapy is controversial because of 
the potential for these drugs to contribute to pancreatitis. 
Even in patients suffering from shock, the role of glucocor-
ticoids is not clear. However, it is unlikely that a very short-
term administration of glucocorticoid therapy (i.e., one to 
two doses) will be harmful in patients with fulminating pan-
creatitis. Methylprednisolone succinate is probably preferred 
because of the oxygen-scavenging ability of this glucocorti-
coid compared to others. Inhibition of gastric secretions with 
H2-receptor antagonists, proton pump inhibitors, antacids, 
or drugs targeting the pancreas and its secretion (e.g., atro-
pine, calcitonin, and somatostatin) has not yet proved effec-
tive for the treatment of acute pancreatitis. With time, natural 
or synthetic enzyme inhibitors directed toward pancreatic 
secretions may become useful (and available). In very acute 
cases or repetitive cases, insulin therapy may be indicated in 
the presence of persistent hyperglycemia indicative of diabe-
tes mellitus.

Manipulation of microflora may be a target of treatment for 
pancreatitis. The role of parenteral antibiotics is not clear in the 
treatment of acute pancreatitis, and caution is recommended 
because of the risk of emergent multidrug-resistant microor-
ganisms. If the decision is made to use parenteral antimicrobi-
als, a number of drugs will penetrate the pancreas effectively. 
As with any infection involving the abdomen, gram-negative 
coliforms should be the primary target, but anaerobes should 
not be overlooked. Trimethoprim–sulfonamide combinations 

have been suggested, although sulfonamides are one of the 
groups of drugs implicated in the cause of pancreatitis. Bacte-
rial depopulation of the GI tract by antimicrobials decreases 
the risk of bacterial translocation, thus potentially reducing 
the incidence of systemic organ failure. However, the advent of 
multidrug-resistant bacteria is negatively affecting widespread 
implementation of antibacterial prophylaxis. The use of probi-
otics for treatment of pancreatitis was reviewed in humans.151 
Use targets that small proportion of patients for which acute 
pancreatitis shifts from mild to severe and life threatening. As 
reviewed by Lenoir-Wijnkoop and coworkers,151 a clinical trial 
in humans found the incidence of pancreatic necrosis to be 
less (1 of 22, or 5%) in a group receiving a probiotic compared 
with a group that received a heat-inactivated probiotic (7 of 
23, or 30%). A multicenter clinicial trial in Europe is further 
investigating the use of B. bifidum W23, B. infantis W52, L. 
acidophilus W70, L. casei W56, Lactobacillus salivarius W24, 
and Lactococcus lactis W58; these specific organisms were 
selected on the basis of their ability to survive in the GI envi-
ronment associated with pancreatitis. In a rat model, probi-
otic use increased survival in acute pancreatitis. Although the 
use of probiotics in prevention of acute pancreatitis appears 
promising, the potential risk for (pathogenic) colonization of 
the necrotic pancreas with the probiotic microorganisms has 
not been effectively addressed. In human medicine the advent 
of pancreatitis actually has been associated with IBD. Chronic 
pancreatitis may reflect generation of autoantibodies toward 
pancreatic acinar cells, which may reflect hapten formation 
and drug allergies.255

A number of drugs used (in humans) to treat IBD have 
been associated with the advent of acute pancreatitis in those 
patients. These include mercaptopurine, azathioprine, corico-
steroids, sulfasalazine, and 5-aminosalicylic acid products.255 
For the former, treatment of chronic pancreatitis should focus 
primarily on treatment of IBD, whereas the latter includes dis-
continuation of the inciting drug.

Exocrine Pancreatic Insufficiency
Clinical signs associated with exocrine pancreatic insufficiency 
(e.g., diarrhea, weight loss, polyphagia) reflect decreased 
intraduodenal concentrations of pancreatic enzymes and, to 
a lesser degree, bicarbonate or other materials. These deficien-
cies result in malassimilation of fats, carbohydrates, proteins, 
fat-soluble vitamins, and cobalamin. Additionally, the num-
ber and composition of the small intestinal bacterial flora may 
change, contributing to the clinical signs. Accordingly, supple-
mentation of B vitamins and cobalamin and treatment with 
probiotics should be considered.

Medical management of exocrine pancreatic deficiency 
should be supported by dietary management. Enzyme replace-
ment using commercially available products should be suffi-
cient in most animals. Use of the powder in two daily feedings 
(two teaspoons of the nonenteric product per 20 kg) with each 
meal should resolve diarrhea within 3 to 4 days and promote 
weight gain. Because commercial dried pancreatic extracts are 
relatively expensive, chopped pig or cow pancreas (certified 
as healthy) can be used (3 to 4 ounces per 20 kg) in lieu of the 
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commercial preparation. Fresh pancreatic tissue can be frozen 
for 3 to 4 months without apparent loss of pancreatic enzyme 
activity.

Commercial powders are not particularly efficient; much of 
the enzyme activity is rapidly lost due to inactivation by gastric 
acidity. For animals that do not respond to therapy initially, 
attempts can be made to improve the action of the enzymes. 
Of the methods suggested to improve efficiency or reduce gas-
tric loss (including preincubation with food and addition of 
bile acids), inhibition of gastric acid secretions appears most 
useful. An H2-receptor antagonist can be given with food or, 
to further improve efficacy, 30 to 60 minutes before feeding. 
Enteric coating not only does not appear to improve efficiency 
but may further decrease availability of the enzymes.

Supplementation of vitamin B12 (250 μg intramuscularly 
or subcutaneously once weekly for 1 month) and vitamin A 
(tocopherol; 400 to 500 IU once daily with food for 30 days) 
may be necessary for some patients and might be considered 
in animals in whom diarrhea persists despite enzyme replace-
ment. Bacterial overgrowth may become a problem in some 
patients because of the presence of undigested nutrients that 
serve as a nutrient source for bacteria. Long-term antibiotic 
therapy is discouraged because of the risk of altered micro-
flora and damage to the GI mucosa. Short-term therapy with 
oral metronidazole, tylosin, or oxytetracycline should prove 
beneficial in cases where bacterial overgrowth is causing mal-
absorption and diarrhea. Occasionally, animals may also have 
IBD, which contributes to clinical signs. Treatment with glu-
cocorticoids may be indicated for 7 to 14 days.
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 NORMAL RESPIRATORY PHYSIOLOGY

Airway Caliber Changes
Nervous innervation to the smooth muscle of the respira-
tory tract is complex. The parasympathetic system provides 
the primary efferent innervation, with acetylcholine as the 
primary neurotransmitter.1,2 Its fibers are responsible for the 
baseline tone of mild bronchoconstriction that characterizes 
the normal respiratory tract through M3 muscarinic receptors. 
The effects are balanced by bronchodilation resulting from 
β2-receptor stimulation.3-5, In contrast, α-adrenergic stimula-
tion can contribute to bronchoconstriction.2,4,6 A third, largely 
understood nervous system, referred to as the nonadrenergic, 
noncholinergic system or the purinergic system, also innervates 
bronchial smooth muscle.1,7 This system mediates broncho-
dilation by way of vagal stimulation. The afferent fibers of 
this system are probably irritant receptors, and although the 

neurotransmitter has not yet been conclusively identified, 
vasoactive intestinal peptide has been implicated in the cat.8,9 
Malfunction of this system has been associated with bronchial 
hyperreactivity, which often characterizes asthma.7

The intracellular mechanisms that transmit signals from the 
nervous system to smooth muscle depend in part on changes in 
the intracellular concentration of cyclic adenosine monophos-
phate (cAMP) and cyclic guanosine monophosphate (cGMP) 
(Figure 20-1). The effects of these two secondary messengers 
are reciprocal such that the increased intracellular concentra-
tion of one is associated with a decreased concentration of the 
other. Cyclic AMP-induced bronchodilation is decreased by 
α-adrenergic stimulation and increased by β2-receptor stimu-
lation.3 In contrast, cGMP-induced bronchoconstriction is 
increased by stimulation of muscarinic (cholinergic) and, indi-
rectly, histaminergic receptors (see  Figure 20-1). The relative 
sensitivity of bronchial smooth muscle to histamine-induced 
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and acetylcholine-induced bronchoconstriction varies with 
the location and species.5,10,11 Peripheral airways in dogs are 
more susceptible than in cats to acetylcholine; feline airways, 
in general, are more sensitive to acetylcholine and serotonin 
than histamine.12 Smooth muscle receptors are also suscep-
tible to stimulation by a variety of chemical mediators (see 
Figure 20-1), which may also modulate cAMP and cGMP.13-15

Control of bronchial smooth muscle tone is very complex 
and depends on input from sensory receptors. At least five 
types of sensory receptors have been identified in cat lungs, 
all of which can be classified as irritant (or mechanorecep-
tor), stretch, or J-receptors.7 All appear to be innervated by the 
parasympathetic system. Irritant receptors, located beneath 
the respiratory epithelium, occur in the upper airways2 and, in 
cats, as far peripherally as the alveoli.1 Physical, mechanical, or 
chemical stimulation of these receptors results in tachypnea, 
bronchoconstriction, and cough. As reviewed by Canning,7a 

rapidly adapting receptors (RARs) terminate in or below the 
epithelium primarily of  intra-pulmonary, but to some degree, 
extra-pulmonary airways. They can adapt within 1 to 2 sec-
onds to changes in airway mechanics and are subject to acti-
vation by multiple stimuli, including chemical mediators. In 
contrast, slowly adapting receptors (SARs) may be responsi-
ble for physiologic responses (i.e., termination of inspiration 
and initiation of expiration). SARS centrally inhibit respira-
tion and decrease airway smooth muscle tone. However, they 
may facilitate cough. Cats have few SARS but many RARs.7a 
C-fibers represent the majority of fibers innervating the air-
ways and lungs. They are physiologically similar to nociceptors 
of other tissues. They appear to synthesize neuropeptides (e.g., 
substance P) that influence the central and peripheral nerve 
terminals. Mediators stimulating C-fibers vary: in dogs, pul-
monary subtypes do not (but bronchial subtypes do) respond 
to histamine, and in other animal models, they do not respond 
to serotonin or adenosine. C-fibers regulate airway defense 
reflexes, interacting with RAR, although the scientific descrip-
tion of these fibers is not clear. C-fibers and RARS interact 
with the spinal cord through central sensitization. Subsequent 
heightened reflex responsiveness may occur; tachykinins 
(including substance P) appear to play a role in hyperreflexia, 
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Figure 20-1 Factors determining bronchial smooth muscle tone. Reciprocal changes in cyclic adenosine monophosphate (cAMP) 
and cyclic guanosine monophosphate (cGMP) determine muscle tone. Contraction occurs when cAMP levels are decreased 
by events such as α-adrenergic stimulation or when cGMP levels increase in response to muscarinic receptor (M3) stimulation 
by acetylcholine or H1-receptor stimulation by histamine. Calcium (Ca2+) and several mediators can also induce bronchocon-
striction. Increased cAMP levels induced by β-adrenergic or histamine (H2) receptor stimulation counteract muscle contraction. 
Inhibition of phosphodiesterase (PDE) also causes increase cAMP. Although the effects of most inflammatory mediators are best 
counteracted by preventing their release, several drugs may be used to antagonize smooth muscle contraction regardless of the 
etiology. LTC, Leukotriene C; LTD, leukotriene D; PAF, platelet-activating factor; PGD2, prostaglandin D2, PGF2, prostaglandin F2; 
TXA2, thromboxane.

KEY POINT 20-1 The normal state of the airway is one of 
bronchoconstriction, mediated by the parasympathetic 
system (via cGMP). However, this is offset by sympathetic 
(via cAMP) bronchodilation.
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an effect prevented by neurokinin receptor antagonists. Con-
vergence of vagal afferents in the nucleus of the solitary tract 
may explain in part the close relationship between vomiting 
and coughing. Receptors also converge in the ventral respira-
tory column of the medulla. Airflow velocity appears to be the 
most critical factor determining stimulation of irritant recep-
tors in the upper airways.1 Airway constriction sufficient to 
cause airflow velocity to exceed a specific threshold results in 
a vagally mediated cough reflex and bronchoconstriction. Air-
ways can also be occluded by mucus and edema or by chemi-
cal mediators released during upper airway infections.7

In addition to the cough receptors, afferent nerves, efferent 
nerves and effector muscles, the cough reflex also consists of a 
poorly defined cough center.

Respiratory Defense Mechanisms
In addition to the cough and sneeze reflexes, two other sys-
tems provide the major defense of the respiratory tract against 
invading organisms or foreign materials: the mucociliary 
apparatus and the respiratory mononuclear phagocyte sys-
tem.2 The mucociliary apparatus (Figure 20-2) is the first major 
defense and consists of the ciliary lining of the tracheobron-
chial tree and the fluid blanket surrounding the cilia. Nervous 
innervation to the cilia has not yet been identified. Although 
ciliary activity increases with β-adrenergic stimulation, this 
may simply reflect the sequelae of β-adrenergic stimulation 
on respiratory secretions.16 Two types of secretions form the 
fluid blanket of the respiratory tract.17 The cilia must be sur-
rounded by a low-viscosity, watery medium to maintain their 
rhythmic beat. A more mucoid layer lies on top of the cilia and 
serves to trap foreign materials inspired with air. The synchro-
nous motion of the cilia causes the cephalad movement of the 
mucous layer and any trapped materials.

Changes in the viscoelastic properties of mucus such that 
it becomes either too watery or too rigid will result in mucus 
transport that is less than optimal.2 Mucus released by gob-
let cells results from direct irritation2 and is not amenable 
to pharmacologic manipulation. Surface goblet cells, which 
are uniquely prominent in feline bronchioles,18 increase 

in number with chronic disease. Submucosal glands of the 
bronchi secrete both a serous and a mucoid fluid. The secre-
tions tend to be more fluid than that of the goblet cells, but 
the degree varies with the stimulus. The normal consistency 
of the combined secretions of the tracheobronchial tree is 
95% water, 2% glycoprotein, 1% carbohydrate, and less than 
1% lipid.2 Glycoproteins increase the viscosity of the secre-
tions, providing protection and lubrication. Infection and 
chronic inflammatory diseases can have a profound effect on 
respiratory secretions. The glycoprotein component tends to 
be replaced by degradative products of inflammation such as 
DNA and actin.17 Goblet cell numbers increase with a sub-
sequent increase in the viscosity of respiration secretion. 
Parasympathetic, cholinergic stimulation increases mucus 
secretion, whereas β-adrenergic stimulation causes secretion 
of mucus, electrolytes, and water.2,16

The second major component of the pulmonary defense 
system is the respiratory mononuclear phagocyte system. In 
cats, calves, pigs, sheep, and goats, this includes both alveolar 
macrophages and the pulmonary intravascular macrophages 
(PIMs).19 The PIMs are resident cells that are characterized 
by phagocytic properties and thus cause the release of inflam-
matory mediators. The clearance of blood-borne bacteria and 
particulate matter in these species is accomplished by PIMs 
rather than hepatic Kupffer cells and splenic macrophages 
as in most other species.19 The pharmacologic significance 
of the mononuclear phagocyte system reflects their role in 
inflammation (Figure 20-3; see also Figure 20-1). A number 
of preformed (e.g., histamine and serotonin) and in situ (e.g., 
prostaglandins, leukotrienes, and platelet-activating factor 
[PAF]) mediators are released by inflammation cells.13-15 Each 
is capable of inducing a variety of adverse effects that tend to 
decrease airway caliber size: edema, chemotaxis, increased 
mucus production, and bronchoconstriction (Table 20-1). The 
involvement of PIMs in both experimental and natural respi-
ratory diseases of animals suggests that release of chemical 
mediators from these cells may be important in the pathogen-
esis of bronchial diseases.

SURFACTANT

The primary function of surfactant is to decrease surface ten-
sion in alveoli, affecting lung mechanics and gas exchange. 
However, pulmonary surfactant also affects pulmonary defense 
mechanisms.20 Surfactant is a complex mixture of lipids and 

Trapped materials Transported
aborally

Gel

Sol

Cilia

Figure 20-2 The mucociliary apparatus represents the first line 
of defense for pathogens entering the respiratory tract. Cilia 
are bathed in a water or sol layer. When the cilia beat in syn-
chrony, the movements send forward (orally) the mucoid or 
gel layer that lies on top of the cilia. Materials trapped in this 
layer also move forward to be either swallowed or expecto-
rated.

KEYPOINT 20-2 The importance of the mucocilary escalator 
to treatment of respiratory disorders should not be under-
estimated. Its viscosity must be balanced if secretions and 
their entrapped materials are to be properly cleared from 
the airways.

KEYPOINT 20-3 The pulmonary intravascular macrophage 
system of cats may contribute to their predisposition to 
inflammatory respiratory diseases (compared with dogs).
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proteins synthesized and secreted by alveolar type II cells with 
relative consistency among mammalian species.20 In humans 
the proportion of components is predominantly phospholipids 
(80%) but includes proteins (12%) and other lipids (8%). The 
phospolipids principally comprise phosphatidylcholine (85%), 
the most important to reduction of surface tension being dipal-
mitoylated phosphatidylcholine (DPPC). Four surfactant-
associated proteins (SP) are named A through D. Both SP-A 
and SP-D enhance phagycytosis of bacteria and viruses and 
regulate type II pneumocytes. The primary role of SP-B and 
SP-C is reduction of surface tension, particularly in terminal 
airways. A number of nonspecific host defense mechanisms 
have been attributed to surfactant.20 Enhanced stability of the 
alveolar lining film allows it to serve as a nonspecific barrier 

to microorganism adhesion and subsequent pulmonary inva-
sion. Muciliary transport is improved by its viscoelastic and 
rheologic properties. Particle clearance is enhanced, in part 
through an apparently stimulatory effect on chloride ion trans-
port. Antiinflammatory effects reflect superoxide dismutase– 
and catalase-mediated oxygen radical scavenging and reduced 
neutrophil production of superoxide.20,21 Direct antibacterial 
and antiviral properties have also been attributed to surfactant. 
Both SP-A and SP-D appear to provide a first line of defense 
by acting as collectins that target carbohydrate structures 
on a variety of pathogens. Alveolar macrophage response is 
increased by SP-A; SP-D enhances macrophage release of oxy-
gen radicals. Cytokines (e.g., tumor necrosis factor [TNF]-α 
interleukin [IL]-1β, and IL-6) release is stimulated by SP-A.
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749CHAPTER 20 Drugs Affecting the Respiratory System

Table 20-1   Inflammatory Mediators and Their Proposed or Known Role in Asthma
Class Source Targeted Therapy Function
Lymphokines Cytokines of lymphocyte origin
IL-2 CD4 (Th2) GLC T cell growth and differentiation
IL-3* CD4 (Th2) GLC Hematopoietic growth factor
IL-4 CD4 (Th2) IL-4 antibodies; IL-4 

 receptor antagonists; 
GLC

Th2 and eosinophil promotion; IgE synthesis; increased 
low affinity IgE receptor synthesis; increased VCAM-1

IL-5* CD4 (Th2) IL-5 antibodies; IL-5 
 receptor antagonists; 
GLC

Eosinophil activation, maturation, and mobilization

IL-13 CD4 (Th2) GLC Eosinophil activation, IgE synthesis
Chemokines Chemotactic cytokines
IL-8 Epithelial cells GLC Inflammation amplification through neutrophil activation; 

histamine and LT release from basophils
RANTES† Epithelial cells CCR antibody Inflammation amplification through eosinophil activation
MCP-1†, MCP-2, 

MCP-3†, MCP-4†
CCR antibody Eosinophil chemoattraction

MIP-α VCAM-1 upregulation
Eotaxin Neutrophil activation; histamine and LT release from 

basophils; eosinophil mobilization (with IL-5)
Proinflammatory Cytokines
IL-1 Macrophages GLC T-cell activation; Th2 expansion; adhesion molecule 

(ICAM) upregulation
IL-6 T Macrophages T cell and B cell growth factor, IgE synthesis
TNF-alpha Macrophages Antibodies; inhibitors 

of TNF-converting 
enzyme inhibitors

Activation of antigen-presenting cells activated, epithelial 
cells and macrophages; increased airway hypersensitiv-
ity; adhesion molecule (ICAM-1) increase

GM-CSF* Epithelial cells 
(and CD4 
(Th2)

Amplification of inflammation through antigen presenta-
tion; eosinophil activation;maturation and proliferation 
of hemopoietic cells; leukotriene induction

Antiinflammatory  Cytokines
IL-10 CD4 (Th2) Recombinant; GLC Inhibition of proinflammatory cytokines (e.g., IL-2); 

promotion of Th2 from Th0 (in contrast to other antiin-
flammatory cytokines)

IL-12 Pending? Th1 promoted, Th2 inhibited; IgE synthesis inhibited
IL-1ra Monocytes, 

 macrophages, 
epithelial cells

Pending (retinoic acid: 
decreased expression)?

Th2 proliferation inhibited, IgE synthesis blocked

IFN-γ Th1 Recombinant; GLC Antigen presentation; Th2 cells inhibited; eosinophil influx 
inhibited, macrophage and epithelial cells  inhibited; 
Il-1-induced IgE synthesis inhibited

Adhesion Molecules Cell-to-cell communication through integrin binding 
molecules

VCAM-1 Vascular (endothelial) adhesion to support eosinophil and 
lymphocyte movement

ICAM-1 Intracellular adhesion
MAdCAM-1 Mucosal adhesion molecule

Continued
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Changes in surfactant have been associated with a num-
ber of respiratory diseases. In humans acute respiratory dis-
tress syndrome (ARDS) is associated with changes in the 
biochemical and biophysical characteristics of surfactant. 
As a result, surface tension increases, and the phospholipid, 
fatty acid, and protein profiles change. Serum proteins and 
inflammatory mediators directly inhibit or degrade surfac-
tant. Abnormalities in the amount and both the phospho-
lipid and the protein composition of surfactant have been 
associated with infectious diseases of the lungs. The ability 
of surfactant to suppress immune-mediated lung injury has 
been interpreted as a possible role of surfactant dysfunction 
in asthma. Elastase-induced dysfunction and impaired SP-A 
and -D also may contribute to the surface destruction asso-
ciated with chronic obstructive pulmonary disease (COPD) 
and emphysema.20

PATHOGENESIS OF INFLAMMATORY 
RESPIRATORY DISEASES

Although it is not the only chronic disease of the respiratory 
tract, feline bronchial asthma has offered a model for under-
standing pathophysiology and identifying targets of drug 
therapy. The interaction of sensory receptors and mediators 
of bronchial tone is intricately balanced in the normal lung. A 
series of pathologic disturbances, however, severely disrupts 
the balance in bronchial asthma.

Asthma is a pathologic state of the lungs characterized by 
marked bronchoconstriction and inflammation.22-26 Although 
recent evidence is emerging that airway smooth muscle plays 
a role in asthma independent of inflammation,27 the latter is 
an important contributor to disease and warrants a contin-
ued focus for drug therapy. Airways become hypersensitive 
to selected mediators (e.g., histamine and cholinergic stimu-
lants).5,10 The terms allergy and atopy are often used inter-
changeably; however, for this discussion allergy refers to an 
uncommitted biological response to an antigen. The patho-
physiology of chronic allergic diseases is discussed in Chapter 
31. Atopy refers to an allergic response characterized by immu-
noglobulin E (IgE)–mediated antibodies. Atopy generally 

reflects a genetic predisposition to IgE antibody production 
against environmental allergens. Most commonly, the allergic 
response is low grade and thus beneficial (removal of inciting 
allergen). However, in atopic patients the response, includ-
ing IgE antibody production, is exaggerated. Asthma is one of 
several chronic atopic diseases characterized by an increasing 
incidence in human medicine; others include allergic rhinitis, 
atopic eczema, and inflammatory bowel disease.28 Inflamma-
tory mediators are the major contributors of the pathophysiol-
ogy in asthma (see Table 20-1).22,23,25,26,29,30 Studies in several 
species have shown that initial exposure to an allergen acti-
vate mast cells, macrophages, and other cells lining the air-
ways, increasing mucosal epithelial permeability. Subsequent 
mediator release not only directly and intensely affects airway 
inflammation, contraction of smooth muscle, and capillary 
permeability but also initiates release of chemotactic factors, 
local infiltration of activated eosinophils, and activation of T 
cells.31

The critical role of T cells in the initiation and perpetua-
tion of asthma has been well documented32 and is supported 
by response in asthmatics to both glucocorticoids and cyclo-
sporine.32,33 The exaggerated response that characterizes the 
atopic patient appears to reflect an imbalance in Th1 versus 
Th2 helper cells. Researchers in human medicine have pos-
tulated that atopic individuals fail (possibly as infants) to 
transition from a Th2-primary response (mediated by ILs 4, 
5, and 13) to an “allergy protective” Th1-mediated primary 
response. The Th1 response is dominated by cell-mediated 
immunity, and delayed hypersensitivity (cytotoxic T cells) is 
initiated through macrophage production of IL-12 followed 
by production of interferon (IFN)-γ by Th1 and natural killer 
cells. In normal infants the shift from Th2 to Th1 might be 
stimulated by exposure to a variety of antigens, including 
microbes with cytosine and guanosine nucleotides (CpG 
repeats). The hygiene hypothesis suggests that atopy develops 
because subjects are not sufficiently exposed to allergens at a 
young age, perhaps as a result of early use of antimicrobials 
or lack of exposure to allergens (e.g., children exposed to one 
another at day care, or environmental factors [e.g., farms]).28 
The Th2 response that characterizes inflammatory disease 

Table 20-1  Inflammatory Mediators and Their Proposed or Known Role in Asthma—cont’d
Class Source Targeted Therapy Function

Integrins Cell-to-cell communication through binding of 
 adhesion molecules

α4β1 (VLA-4) Eosinophils Receptor antibodies 
(natalizumab); recep-
tor antagonists

Binds to VCAM-1; promotion of migration, activation, 
and increased survival of inflammatory cells.

α4β7 Eosinophils Binds to VCAM-1 and MAdCAM; promotion of migra-
tion, activation, and increased survival of inflammatory 
cells.

IL, Interleukin; CD, cluster of differentiation 4; GLC, glucocorticoid; IG, immunoglobulin; LT, leukotriene; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory pro-
tein; CCR, chemokine receptor; VCAM, vascular adhesion molecule; ICAM, intercellular adhesion molecule; TNF, tumor necrosis factor; GM-CSF, Granulocyte-macrophage colony- 
stimulating factor; MAdCAM, mucosal vascular cell adhesion molecule; VLA: very late antigen; RANTES, Regulated upon Activation Normal T-cell Expressed, and Secreted.
*Eosinophils also a possible source.
†CCR.
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is associated with increased production of IL-4, IL-5, and 
IL-13. The IL-4 from Th2 supports B-cell IgE synthesis. The 
Th2 cells have a particular influence on eosinophils through 
IL-5, which regulates both differentiation and bone marrow 
release (mature and immature cells), and the chemokine 
eotaxin.28 Subsequent accumulation of eosinophils in atopic 
tissue is influenced by continued recruitment by eotaxins, 
the presence of selective adhesion molecules, and delayed 
apotosis.28

The role of the bone marrow in the pathophysiology of 
atopy increasingly is emerging as potential target, leading to 
a systemic rather than local approach to therapy.34 Signaling 
appears to occur between the lung and bone marrow, with 
IL-5 and/or eotaxin being the commonality.35 Increased IL-3 
may also play a role in eosinophil stimulation, whereas IL-18, 
IL-12, and INF-γ are inhibitory toward eosinophils.28,36 In 
animal models of asthma, including the canine Ascaris model, 
allergen exposure is associated with an increase in bone mar-
row eosinophils and trafficking from the bone marrow to the 
lungs.37 Interestingly, cysteinyl leukotrienes may influence 
eosinophil differentiation (in the presence of IL-3 or IL-5); 
leukotriene-receptor antagonists are able (in vitro) to suppress 
eosinophil differentiation.37,38

Eosinophils contribute to mucosal damage through release 
of basic amines, cysteinyl leukotrienes, and PAF.28 Inhibitory 
muscarinic (M2) receptors are damaged, which facilitates 
persistent bronchoconstriction. Mediators are released fol-
lowing binding of allergens with the α chain of high-affinity 
IgE receptor (Fc€ RIα) on the cell. Regulation of IgE, which is 
found both on and in eosinophils, offers another potential tar-
get of therapy. IL-4 and IL-13 are the most important inducers 
of IgE production.28

As permeability increases in response to inflammation, 
histamine and other inflammatory mediators are better able 
to reach and stimulate inflammatory cells located in the sub-
mucosa. The continued release of mediators is associated with 
stimulation of afferent nerve endings in the mucosa and reflex 
cholinergic bronchoconstriction. Mediators also increase 
microvascular permeability, induce chemotaxis, and stimulate 
mucous secretion. The release of cytotoxic proteins and toxic 
oxygen radicals further damages the respiratory epithelium, 
and the bronchial tree becomes hypersensitive. Mediators 
can also inhibit mucociliary function.25 Mucus production 
increases as submucosal glands and goblet cells increase. The 
consistency of the mucus changes to become more viscous. 
Bronchial smooth muscle often hypertrophies and undergoes 
spasms.39 Airway obstruction in chronic disease reflects bron-
choconstriction, bronchial wall edema, and accumulation of 
mucus and cells. As the disease progresses, airways eventually 
become plugged and ultimately collapse. Chronic inflamma-
tion leads to fibrosis, which contributes to the collapse, and air 

trapped within the alveoli can result in emphysema. Asthma 
is a disease of central and large as well as small (<2 mm) air-
ways.40 Regarding the type of asthma previously considered 
“silent,” studies in humans have revealed the importance of a 
therapeutic focus on airways beyond the eighth or ninth gen-
eration of the bronchial tree. In humans asthma and allergic 
rhinitis commonly, but not always, co-exist,40 and allergens 
associated with rhinitis may be too large to penetrate the lower 
airways.41

The complex physiology of asthma is exemplified by the 
reparative role that eosinophils also have. Damage repair con-
tributes to airway remodeling through release of growth fac-
tors and matrix metalloproteinases.

INFLAMMATORY MEDIATORS 
IN THE RESPIRATORY TRACT

Histamine
Histamine is a vasoactive amine stored in basophils and 
mast cells. Airway mast cells are located primarily beneath 
the epithelial basement membrane in dogs.24 Histamine 
produces a variety of effects (see Table 20-1) by interacting 
with specific receptors on target cells.12,42 At least four his-
tamine receptors have been identified,5,29,43,44 two of which 
have been found in the trachea of the cat.5,6 Interaction with 
the H1 receptor causes an increase in intracellular calcium, 
and ultimately in cGMP (see Figure 20-3).29 Histamine also 
stimulates cholinergic receptors in the airway.24,29 Histamine 
causes constriction in both central and peripheral airways 
in dogs and cats.12,24 The effects of histamine so closely 
mimic the pathophysiology of early asthma that, for many 
years, histamine was considered the major cause of the syn-
drome.29 Lack of clinical response to H1-receptor antago-
nists, however, led to the realization that other factors are 
more important. In contrast to H1 receptors, stimulation of 
H2 receptors causes an increase in cAMP and bronchodila-
tion.29 Thus antihistamine drugs that block H2 receptors may 
be contraindicated in asthma. Some studies have suggested 
that a defect in H2 receptors may contribute to airway hyper-
reactivity.29 Finally, recent evidence suggests that histamine 
regulates both Th1 and Th2 cells. Further, cells perpetuat-
ing the allergic response may be influenced by histamine 
through H4 receptors located on eosinophils, basophils, mast 
cells, and dendritic cells.43

Histamine contributes to bronchial occlusion by mecha-
nisms other than bronchoconstriction. Mucous secretion is 
mediated via H2 receptors and by secretion of ions and water 
via H1 receptors.29 Microvascular leakage resulting from con-
traction of endothelial cells also follows H1-receptor stimu-
lation.29 Histamine is chemotactic to inflammatory cells, 
particularly eosinophils and neutrophils. Interestingly, hista-
mine stimulates T-lymphocyte suppressor cells by way of H2 
receptors,5 a function that also may be depressed in human 
patients with asthma.29 Histamine also has a negative feedback 
effect on further histamine release mediated by IgE.29 Both of 
these latter effects are mediated by H2 receptors and would be 
inhibited by H2-receptor antagonists.5

KEYPOINT 20-4 The inflammation associated with chronic 
allergic respiratory disease may reflect an imbalance 
between Th1 and T h2 cells.
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Serotonin
Serotonin (5-hydroxytryptamine [5-HT]) is released dur-
ing mast cell degranulation.29 Although serotonin does not 
appear to be an important mediator of human or canine 
bronchial asthma, both the central and peripheral airways in 
cats are very sensitive to its bronchoconstrictive effects after 
aerosolization or intravenous administration.12 Constriction 
may reflect interaction with serotonin receptors or enhanced 
release of acetylcholine. Serotonin may also cause profound 
vasoconstriction of the pulmonary vasculature and microvas-
cular leakage.29

Prostaglandins and Leukotrienes
Prostaglandins (PGs) and leukotrienes (LTs) are eicosanoids 
that are formed when phospholipase A2 is activated in the 
cell membrane in response to a variety of stimuli (see Figure 
20-3). Arachidonic acid (AA) is subsequently released from 
phospholipids and enters the cell. In the cell it is converted by 
cyclooxygenases to inflammatory, but unstable, cyclic endo-
peroxides. The actions of various synthetases and isomerases 
on the endoperoxides result in the final PG products, includ-
ing PGE2, PGF2α, PGD2, prostacyclin (or PGI2), and throm-
boxane (TXA2). The amount of each PG produced in the lung 
varies with the cell type and species. The effects of the various 
PGs tend to balance one another. PGD2, PGF2α, and TXA2 
cause bronchoconstriction, whereas PGE1 and, to a lesser 
extent PGI1, cause bronchodilation.1,29 Bronchoconstriction 
induced by PGD2 is about 30 times as potent as that induced 
by histamine.

Imbalances between PGs may be important in the patho-
genesis of bronchial disease. Both PGD2 and TXA2 have been 
implicated in immediate bronchial airway hyperreactivity.29 
Thromboxane A2 appears to be the predominant AA metabo-
lite produced by feline lungs,45 although other PG mediators 
are also important.45

The role of LTs in atopy has been increasingly scrutinized 
in recent years. Lipoxygenases catalyze the conversion of 
AA to hydroperoxyeicosatetraenoic acid (HPETEs), which 
are further metabolized to several hydroxy acids (HETEs) 
and LTs (Chapter 29). Eosinophils have been known to be 
preferentially activated 5-lipoxygenase29; selective activa-
tion of lipoxygenase by antigenic challenge yields subsequent 
formation of the cysteinyl LTs (cystLTs: LTB4 C4, and D4), 
recognized as the components of slow reactive substance of 
anaphylaxis.29 However, both intermediate and end prod-
ucts of lipoxygenase are active in the respiratory tract (see 
Table 20-1).29 Among these mediators are some of the most 
potent inflammagens known. For example, bronchial smooth 
muscle contraction and microvascular permeability medi-
ated by LTC4 and LTD4 is 100- to 1000-fold more potent than 
that induced by histamine. Both LTs are potent stimulators 
of mucous release in the dog but appear to be less potent 
in the cat.29 In humans airway allergen challenge increases 
LTs in urine and bronchoalveolar lavage (BAL) fluid with 
asthma and nasal secretions with allergic rhinitis.35 Increases 
in LTs in plasma, BAL fluid, or urine of challenged cats is 
controversial, although cats experimentally infected with 

dirofilariasis likewise exhibited increased plasma as well as 
BAL fluid cysLT concentrations (unpublished data). The cys-
teinyl LTs exert biologic effects through cysLT1 and cysLT2 
receptors.35 Binding by LTs to eosinophilic cysL1 receptors 
(particularly LTD4) results in chemotaxis and prolonged sur-
vival, effects that are blocked by LT-receptor antagonists.35 
Further evidence suggests that cysteinyl LTs are also involved 
in the initial systemic atopic response that is mediated from 
the bone marrow.35,46

Platelet-Activating Factor
PAF is also formed after activation of phospholipase A2 
in cell membranes. It is a potent, dose-independent con-
strictor of human airways, and it is the most potent agent 
thus far discovered in causing airway microvascular leak-
age.22,23 PAF is also a potent chemotactant for platelets and 
eosinophils, both of which are a rich source of PAF. The 
effects of PAF may be mediated through LTs. PAF has been 
implicated as the cause of the sustained bronchial hyper-
responsiveness that characterizes asthmatics.23 The role of 
PAF in feline and canine respiratory diseases has not been 
addressed. Eosinophils are, however, a major cell type asso-
ciated with feline bronchial disease and some canine dis-
eases, and it is likely that PAF is an important inflammatory 
mediator.

REACTIVE OXYGEN SPECIES

Reactive oxygen species (ROS) are constantly formed in 
the lung as part of pulmonary defense toward microorgan-
isms and neoplasm.21 Free oxygen radicals, hydrogen per-
oxide and hypochlorous acid are among the species formed. 
Their formation is mediated, in part, by other inflammatory 
mediators such as TNF, IL-1, IL-6, and IL-8, and AA deriva-
tives (PGs, LTs, and PAF). Hyperoxia will enhance genera-
tion of ROS.21 Normal cells are generally protected from 
ROS by a tightly controlled redox balance and formation of 
endogenous antioxidants; formation is enhanced by expo-
sure to antioxidants. Those located primarily intraceullu-
larly include catalase, superoxide dismutase, and glutathione 
redox compounds (glutathione, glutathione peroxidase, and 
glutathione reductase). Primarily extracellular antioxidants 
include fat-soluble compounds (vitamin E), water-soluble 
compounds (vitamin C, cysteine, reduced glutathione, tau-
rine), and high-molecular-weight antioxidants (mucus and 
albumin).21

Neuropeptides
Several chemicals stimulate release of inflammatory neuro-
peptides from sensory neurons enervating smooth muscles. 
Cells stimulating neuropeptide release include macrophages, 
T-cells, eosinophils, and mast cells; example neuropeptides 
include substance P and, to a lesser degree, calcitonin gene-
related peptide and neurokinin A.47 As with other inflam-
matory mediators, neuropeptides are associated with 
vasodilation, increased permeability and mucus production, 
as well as histamine release.
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Cytokines
The role of cytokines in the coordination and persistence of 
chronic airway inflammation is integral and, not surprisingly, 
very complex. The integrated nature of their actions renders 
them simultaneously ideal as targets of drug therapy but poten-
tially a source of adverse events should therapy be successful. 
Four cytokine classes have been proposed: lymphokines, che-
mokines, and proinflammatory and antiinflammatory cyto-
kines (see Table 20-1). The role of lymphokines was largely 
addressed with the discussion of Th cell role in atopy. Initiation 
of Th2 cells is not clear, but appears to involve presentation of 
restricted antigens in the presence of IL-4 and IL-10. Perhaps 
the most notable lymphokine of asmtha is IL-5.48 Recruitment 
of eosinophils into the lungs—the hallmark of asthma—is IL-5 
dependent. However, IL-5 also is integral to the differentiation, 
proliferation, and maturation of eosinophil progenitor cells in 
the bone marrow before recruitment into the lung.

Chemokines are cytokines that attract inflammatory cells, 
including eosinophils, monocytes, and T-lymphocytes. Two 
groups have been described based on proximity of cysteine 
residues to one another: CXC or α chemokines (separated by 
an amino-acid) and CC or β-chemokines (no separation; see 
Table 20-1). Chemokines exert their effects through rhodop-
sin-like G protein–coupled receptors (referred to as CXC-R 
or CC-R). Because certain cells express selected receptors, 
pharmacologic therapy increasingly will be designed to be 
selectively antiinflammatory.31 Among the cells influenced by 
chemokines are eosinophils, which in turn release more che-
mokines. Among the most notable drugs targeting proinflam-
matory chemokines, and particularly their transcription, are 
glucocorticoids (see Chapter 30). Newer therapies take advan-
tage of the presence of antiinflammatory cytokines; indeed, 
glucocorticoids facilitate restoration of antiinflammatory 
cytokines such as IL-10.

Communication Molecules: Adhesion Molecules 
and Integrins
Communication between cells is facilitated by adhesion mol-
ecules that interact, by way of ligand binding, with receptors 
on the surface of inflammatory cells known as integrins. Integ-
rins are present on many cells, with receptor specificity occur-
ring for selective cells. Integrins are absent on Th1 cells but are 
particularly prevalent on Th2 cells, mast cells, and eosinophils. 
Interaction between adhesion molecules and integrins pro-
motes migration, activation, and increased survival of inflam-
matory cells. Drugs that target eosinophilic integrins (α4β1 
and 7) offer a possible mechanism whereby selective control of 
inflammation may limit side effects.49

DRUGS USED TO MODULATE 
THE RESPIRATORY TRACT

The syndrome of chronic bronchial disease is best treated by 
breaking the inflammatory cycle while immediately relieving 
bronchoconstriction. Thus antiinflammatory drugs and bron-
chodilators represent the cornerstone of therapy for many 
bronchial diseases. Other categories of drugs that are effective 

for the management of respiratory diseases, particularly in 
small animals, include antitussives, respiratory stimulants, 
and decongestants.

Bronchodilators and Anti-Inflammatory Drugs
Because of a shared intracellular mechanism of action, most 
drugs that induce bronchodilation also reduce inflammation. 
Bronchodilators reverse airway smooth muscle contraction 
by increasing cAMP, decreasing cGMP, or decreasing cal-
cium ion concentration (see Figure 20-1). In addition, these 
drugs also decrease mucosal edema and are antiinflammatory 
because they tend to prevent mediator release from inflam-
matory cells (see Figure 20-3). Rapidly acting bronchodilators 
include β-receptor agonists, methylxanthines, and cholinergic 
antagonists.

β-Receptor Agonists
β-receptor agonists (Figure 20-4) are the most effective 
bronchodilators because they act as functional antagonists 
of airway constriction, regardless of the stimulus.22,50,51 Few 
β-agonists generally have been sufficiently studied in animals 
to describe pharmacokinetics or pharmacodynamics.

Large numbers of β2-receptors are located on several cell 
types in the lung, including smooth muscle and inflammatory 
cells.3 The receptor is linked to a stimulatory guanine nucle-
otide-binding protein (G protein). The interaction between a 
β-agonist and receptor causes a conformational change in the 
receptor and subsequent activation of adenylyl cyclase on the 
inner cell membrane (see Figure 20-1).52 Adenylate cyclase 
converts adenosine triphosphate to cAMP, a second messen-
ger for activation of specific protein kinases that ultimately 
activate enzymes responsible for airway smooth muscle 
relaxation. β-receptor agonists are most effective in states of 
bronchoconstriction. Additional effects of β-adrenergic recep-
tors include increased mucociliary clearance, which reflects a 
decrease in fluid viscosity (presumed to reflect movement of 
chloride and water into the lumen) and an increase in ciliary 
beat frequency. Additionally, they inhibit cholinergic neuro-
transmission, enhance vascular integrity, and inhibit media-
tor release from mast cells, basophils, and other cells (see 
Figure 20-3).22,23,51,52 Eosinophil, but not lymphocyte, num-
bers appear to decrease, but long-term inflammation does not 
appear to be affected,52 probably because inflammatory cell β 
receptors are rapidly desensitized (discussed later). As such, 
long-term β-adrenergic use should be accompanied by antiin-
flammatory therapy.41

As with many membrane-associated receptors, high 
doses or repeated exposure to β-adrenergic agonists results 
in desensitization.51 The mechanism depends on the dura-
tion of therapy. Initial drug–receptor interaction causes 
phosphorylation, which interferes with G proteins. Lon-
ger exposure causes receptors to internalize such that they 
are not accessible by the drug; continued exposure causes 
downregulation of receptor mRNA such that the number of 
receptors is actually reduced.52 Reduction develops over sev-
eral weeks before stabilizing. Desensitization may contrib-
ute to acute exacerbations of bronchoconstriction associated 
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with long-acting β-adrenergics. Bronchodilation will be less 
in the desensitized airway necessitating increased treat-
ment frequency. However, frequent use may mask clinical 
signs associated with uncontrolled inflammation and care 
must be taken that long-acting β-adrenergics are not used 
instead of antiinflammatory therapy. Despite these short-
comings, β-adrenergics are the most the most effective 
bronchodilators.

The β-adrenergic agonists (see Figure 20-4) can be given by 
a variety of routes. In humans inhalation is preferred because 
it is equally effective to parenteral administration and is safer. 
However, drug delivery to the peripheral airways must be 
addressed as much as possible.

Nonselective β-Agonists
The nonselective β-agonists (i.e., capable of both β1 and β2 
stimulation) such as epinephrine, ephedrine, and isoproterenol 
are used for acute and chronic therapy of respiratory diseases. 
Epinephrine and isoproterenol can be administered parenter-
ally to achieve rapid effects, and drugs that can be given orally 
for chronic therapy include isoproterenol and ephedrine.6 
Both epinephrine and ephedrine cause α-adrenergic activity, 
which may cause vasoconstriction and systemic hyperten-
sion and may contribute to airway constriction.4 Nonselective 
β-agonists may cause adverse cardiac effects as a result of β1-
receptor stimulation. Aerosolization reduces the adverse effects 

of nonselective β-adrenergic agonists by increasing β2 specific-
ity, because only these β-receptors appear to line the airways.

β2-Selective Agonists
At appropriate doses, β-selective agonists are not generally 
associated with the undesirable effects of β1-adrenergic stimu-
lation. The more commonly used β-agonists are categorized 
as to their duration of action: intermediate (3 to 6 hours) and 
long-acting (>12 hours). The two long-acting bronchodilators, 
salmeterol and formoterol, both have extended side chains, are 
highly lipophilic, and are characterized by high affinity for the 
β-2 receptors. However, the long duration of salmeterol reflects 
binding to a specific site within the receptor, whereas that for 
formoterol reflects gradual release from the cell membrane 
lipid.52 The long-acting nature of bitolterol reflects its pulmo-
nary metabolism to an active metabolite. However, it has a 
rapid onset of action and generally is used for acute therapy.

Short-acting drugs that have been used in animals include 
albuterol, metaprotereno (a derivative of isoproterenol), and 
its analog terbutaline.41 Metaproterenol is less β-2 selective 

KEY POINT 20-5 Beta-adrenergic agonists are such effective 
bronchodilators that they may mask signs of inflammation 
that indicate ongoing disease.
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than other agents and more apt to cause cardiac stimulation.52 
Therefore repetitive use should be pursued only cautiously. 
Albuterol, metaproterenol and terbutaline are available as oral 
preparations; each has been used apparently safely in dogs. 
Rapid first-pass metabolism reduces systemic bioavailability 
after oral administration; as such, oral doses are greater than 
parenteral doses. These drugs, but particularly metaprotere-
nol, can cause β1 side effects at high doses. Clenbuterol, also a 
β-2 selective agonist, is approved for use in horses. Although 
manufactured as the racemic mixture, pharmacologic effects 
are largely limited to the L-isomer.53 Tachycardia occurs in 
dogs at 0.4 mg/kg, which is only half of the therapeutic dose 
recommended in horses. Further, cardiac necrosis occurs at 
2.5 mg/kg, which represents only a threefold increase over 
the equine therapeutic dose. Consequently, use of clenbuterol 
in dogs may not be prudent. Albuterol and isoetharine are 
examples of β2-selective agonists that have been administered 
by aerosolization to small animals.30 Salbutamol is frequently 
used as a rescue bronchodilator in humans.54

Inhalant Devices
With the advent of metered doses inhalers in the 1960s, 
beta-adrenergics became a common therapy for treatment 
of human asthma. Short-acting β2 agonists administered by 

aerosol (Figure 20-5) include albuterol and its R enantiomer 
levalbuterol, metaproteronol, pirbuterol, bitolterol, and ter-
butaline (see Figure 20-4). Longer-acting (in humans) beta-2 
adrenergic drugs tend to be more lipophilic and thus remain 
in the presence of a receptor for a longer time. Examples 
include salmeterol and formoterol (see Figure 20-4).40,41,55 
The drugs differ in their effect and use. Short-acting prod-
ucts are associated with rapid symptomatic relief in human 
asthmatics when used at appropriate doses. However, use at 
high doses has been associated with an increase in mortality 
in humans, leading to their recommended use on an “only as 
needed” basis.40,55 On the other hand, improvement in pulmo-
nary function in humans was sustained with prolonged used 
of long-acting beta-adrenergics,55 and thus such use was not 
associated with a decrease in symptomatic relief afforded by 
short-acting drugs. The duration of onset of long-acting beta-
adrenergics may be 1 or more hours. Although minimally 
effective by themselves for control of inflammation, long-act-
ing beta-adrenergics appear to enhance responsiveness to glu-
cocorticoids. Rebound hyperresponsiveness does not appear 
to occur with rapid discontinuation of the long-acting drugs. 
The development of tolerance (desensitization) has been dis-
cussed and is probably more likely with long-acting drugs.41 
Because beta-adrenergics do not provide as much antiinflam-
matory control, their efficacy may be reduced in the presence 
of inflammation and combination therapy with an antiinflam-
matory drug (e.g., inhaled or systemic glucocorticoids), or use 
of theophylline may be indicated.40,55

Drugs that block β2-receptors such as propranolol are 
contraindicated in animals with bronchial disease.  Inhalant 
devices are discussed more in depth in the following section.

Methylxanthine Derivatives
Pharmacologic Effects
Methylxanthines include caffeine, a potent respiratory stimu-
lant, and theobromine, a recognized canine toxicant from choc-
olate and theophylline (Figure 20-6). Theophylline has been the 
cornerstone of long-term bronchodilatory therapy in animals, 

Figure 20-5 An example of a device commercially available, 
intended as an adapter for inhalant metered dose devices 
marketed for human use.
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particularly dogs. Its mode of action has been attributed to non-
specific inhibition of phosphodiesterases (PDEs) and increased 
concentrations of cAMP and cGMP (see Figure 20-1).41,56 
This mechanism has been controversial, however, because the-
ophylline does not inhibit PDE at therapeutic concentrations. 
However, this may reflect the existence of PDE as various iso-
enzymes (at least 11 members to this superfamily, each located 
in different sites within the cell, some of which are inaccessible 
to drugs).22,23,41 Inhibition of PDE4 and PDE5 results in bron-
chodilation whereas inhibition of PDE4 contributes to its anti-
inflammatory effects.41 The nonselective action of theophylline 
results in bronchodilation and inhibition of inflammation. The-
ophylline also is a competitive antagonist at adenosine recep-
tors. The inhibitory neurotransmitter adenosine, which induces 
bronchoconstriction and during hypoxia and inflamma-
tion. Another mechanism by which theophylline induces 
bronchodilation, however, may be through interference of cal-
cium mobilization.22,23

Compared to beta-2 agonists, theophylline is consid-
ered a weaker relaxant of airway smooth muscle.40 As with 
β-agonists, theophylline is equally effective in large and small 
airways. Theophylline has other effects in the respiratory sys-
tem that are important to its clinical efficacy.22,23,56 In addition 
to its bronchodilatory effects, it inhibits mast cell degranula-
tion and thus mediator release (see Figure 20-3)57; increases 
mucociliary clearance; and prevents microvascular leakage.58 
Its antinflammatory effects appear to include modulation of 
cytokines, particularly of macrophage origin.59 Finally, anti-
inflammatory effects of theophylline may also reflect nuclear 
activation of histone deacetylase.41 Decreased TNF-α and 
IFN-γ and increased IL-10 (antiinflammatory) have been 
reported. Pentoxifylline has similar antiinflammatory effects; 
its IV administration is addressed in Chapter 29. Increased 
mucociliary clearance has been reported in dogs.60 In pro-
pofol-anesthetized cats (n = 6), no treatment effect could be 
detected in the mucociliary transport rate after oral adminis-
tration of 25 mg/kg of a slow release (Slo-bid) product. The 
ability to detect a significant difference was not addressed. 
Further, the mucociliary the rate in untreated animals (22.2 ± 
2.8 mm/min) was perceived to be maximal, leaving no room 
for theophylline-induced increase. The impact of propofol 
is not clear, and theophyllline concentrations were not mea-
sured to confirm adequate concentrations. Thus the lack of 
efficacy may not reflect theophylline as much as failed deliv-
ery or altered response.

In addition to its antiinflammatory effects, a major advan-
tage of theophylline, compared with other bronchodilators, 
may be its increased strength of respiratory muscles and thus 
a decrease in the work associated with breathing.56,62,63 This 
may be important to animals with chronic bronchopulmonary 
disease.

Disposition
Theophylline is one of the few drugs active in the respiratory 
tract whose disposition has been studied in animals. Because 
theophylline is not water soluble, it can be given only orally. 
Salt preparations of theophylline are available for either oral or 

parenteral administration. Dosing of the various salt prepara-
tions must be based on the amount of active theophylline (Table 
20-2). Aminophylline, an ethylenediamine salt, is 80% theoph-
ylline, whereas oxtriphylline is 65% theophylline, and glycinate 
and salicylate salts are only 50% theophylline. Regular amino-
phylline is well absorbed (bioavailability of at least 90%) after 
oral administration in both dogs and cats.64,65 In dogs peak 
plasma drug concentrations for the theophylline base (approxi-
mately 8 μg/mL after a dose of 9.4 mg/kg) occur 1.5 hours after 
oral administration.64 The volume of distribution (L/kg) and 
clearance (mL/min/kg) in dogs are, respectively, 0.59 ± 0.045 
and 0.78 ± 0.13. The extrapolated peak concentration after intra-
venous administration of 11 mg/kg aminophylline (8.6 mg/kg 
theophylline equivalent) was 22.94 ± 5.8 μg/mL.66 In cats extrap-
olated concentrations after 10 mg/kg intravenous aminophyl-
line approximated 10 μg/mL; volume of distribution (L/kg) and 
clearance (mL/min/kg) were 0.87 ± 0.07 and 0.87 ± 0.16, respec-
tively.67 Interestingly, peak concentrations after intravenous or 
oral (sustained-release) products are higher in cats when dosed 
in the evening compared with the morning.68

More than 30 slow-release preparations exist for use in 
humans. Although several products have been studied in dogs 
and cats,68,69 their disposition is markedly variable and cannot 
be predicted on the basis of product name or description. Inter-
changability of products cannot be assumed, and monitoring is 
strongly encouraged to establish potential efficacy. For dogs, the 
rate of oral absorption of slow-release products is apparently 
faster than in humans. The extent of absorption varies with 
the preparation. Bioavailability of slow-release preparations 
varies from 30% (anhydrous theophylline 24-hour capsules; 
Theo-24, Searle Laboratories) to 76% (anhydrous theophylline 
tablets; TheoDur).69 The least variation among animals occurs 
for oxtriphylline enteric-coated capsules (Choledyl-SA Tablets; 
Parke-Davis) and a 12-hour capsular anhydrous theophylline 
(Slo-Bid Gyrocaps), which are approximately 60% bioavail-
able. The minimum effective concenteration recommended 
for humans (10 μg/mL) may not be reached by all slow-release 
products. Plasma drug concentrations during a 12-hour dosing 
interval varies, by almost 120% for the oxtriphylline product 
but only 48% for the anhydrous tablet (Theo-Dur), suggesting 
it may be the best product for use in dogs.69 However, neither 
Theo-Dur nor Slo-Bid Gyrocaps are currently available for 
use in the United States. Although the mean residence time of 
the slow-release preparation was significantly longer by 1 to 2 
hours than that of the regular preparation in dogs, the clinical 
significance of this difference is questionable.69 More recently, 
Bach and coworkers66 described the disposition of a generic 
(Inwood Laboratories) extended-release theophylline tablet 
(Theochron) or capsule (TheoCap) in dogs (15.5 mg/kg orally; 
n = 6). The oral bioavailability (%) of the tablet and capsules 
was 98 ± 15.4 and 83.6 ± 18.5%, respectively. The Cmax (μg/mL) 
was 17.4 ± 4.9 and 12.2 ± 2.8 for the tablet and capsule, respec-
tively, whereas the elimination half-life was 10.9 ± 3.6 and 12.7 
± 2.7. Drug concentrations remained within the recommended 
therapeutic range for 12 hours. The authors concluded that 10 
mg/kg every 12 hours would result in theophylline concentra-
tions in the therapeutic range.
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Table 20-2  Doses of Drugs Used To Treat Disorders of the Respiratory Tract
Drug Indicators Dose Route Interval (hr)*
Acetylcysteine Respiratory inflammation 3-6 mL/hr for 30-60 min (D) Nebulization 12

125-500 mg IV, PO 12
Albuterol Bronchodilator 0.02-0.05 mg/kg PO 8-12 × 10 days

1-3 puffs Metered dose inhaler 12 to 24
Aminophylline Bronchodilator 5-11 mg/kg (D) IM, IV, PO 8-12

4-6.6 mg/kg (C) PO 8-12
2-5 mg/kg (C) IV (slow) 12

Bitolterol Bronchodilation 1-3 puffs Metered dose inhaler 12 to 24
Butorphanol Antitussive 0.05-0.12 mg/kg (D) PO, SC 8-12

0.55-1.1 mg/kg (D) PO 6-12
Cetirizine Antihistamine, allergies 0.15-5 mg/kg PO 12

5 mg/cat PO 12
2.5-10 mg/dog PO 12-24

Chlorpheniramine maleate Antihistamine 2-8 mg/dog PO 8-12
2-4 mg/dog PO 12-24

Behavioral disorders, 
excessive grooming, 
self-trauma

2-4 mg/dog PO 12

Mild sedation 0.22 mg/kg (D) PO 8-12
1-2 mg/kg (C) PO 8-12

Clemastine Antihistamine, allergic 
skin disease

0.05-0.5 mg/kg (D) PO 12

0.34-0.67 mg/cat PO 12
Atopy 0.15 mg/kg (C) PO 12

Codeine Cough 0.1-2 mg/kg (D) PO 6-12
Cylcosporine Chronic allergic diseases: 

asthma
4-6 mg/kg PO 12 to 24; monitor

Cyproheptadine hydrochloride Antihistamine 1.1 mg/kg (D) PO 8-12
Dexamethasone Asthma Initial dose: 1 mg/kg IV Once

Maintenance dose:  
0.25-1 mg/cat

PO 8-24

Dextromethorphan Antitussive 0.5-2 mg/kg (D) IV, PO, SC 6-8
Diphenhydramine Antihistamine 2-4 mg/kg PO 6-8
Diphenoxylate (contains 

 atropine)
Antitussive 0.2-0.5 mg (D) PO 12

Doxylamine succinate Antihistamine 1.1-2.2 mg/kg IM, PO, SC 8-12
Doxapram Respiratory stimulant 1-5 mg/kg IV As needed

Neonate 1-2 drops Sublingual To effect
0.1 mL or 10 mg/m2 IV (umbilical vein) To effect

Ephedrine Bronchodilator, 
 decongestant

2-5 mg/cat PO 8-12

1-2 mg/kg (D) PO 8-12
Fexofenadine Allergies, antihistamine 30 mg/kg (D) PO 12
Fluticasone proprionate Asthma 222 μg (1 puff) Metered dose inhaler 12 to 24 or to effect
Formoterol Bronchodilator 1-3 puffs Metered dose inhaler 12 to 24
Hydrocodone bitartrate Antitussive 0.25 mg/kg. Maximum of 1 

mg/kg (D)
PO 6-8

2.5-5 mg/cat PO 8-12. Use with 
 caution

Hydroxyzine hydrochloride or 
pamoate

Antihistamine, allergic 
skin disease

2.2 mg/kg (D) PO 6-12

Continued
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Table 20-2  Doses of Drugs Used To Treat Disorders of the Respiratory Tract—cont’d

Drug Indicators Dose Route Interval (hr)*
Hydroxyzine hydrochloride or 

pamoate
5-10 mg/cat PO 12

1-2 mg/kg PO 8-12
Isopropamide/prochlorperazine Bronchodilator 0.2 mg in 100 mL 5% D/W IV To effect at 8 hours

0.004-0.006 mg/cat IM 30 min as needed
0.44 mg/kg (C) PO 6-12
0.5 mL of 1:200 dilution Inhalant 4

Megestrol acetate Asthma 5 mg/cat PO 24 × 4 months, then 
once per week × 4 
weeks

Metaproterenol sulfate Bronchodilator 0.325-0.65 mg/kg PO 4-6
Montelukast Chronic allergic diseases 

(asthma, atopy, inflam-
matory bowel disease)

0.5-1 mg/kg PO 24

Morphine SO8 Antitussive 0.1 mg/kg (D) SC 6-12
Morphine SO9 Antitussive 0.05-0.1 mg/kg (C) IM, SC 4-6
Noscapine Cough, nonproductive 0.5-1 mg/kg PO 6-8
Oxtriphylline Bronchodilator 14 mg/kg (D) PO 6-8

30 mg/kg (D) PO 12 (sustained-release 
formulation)

6 mg/kg (C) PO 8-12
10-15 mg/kg PO 6-8
47 mg/kg (D). Equivalent to 

30 mg/kg theophylline
PO 12

Pirbuterol Bronchodilator 1-3 puffs Metered dose inhaler 12-24
Prednisolone sodium succinate Chronic allergic diseases 

(asthma, atopy, IBD)
2-4 mg/kg (D) IV, IM Repeat in 4-6 hrs

Prednisolone/prednisone (++) Allergic bronchitis and 
rhinitis, asthma

0.5-2 mg/kg (D) IM, PO 12

Chronic bronchitis 0.1-0.5 mg/kg (D) PO 12
Pulmonary eosinophilic 

infiltrates
0.5-1 mg/kg PO 24

Pseudoephedrine Nasal decongestant 15-30 mg PO 8-12
Salmeterol Bronchodilator 1-3 puffs Metered dose inhaler 12 to 24
Salmeterol/fluticasone Asthma 1-3 puffs Metered dose inhaler See labeled 

 instructions
Terbutaline Bronchodilator 0.01 mg/kg IM, SC 4

0.312-0.625 mg/cat. Maxi-
mum of 1.25 mg/cat

PO 8

1-3 puffs Metered dose inhaler 12 to 24
Terfenadine Antihistamine 2.5-5 mg/kg (D) PO 12
Theophylline Bronchodilator 5-11 mg/kg (D) IM, IV, PO 6-8

4 mg/kg (C) IM, PO 8-12
Theophylline sustained-release Bronchodilator 20-40 mg/kg (D) PO 12; consider 

 monitoring  
(see Chapter 5)

20 mg/kg (C) PO 24. Administer at 
night

Zafirlukast Chronic allergic disease 
(asthma, atopy, IBD)

1-2 mg/kg PO 12-24

20 mg/dog PO 24

D, Dog; IV, intravenous; PO, by mouth; IM, intramuscular; C, cat; SC, subcutaneous; IBD, inflammatory bowel disease.
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Cats also have been studied. Although it is not distributed 
to all body tissues, theophylline is characterized by a rela-
tively large volume of distribution in dogs (0.7 to 0.8 L/kg) 
and a smaller volume in cats (0.41 L/kg).64,69,70 Unlike human 
beings, distribution of theophylline is not limited by binding 
to serum proteins in dogs; serum protein binding is less than 
12%.71,72 Elimination of theophylline is not dose dependent in 
dose ranges of 3 to 15 mg/kg. Dye and coworkers68,70 studied 
two sustained-release theophylline products (TheoDur and 
Slo-Bid Gyrocaps, William H. Rorer, Inc) in the cat. Although 
both products were reasonably (>75%) bioavailable in the cat, 
neither product is currently available in the United States. 
A more recent study addressed the disposition of a generic 
(Inwood Laboratories) extended-release theophylline tablet 
(Theochron; 15 mg/kg) and capsule (TheoCap; 19 mg/kg) in 
cats (n = 6).67 The Cmax (μg/mL) of the tablet and capsule 
was 17.8 ± 3.4 and 15.8 ± 3.1, respectively. Although bioavail-
ability of both products was 100% or greater, the elimination 
half-life for the tablet and capsule was 13.6 ± 3.9 hour and 
18.3 ± 8.0, respectively, compared with 11.7 ± 1.8 hour for 
the intravenous preparation (aminophylline), suggesting that 
the drugs did not always act in an extended-release manner 
in cats. Nonetheless, drug concentrations remained within 
the recommended therapeutic range for 24 hours. These data 
suggested that once-daily administration in cats should be 
sufficient to maintain concentrations within the therapeutic 
range. (see Table 20-2). A longer dosing interval might be 
acceptable if evidence supports an antiinflammatory effect at 
even lower concentrations. Based on a chronopharmacoki-
netic study of these sustained-release products, dosing in the 
evening rather than in the morning appears to be associated 
with better bioavailability and less peak plasma theophylline 
concentration fluctuation.68 A disadvantage of the use of the 
slow-release products for small animals is the limited dose 
sizes available. The product cannot be divided for more accu-
rate dosing without altering the kinetics of slow release.

Theophylline is metabolized by demethylation in the liver. 
Theobromine may be an active metabolite in some species. Dif-
ferent rates of metabolism result in variable clearance rates and 
drug elimination half-lives among animals, and doses conse-
quently vary.72 For example, the elimination rate constant of the-
ophylline is less in cats (0.089/hr)73 than dogs (0.12/hr), resulting 
in a longer half-life in the cat (7.8 hours) compared with the 
dog (5.7 hours),64,65 thus necessitating a smaller dose in cats.69 
Theophylline concentrations can be affected—most commonly 
increased—by a number of drugs, including fluorinated quino-
lones,74 erythromycin and its congeners,75 and cimetidine.76

Adverse Reactions and Drug Interactions
Theophylline is associated with a wide range of adverse effects, 
including central nervous system excitation (manifested as 
restlessness, tremors, and seizures),72 gastrointestinal upset 

(nausea and vomiting), diuresis, and cardiac stimulation 
(e.g., tachycardia). In a retrospective study of theophylline 
toxicity in human patients, clinical signs included severe 
vomiting (89%), seizures (21%), and cardiac arrythmias 
(16%).77 Vomiting precluded treatment with oral charcoal but 
responded to metoclopramide. Therapy included mechanical 
ventilation, anticonvulsants or sedatives, and muscle relax-
ants. Because of the risk of toxicity, intravenous use should 
be limited to patients who have not responded to β-agonist 
therapy and are facing life-threatening disease. Compared 
with the salt preparations, theophylline is more irritating to 
the gastrointestinal tract than aminophylline.30,56 Rapid infu-
sions or infusions of undiluted aminophylline can cause car-
diac arrhythmias, hypotension, nausea, tremors, and acute 
respiratory failure.30

Theophylline may be involved in a number of drug inter-
actions; hepatic metabolism and potentially serious adverse 
effects should lead to cautious use with other drugs. Inhibition 
of drug-metabolizing enzymes by fluorinated quinolones has 
been described in human medicine and for both enrofloxa-
cin and marbofloxacin in animals.78 For enrofloxacin 5 mg/
kg decreased theophyllline clearance by 43%79; a different 
study found a 26% decrease by marbofloxacin (5 mg/kg).78 
This translates to an increase in Cmax by 31% for theophyl-
line, sufficient to contribute to toxicity. Indeed, the author has 
measured peak theophylline concentrations above 70 μg/mL 
and an elimination half-life of 19 hours in a dog concomitantly 
given enrofloxacin at 5 mg/kg. Clinical signs of theophylline 
toxicity emerged within 24 hours of beginning enrofloxacin 
therapy. Theophylline–terbutaline interactions do not appear 
to be clinically relevant, as has been shown in humans,80 sup-
porting their combined use for patients not responding to a 
single bronchodilator.

The application of therapeutic drug monitoring to guide 
therapy would assist in identifying the most appropriate dos-
ing regimen, particularly when using slow-release prepara-
tions whose bioavailability might vary among patients, in 
patients receiving drug combinations that increase the risk 
of drug interactions, and in patients with hepatic dysfunc-
tion. Although a therapeutic range has not been established 
for small animals, the range recommended for humans (10 to 
20 μg/mL) can be extrapolated until a more definitive range 
has been established. Dogs are apparently more tolerant of 
theophylline toxicity than are humans. In one study toxicity 
manifested as tachycardia, central nervous system stimula-
tion (restlessness and excitement), and vomiting did not occur 
until plasma theophylline concentrations reached 37 to 60 μg/
mL. Doses of 80 to 160 mg/kg of a sustained-release prepara-
tion were required to induce toxicity.81 In cats concentrations 
as high as 40 μg/mL do not induce adverse reactions, although 
salivation and vomiting are common after administration of 
more than 50 mg/kg, and seizures may occur at doses greater 
than 60 mg/kg.82

The side effects of theophylline are dose dependent and 
might be prevented to a large degree by appropriate dosing. 
Therapeutic drug monitoring should facilitate the design of 
proper dosing regimens to prevent toxicity.

KEY POINT 20-6 Oral bioavailability of slow-release theoph-
yllines may markedly vary among products and patients, 
contributing to toxicity or therapeutic failure.
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Anticholinergic Drugs
Pharmacologic Effects
Anticholinergic drugs compete with acetylcholine at mus-
carinic receptor sites.83 In the respiratory tract, they reduce 
the sensitivity of irritant receptors and antagonize vagally 
mediated bronchoconstriction. The site of action of these 
drugs in the respiratory tract is controversial. In some studies 
bronchodilation is reported throughout the airways in asth-
matic human patients and cats, whereas other investigators 
believe that the effects are confined to large airways.83 The 
route by which anticholinergic drugs are administered influ-
ences their bronchodilatory effects. Despite their effect on 
bronchial airways, the anticholinergic drugs have not proved 
clinically effective in the treatment of bronchial diseases in 
animals, and their use is limited to treatment of broncho-
constriction associated with organophosphate toxicity or in 
animals in status asthmaticus unresponsive to bronchodila-
tor therapy. The lack of clinical efficacy of anticholinergics 
may reflect nonselective drug–receptor interaction.22,23 Thus 
far, three types of muscarinic receptors have been identified 
in airways. M3 receptors release acetylcholine, whereas M2 
receptors block its release. Nonselective blockade of mus-
carinic receptors by atropine and ipratropium may actually 
potentiate acetylcholine release by antagonizing the effects 
of M2-receptor stimulation. Drugs specific for M3 receptors 
may ultimately lead to successful treatment of bronchial dis-
ease with anticholinergics drugs.22,23 As with beta-adrenergic 
drugs, use of inhaled anticholinergic drugs reduces systemic 
adverse effects.

Atropine
Aerosolized atropine, a prototype anticholinergic drug, affects 
predominantly the central airways, whereas both central and 
peripheral airways are affected if the drug is administered 
intravenously.22,23 Because atropine is highly specific for all 
muscarinic receptors, it causes a number of systemic side 
effects, including tachycardia, meiosis, and altered gastroin-
testinal and urinary tract function.64 In the respiratory tract, 
atropine reduces ciliary beat frequency, mucous secretion, 
and electrolyte and water flux into the trachea. The net effect 
is decreased mucociliary clearance, which is undesirable in 
patients with chronic lung disease.64 Aerosolization of atropine 
does not reduce the incidence of respiratory adverse reactions. 
Atropine is well absorbed (in humans) after oral administra-
tion. In humans atropine has proved most useful for treat-
ment of chronic bronchitis and emphysema, diseases that are 
characterized by increased intrinsic vagal tone.83 Its adverse 
effects on respiratory secretions and ciliary activity, however, 
apparently negate its benefits to bronchial tone during long-
term administration in animals. The primary indication for 
atropine in small animals is facilitation of bronchodilation 
in acutely dyspneic animals. It is the treatment of choice for 
life-threatening respiratory distress induced by anticholines-
terases. A combination of atropine with either β-adrenergic 
agonists or glucocorticoids will cause better bronchodilation 
than either drug alone.83

Ipratropium Bromide
Ipratropium bromide is a synthetic anticholinergic that is 
pharmacodynamically superior to atropine. Although the two 
drugs are equipotent, ipratropium does not cross the blood–
brain barrier. It is not well absorbed after aerosolization, which 
limits the likelihood of adverse effects. Ipratropium has been 
studied in the dog but not in the cat.83 Of the anticholinergic 
drugs studied in dogs, ipratropium appears to cause the great-
est bronchodilation (twice as much as atropine) with the least 
change in salivation.83 When inhaled, it is more effective in 
preventing bronchoscopy-induced bronchoconstriction com-
pared with intramuscular atropine.54 Unlike atropine, it does 
not alter mucociliary transport rates.

Ipratropium bromide is generally not promoted as a bron-
chodilator in dogs or cats. However, with the advent of inhalant 
devices, this may change. The combination of salbutamol (120 mg, 
1 puff) and ipratropium bromide (20 mg, 2 puffs) was found to be 
superior to either drug alone in the prevention of BAL-induced 
bronchoconstriction in experimentally induced allergen sensi-
tive, conscious cats (n = 18).54 Drugs were administered using 
a pressurized inhalant metered devices (pMDI). with a spacing 
chamber connected through an inspiratory valve to a face mask.

Glycopyrrolate
Glycopyrrolate can also be used as a bronchodilator in small 
animals. Although its onset of action is slower than that of 
atropine,30 its half-life is 4 to 6 hours compared with 1 to 
2 hours for atropine. The potency after systemic therapy 
has apparently not been compared between the two drugs, 
although glycopyrrolate is twice as potent when aerosolized. 
The systemic side effects of glycopyrrolate are minimal.

Mast Cell Stabilizers
Drugs that stabilize mast cells are most effective in syndromes 
associated with marked mast cell activity. Included in this cat-
egory may be newer antihistamines, discussed later. The sta-
bilizing effects of β-adrenergic agonists, methylxanthines, and 
glucocorticoids (see Chapter 30) on inflammatory cells have 
been discussed.

Cromolyn
Although the mechanism of action of cromolyn is not certain, 
it appears to inhibit calcium influx into mast cells, thus pre-
venting mast cell degranulation and the release of histamine 
and other inflammatory mediators (see Figure 20-3).22,23,84 
At high concentrations, cromogylate inhibits IgE-triggered 
mediator release from mast cells.85 Some studies suggest that 
the activation of inflammatory cells other than the mast cells 
(e.g., macrophages, neutrophils, eosinophils) is also inhibited 
by cromogylate.28 Cromolyn is most useful as a preventive 
before activation of inflammatory cells. It is not significantly 
absorbed after oral administration and is characterized by a 
short half-life (=). Thus effective therapy depends on frequent 
aerosolization, which limits its utility in the treatment of small 
animal diseases. Currently, cromolyn is the safest drug used 
to manage asthma in humans.84 It is associated with only 
minor side effects, and its discovery has revolutionized the 
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management of bronchial asthma in people. Because of its 
wide therapeutic window and its apparent efficacy in the con-
trol of many inflammatory cells, its use in the control of small 
animal bronchial disease warrants further investigation.

Calcium Antagonists
The efficacy of calcium antagonists in the management of 
asthma has yet to be identified.86 Their potential benefits 
include prevention of mediator release, smooth muscle con-
traction, vagus nerve conduction, and infiltration of inflamma-
tory cells.86,87 Most studies indicate that calcium antagonists 
have only a modest effect on airway smooth muscle contrac-
tion. Their antiinflammatory effects may ultimately prove of 
greater benefit.

Drugs that Target Inflammatory Mediators
Glucocorticoids
Glucocorticoid use in dogs and cats is addressed in Chapter 
30. In 1997 the National Heart, Lung, and Blood Institute 
Expert Panel Guidelines recommended control of mild persis-
tent asthma with a single, long-term control medication with 
antiinflammatory properties.55 Accordingly, gluccocorticoids 
are the cornerstone of asthma therapy.88 The antiinflamma-
tory effects of glucocorticoids reflect an inhibitory effect on 
essentially all phases of inflammation. Airway infiltration with 
eosinophils, mast cells, and basophils is decreased, although 
the effect on T cell population in the lungs is less clear. Gluco-
corticoids differentially downregulate Th2 cytokines, including 
IL-4, IL-5, and IL-13, but appear to upregulate Th1 cytokines, 
including IFN-γ and IL-12. Most recently, glucocorticoids 
have been demonstrated to reduce eotaxin and other eosin-
ophil-associated chemokines but have little effect on IL-8.89 
Glucocorticoids have little effect on cys-LTs.90 Glucocorticoids 
have a “permissive” effect on β-adrenergic receptors and help 
prevent desensitization, which may accompany therapy with 
long-acting drugs.

Glucocorticoid efficacy for treatment of respiratory inflam-
matory disease depends on therapeutic concentrations in 
and below the epithelium of all diseased airways. However, 
whereas systemic therapy might provide the most consistent 
exposure to diseased airways, it also provides the greatest 
exposure to tissues other than the lungs, leading to adverse 
effects. A number of approaches have been taken to minimize 
adverse effects of systemic glucocorticoids when used to treat 
asthma. Although dogs and cats appear to tolerate glucocor-
ticoids better than humans, making these approaches less 
important, they nonetheless may be beneficial to animals. 
These include selective gene targeting, increased potency for 
the glucocorticoid receptors (allowing administration in spe-
cialized [inhalant] drug delivery systems), and development 

of drugs that undergo first-pass metabolism. Aerosol admin-
istration minimizes many side effects. The preferred route in 
humans with mild disease is low-dose inhaled glucocorti-
coids.55 Beclomethasone was among the first aerosol gluco-
corticoids developed for inhalant therapy.40 Corticoisteroids 
marketed as inhalant metered devices (MDIs; see later dis-
cussion) in the United States include beclomethasone dipro-
pionate (Beclovent), triamcinolone acetonide (Azmacort), 
flunisolide (Aerobid), budesonide (Pulmicort), fluticasone 
propionate (Flovent), and mometasone (Asmanex) (Figure 
20-7).

Aerosolized glucocorticoids, such as occurs with MDIs, 
result in local delivery of higher concentrations. Although 
side effects are minimized, up to 90% of an inhaled dose is still 
deposited on the oral mucosa or pharynx and swallowed in 
humans; a similar or greater proportion might be anticipated 
in animals. Thus multiple methods have emerged to reduce 
adversities without decreasing efficacy. The delivery device 
may influence adverse effects. Systemic side effects associated 
with deposition of glucocorticoids on the pharynx and central 
airways and local side effects in the upper airway (e.g., dys-
phonia in up to 50% of the patients) led to the inclusion of 
“spacers” that removed larger particles before they penetrated 
the pharynx.40

Corticosteroid delivery of MDIs also has been improved by 
the advent of hydrocarbon fluoroalkyl (HFA)–propelled MDI. 
Beclomethasone dipropionate delivery to peripheral airways 
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Figure 20-7 Structures of selected “soft” glucocorticoids used 
in inhalant devices for the topical treatment of respiratory 
inflammatory diseases. These drugs are very potent and often 
are characterized by first-pass metabolism such that swal-
lowed drug will be minimally absorbed.

KEY POINT 20-7 The role of glucocorticoids as the 
 cornerstone of inflammatory lung disease reflects both their 
antiinflammatory effects as well as their permissive effects 
of beta receptors mediating bronchodilation.
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increases from 5% to 15% for the chlorofluorocarbon -pro-
pelled preparation to 50% to 60% with the HFA propellant.91 
Not only is total lung delivery increased, but the depth of pen-
etration also is enhanced, a potentially critical improvement 
for controlling progression of the disease.

The glucocorticoid itself has been manipulated to decrease 
adversity. Corticosteroids marketed in MDI vary up to fivefold 
or more in potency. The relative potency of drugs marketed 
as MDI roughly follows the following order: monmetasone, 
which exceeds both fluticasone and budesonide, which, in 
turn, are 2 to 3 times more potent than beclomethasone; tri-
amcinolone is the least potent of these drugs. While potency 
does allow administration of a small dose, it does not predict 
clinical efficacy of inhaled glucocorticoids.91 Despite sixfold 
differences in potencies among inhaled glucocorticoids, com-
parative clinical trials in humans have failed to demonstrate 
differences in efficacy when drugs are administered at equipo-
tent dosages.91 Further, dose response curves for inhaled glu-
cocorticoids tend to be flat, indicating that increasing doses is 
not likely to enhance efficacy.

Ultimately, differences in pharmaceutical (delivery) 
and pharmacokinetic properties largely determine variable 
responses to inhaled glucocorticoids. Inhaled corticosteroids 
generally are delivered as microcrystals, which must dissolve in 
the epithelial mucosal fluid. Crystals must be water soluble to 
ensure local delivery before the mucociliary tract removes the 
drug. However, alteration of dissolution times may also affect 
local delivery and thus local effects. For example, the dissolu-
tion time for budesonide is 6 minutes compared with beclo-
methasone dipropionate (5 hours) and fluticasone (8 hours). 
Lipophilicity of the drug enhances uptake and the duration 
of local effects. The addition of a halogen increases tissue 
retention compared with nonhalogenated drugs. Lipophilic-
ity is greatest for beclomethasone and fluticasone followed by 
budesonide, with triamcinolone followed by dexamethasone 
and, finally, prednisolone as the least liphophilic. Not surpris-
ingly, the most lipophilic of the drugs also is associated with 
the greatest number of side effects, including suppression of 
the hypothalamic pituitary adrenal axis. In humans, flutica-
sone is both the most potent and most lipophilic glucocorti-
coid. As such, it is characterized by the greatest evidence of 
systemic side effects. As such, recommendations for humans 
are that high-dose fluticasone propionate (>500 mg twice 
daily) be used only on the order of a physician and that the 
dose be titrated down to the lowest effective dose. Budesonide 
offers an example of a different type of manipulation that may 
allow longer dosing intervals while minimizing side effects. 
Because of its structure (a free C21 hydroxyl group) (see 
Chapter 30), excess intracellular budesonide complexes with 
long chain fatty acids. The complex is inactive but probably 
allows persistence of the drug at the site, much as a depot form 
would, with reversible esterification occuring as receptors are 
depleted of active drugs. Other drugs with a free C21 hydroxyl 
include triamcinolone, flunisolide, and ciclesonide, although 
long-chain fatty acid esterification has not been determined 
for them. Neither fluticasone, nor beclomethasone dipropio-
nate, and probably mometasone, form fatty acid esters.91

Finally, although most devices require or allow twice- to 
four-times-daily dosing, those designed for once-daily admin-
istration also should enhance efficacy through improved com-
pliance. Poor compliance with use of inhaled glucocorticoids 
in human patients also led to the development of combina-
tions of steroids with long-acting β2 agonists (e.g., salmeterol/
fluticasone or formoterol/budesonide). Although compliance 
has improved, concern has arisen that the β2 agonists will 
mask clinical signs that might otherwise indicate worsening of 
the disease.40 Indeed, recent studies of the efficacy of inhaled 
beclomethasone diproprionate found improvements in clini-
cal signs to be short-lived, probably because the inhaled drug 
does not control inflammation well.40 Reduced airway caliber 
will further decrease efficacy by reducing drug delivery to the 
peripheral airways. Antiinflammatory therapy should target 
both large and small airways if inflammation is to be sup-
pressed.40 Thus systemic therapy should be considered (either 
as sole therapy or in addition to systemic therapy) in animals 
with moderate to severe disease. The peak effect of inhaled 
glucocorticoids may not occur for 1 to 2 weeks after therapy 
has begun.

Inhaled glucocorticoids have been recommended for use 
in cats with asthma,39 although few studies have provided 
guidance. One abstract has reported a beneficial effect of flu-
nisolide (250 μg/puff) but not zafirlukast (10 mg orally every 
12 hours) in cats with experimental feline asthma.92 Reinero 
and coworkers93 compared the impact of inhaled flunisolide 
(250 μg puff twice daily) to that of oral prednisone (10 mg/day 
orally) and placebo on indices of inflammation and adrenal 
gland suppression in healthy cats (n = 6). No treatment effect 
was apparent with regard to serum immunoglobulin or cyto-
kine activity. The inhaled glucocorticoid was associated with 
lower baseline cortisol compared with placebo and and lower 
cortisol after adrenocorticotropic hormone stimulation com-
pared with oral and placebo therapy. A limitation of the study 
may have been the use of prednisone rather than prednisolone 
as is suggested by impact on cortisol concentrations, although 
oral therapy did impact both T and B cells. This study sup-
ports the potentially inappropriate use of prednisone in cats 
and suggests that topical flunisolide therapy may suppress the 
hypothalamic pituitary adrenal axis in cats with flunisolide.

Drugs that Target Leukotrienes
LTs are very potent causes of marked edema, inflammation, 
and bronchoconstriction.94 Their role in the pathophysiology 
of inflammation and their inhibition are discussed in Chapter 
30. Their inhibition by glucocorticoids may be limited, leav-
ing a void in therapy.90 The approval of drugs that specifically 
inhibit the formation of LTs or their actions have offered a 
new avenue of control of respiratory inflammatory disease 
(e.g., asthma) in human medicine. Two classes of drugs have 
focused on their impact on LTs: LT synthesis (5-lipoxygenase) 
inhibitors (zileuton) and LT-receptor antagonists (LRAs). The 
latter class has proved to be more effective (Figure 20-8). Cur-
rently, two LRAs are approved in the United States: zafirlukast, 
administered twice daily, and montelukast, administered once 
daily. The disposition of neither drug has been studied in dogs 
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or cats; in humans the dosing intervals reflect a half-life of 5 
and 10 hours, respectively.

In human clinical trials, LRAs inhibit early- and late-phase 
bronchoconstriction and increased bronchial hyperresponsive-
ness in response to allergens; accumulation of inflammatory cells 
and mediators in bronchial lavage fluid; and acute bronchospasms 
stimulated by exercise, cold air, and aspirin.95 Their bronchodila-
tory effects are less than that of long-acting β-adrenergics, whereas 
the antiinflammatory effects are less than those of glucocorti-
coids.90 However, response does occur to single doses. In contrast 
to β-adrenergics, tolerance does not develop toward LRA effects. 
Their use has been associated with improvement of asthma either 
as sole therapy (instead of low-dose inhaled glucocorticoids) in 

mild to moderate asthma or as add-on therapy regardless of dis-
ease severity in glucocorticoid nonresponders.95 The LRAs are 
well tolerated, particularly compared with glucocorticoids. A 
subset of asthmatics treated with LRAs have developed Churg–
Strauss syndrome, a state of systemic hypereosinophilia. However, 
its emergence may reflect decreased doses of glucocorticoids per-
mitted once LRAs are begun rather than a toxic effect of LRAs.90

Recommendations regarding the role of LRAs in treatment 
of human asthma are dynamic. Currently, because they are 
less effective than glucocorticoids, their role as monotherapy 
is not recommended, even with mild disease. In contrast, 
LRAs have proved effective as monotherapy for treatment 
of allergic rhinitis in humans.90 For asthma, because of their 
unique mechanism of action, LRAs have been combined with 
a number of other drugs used to treat asthma. For example, 
glucocorticoids minimally affect cys-LT; as such, combination 
with LRAs would be expected to have an additive effect, as has 
been demonstrated when combined with inhaled glucocortio-
cids. The combination of LRAs and glucocorticoids generally 

KEY POINT 20-8 Leukotriene receptor antagonists should be 
considered for both local and peripheral control of respira-
tory inflammation in mild cases, as adjunct therapy in poor 
responders, and in patients intolerant to glucocorticoids.
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is as effective as glucocorticoids combined with β-adrenergic 
agonists. The use of an LRA as part of triple therapy (i.e., with 
corticosteroids, β-adrenergics) is a reasonable, albeit under-
studied, therapeutic approach in patients not responding to 
dual therapy. Finally, LRAs also have been recommended in 
the treatment of aspirin-sensitive asthma (discussed later).

The role of LTs in the treatment of feline asthma was previ-
ously discussed. Therapy with LRAs has had little scientific sup-
port, although this should not preclude their use, particularly 
in animals that have not sufficiently responded to or cannot 
tolerate (e.g., diabetics) corticosteroids. Receptors for LTs have 
yet to be identified in the smooth muscle of airways in cats; 
further, LTs have not been identified in the urine or plasma of 
cats with experimentally induced asthma.92 However, LTs were 
associated with experimentally induced heartworm disease in 
cats.96 The recent approach to asthma as a systemic response 
mediated at the level of the bone marrow warrants consider-
ation of the use of LRAs for treatment of feline asthma, par-
ticularly in nonresponders or patients that cannot tolerate 
glucocorticoids. Other potential indications would include 
control of inflammation in dogs in which glucocorticoids are 
contraindicated or pulmonary diseases characterized by eosin-
ophilic infiltrate. Anecdotally, LRAs appear to be safe in both 
dogs and cats, although no study has confirmed their safety.

Nonsteroidal Antiinflammatory Drugs
The role of nonsteroidal antiinflammatory drugs (NSAIDs) in 
the treatment of respiratory inflammatory diseases requires def-
inition.97,98 Both LTs and PGs are important in the pathophysi-
ology of inflammatory diseases. Although NSAIDs effectively 
block PGs through inhibition of cyclooxygenase, they do not 
negatively affect lipoxygenase. Rather, in the aspirin-sensitive 
asthmatic (human) patient, aspirin and NSAIDs that selectively 
inhibit cyclooxygenase I shunt AA toward 5-lipoxygenas and 
the overproduction of cys-LTs.90 They have no effect on other 
chemical mediators of inflammation. Additionally, NSAIDs 
nonselectively block all PGs, including those that provide some 
protection during periods of bronchoconstriction.99 Some 
studies have shown that LT production increases in response to 
NSAID therapy, perhaps by providing more AA for lipoxygen-
ase metabolism. Currently, labels include a contraindication for 
use in human patients with aspirin-induced asthma. However, 
although more studies are needed, thus far the newer NSAIDS 
generally are not associated with emergence of asthma.100

Currently, the use of NSAIDs for the treatment of respira-
tory diseases in small animals is limited to aspirin therapy as 
treatment for thromboembolism associated with heartworm 
disease.101,102 Aspirin is the preferred NSAID because at low 
doses it irreversibly inhibits TXA2, an important contribu-
tor to pulmonary arterial vasoconstriction that accompanies 
thromboembolism. Current efforts in NSAID research are ori-
ented toward identifying drugs that successfully inhibit both 
arms of the AA metabolic cascade or specific PG or LT inhibi-
tors. The use of selective TXA2 inhibitors for selected feline 
respiratory diseases is an example.45 Among the NSAIDs that 
might be considered, are the dual inhibitors, such as tepoxalin, 
which target both PGs and LTs.

Antihistamines
A number of nonantihistaminergic drugs act to ameliorate the 
effect of histamine (Figure 20-9). However, in general, histamine 
is not recognized to be a major contributor to clinical signs of 
asmtha based on the limited control of clinical signs afforded 
by antihistaminergic drugs. Those drugs that prevent histamine 
release may be of most benefit because they will also prevent 
release of other inflammatory mediators associated with asthma.

Drugs that interact with beta receptors and stimulate cAMP 
depress histamine release. Thus epinephrine can be used prior 
to or early during anaphylaxis to reduce histamine release. 
However, most of the histamine has already been released by 
the time treatment occurs, and in fact, most of the beneficial 
effects of epinephrine during anaphylaxis result from physi-
ologic antagonism of histamine-induced bronchoconstric-
tion. Glucocorticoids impair histamine release through their 
permissive effects on beta-adrenergic receptors. Additionally, 
glucocorticoids are lytic to neoplastic mast cells. The newer 
(but not older) antihistamines such as cetirizine or loratadine 
may inhibit histamine release from mast cells.103 These newer 
products have not been widely used in animals, although the 
disposition of several is discussed in Chapter 29.

The use of H1 blockers may be detrimental in animals 
with chronic disease because of their effects on airway secre-
tions.29 The role of H2 receptors in bronchodilation, mucous 
secretion, and inflammation suggests that H2-receptor block-
ers should also be used with caution.5,29 Among the drugs for 
which anecdotal discussion suggests efficacy for treatment of 
tracheal collapse is doxepin, a tricyclic antidepressant that is 
also characterized by marked H1 antagonism. Efficacy may 
be related to antiinflammatory effects or some level of central 
nervous system depression.104 Alternatively, local anesthetic 
actions may be contributing to efficacy.105 Although not yet 
clinically available, drugs that specifically target H4 receptors 
may prove useful through control of signals mediating chronic 
allergic responses. Cyproheptadine is an antiserotinergic, 
antihistaminergic drug. Because feline airways are exquisitely 
sensitive to the constrictor effects of serotonin, this drug may 
prove particularly useful in cats either alone or as an adjunct 
to bronchodilators or glucocorticoids.106 The disposition of 
cyproheptadine has been described in cats (n = 6).107 It is char-
acterized by 100% oral bioavailability, a volume of distribution 
of 1 ± 0.5 l/kg and an elimination half-life of 12.8 ± 9.9 hours, 
supporting a once- to twice-daily dosing interval. A single 
intravenous dose of 2 mg was well tolerated. An oral dose of 
8 mg yielded a Cmax of 419 ± 99 ng/mL. Both the intravenous 
and oral dose were well tolerated. Studies following transder-
mal administration are pending.

ANTITUSSIVES

The goal of antitussive therapy is to decrease the frequency 
and severity of cough without impairing mucociliary defenses 
(Figure 20-10). Whenever possible, the underlying cause 
should be identified and treated. Cough suppressants should 
be used cautiously and are contraindicated if the cough is pro-
ductive.2 Irritants and perhaps chemoreceptors and stretch 



765CHAPTER 20 Drugs Affecting the Respiratory System

histamime

Antihistamimes

hydroxyzine
(1st; piperazine)

cyproheptidine
(1st; piperidine)

chlorpheniramine
(1st; alkylamine)

N

doxepin
(1st; tricyclic)

O

N
CH3

CH3

N

NH2
Cl

N N

N

Cl

N

O

OH

HN

dextromethorphan

pentoxifylline

doxapram

Miscellaneous

montelukast

H
N

O

S

N

N

CH3

CH3H3C

N-acetylcysteine

N
H

H3C

SH

N

N

O

O
O

OH

loratidine (Claritin)
(2nd; piperidine)

N

Cl

N

O CH3O

cetirizine (Zyrtec)
2nd; piperadine

(active metabolite of hydroxyzine)

Cl

N
N

O
O

OH

H

O

Cl N
HO

O

OH

HS

zafirlukast

Leukotriene Receptor Antagonists

O

N

H
N

O

O
HN

O

S
O

O
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Figure 20-10 The most potent stimulus for the cough reflex is decreased airway caliber size. The subsequent increase in airflow 
velocity irritates stretch receptors. The vagus nerve serves as the afferent and efferent limbs of the cough reflex, which is medi-
ated centrally by the respiratory center in the medulla. Accumulation of debris and inflammatory mediators can either irritate 
receptors or decrease airway luminal caliber. Cough is accompanied by bronchoconstriction, which can further exacerbate 
coughing.
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receptors initiate the cough reflex.2,73 Bronchoconstriction is 
probably the most frequent and important cough stimulus. The 
cough reflex can be blocked peripherally, either by facilitating 
removal of the irritant with mucolytics or expectorants or by 
blocking peripheral receptors to induce bronchodilation, or it 
can be blocked centrally at the cough center in the medulla 
(see Figure 20-4).2,108 Mediators targeted for treatment of 
cough might be opioid, serotonin (5-HT1A), nociceptin, or 
gamma amino butyric acid-B agonists and neurokinin (NK-1 
or NK-2) or N-methyl-D-aspartate (NMDA) antagonists.7a-c

Centrally active antitussives are classified as narcotic and 
non-narcotic drugs.108,109

Opioid Antitussives
Opioid (narcotic) antitussives depress the cough center sensi-
tivity to afferent stimuli. They can, however, be associated with 
strong sedative properties, as well as constipation, when admin-
istered chronically. Morphine, codeine, and hydrocodone are 
the narcotics most commonly used to control coughing. As class 
II drugs, each is subject to the Controlled Substances Act of 1970 
and can be used for cough suppression in both dogs and cats. 
Other opioids may have antitussive actions but are generally not 
used for that indication. Examples include diphenoxylate, a drug 
to which powerful antitussive actions have been ascribed.

Codeine
Codeine is the prototype narcotic antitussive and one of the 
most effective drugs available to suppress the cough reflex. 
Codeine phosphate and codeine sulfate can be used either alone 
or in combination with peripheral cough suppressants or decon-
gestants. Over-the-counter preparations are available for human 
use. Compared with morphine, codeine is equally effective as a 
cough suppressant but is less suppressing to other central centers 
and causes less constipation. Side effects of codeine include nau-
sea and constipation. Codeine is also addressed in Chapter 28.

Hydrocodone
Hydrocodone is a more potent antitussive than codeine but 
causes less respiratory depression. It is probably the most com-
monly used antitussive for dogs. Hydrocodone bitartrate is a 
hydrolysis product of dihydrothebaine.

Butorphanol
Butorphanol tartrate is probably more commonly used as an 
analgesic. Reclassified as a Schedule IV drug, it is now subject 
to the Narcotics Act. It is approved for use as an antitussive 
for dogs. As an antitussive, it is 100 times more potent than 
codeine and 4 times more potent than morphine.110 In dogs, 
after subcutaneous administration, butorphanol concentra-
tions peak at 1 hour. Mean half-life is 1.7 hours, with a duration 
of activity of 4 hours or more. Butorphanol is characterized 

by a wide safety margin. The LD50 in dogs after intramuscu-
lar administration is 20 mg/kg.111 Therapeutic concentrations 
cause minimal cardiac or respiratory depression. Side effects 
include sedation, which can be significant and desirable; nau-
sea; some diarrhea; and appetite suppression. The narcotic 
agonist/antagonist butorphanol tartrate is a potent antitussive 
when given orally or parenterally in dogs and cats.

Non-Narcotic Antitussives
Non-narcotic antitussives commonly used in veterinary medi-
cine include the narcotic agonist/antagonist butorphanol and 
dextromethorphan.

Dextromethorphan
Dextromethorphan hydrobromide (see Figure 20-9) is a 
semisynthetic derivative of opium. It is the d-isomer of the 
codeine analog of methorphan. Unlike its L-enantiomer, levo-
methorphan, it lacks narcotic, direct analgesic, or addictive 
properties. It is an acid receptor antagonist and as such is also 
discussed in Chapter 28. Antagonists of NMDA receptors are 
powerful antitussives in some species (including humans). 
Dextromethorphan’s metabolite dextrorphan also is active. 
Because sedation is unusual after its use, it is classified as non-
narcotic. Its antitussive mechanism is not certain; only the 
D-isomer has antitussive activity, which is similar to codeine 
in potency. Dextromethorphan interacts with sigma receptors 
(previously thought to be opioid receptors). Its onset of action is 
rapid, being fully effective within 30 minutes after oral admin-
istration. It is metabolized by CYP2D6, a drug-metabolizing 
enzyme found to be deficient in a significant proportion of the 
human population. Dextromethorphan is commonly found in 
over-the-counter cough preparations. It can be used safely in 
cats. In humans it can release histamine and therefore is not 
often recommended for atopic children. Its use with selective 
serotonin uptake inhibitors and monoamine oxidase inhibitors 
is discouraged. Studies in humans have shown that the combi-
nation of dextromethorphan with a bronchodilator is superior 
to dextromethorphan alone for the control of cough.112

Noscapine
Noscapine is a nonaddictive opium alkaloid (benzylisoquino-
line) that has antitussive effects similar to those of codeine.113 
Its use for small animals appears to be limited.

Neurokinin Receptor Antagonists
The role of NK-antagonists in control of cough is being eluci-
dated. Their appeal reflects, in part, the increasingly recognized 
role of tachykinins in mediating cough and hyper-reflexivity. 
A potential role of NK antagonists in control of asthma in 
humans was recognized in the 1990s, although their clini-
cal role has not been recognized.113a Their role for control of 
cough is supported by a number of reviews.113a,b Although the 
antiemetic maropitant (see Chapter 19) has not been studied 
for treatment of cough in dogs, its anecdotal use is supported 
by response to other NK-1 antagonists.113b Cough (mechani-
cal intrathoracic tracheal stimulation) was reduced by 52% in 
dogs receiving an experimental NK1 antagonist.

KEY POINT 20-9 Cough might be reduced peripher-
ally through therapies that increase airway caliber size. 
This includes bronchodilation or facilitating removal of 
 intraluminal debris.
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Peripheral Bronchodilators
Bronchodilators (previously discussed) are powerful periph-
eral antitussives because they relieve irritant receptor stimula-
tion induced by mechanical deformation of the bronchial wall 
during bronchoconstriction. Ephedrine peripherally induces 
bronchodilation, and as both a bronchodilator and decon-
gestant it is a common constituent of over-the-counter cough 
preparations. Theophylline and isoproterenol are also com-
mon ingredients found in some preparations. Other periph-
eral antitussives include mucokinetic agents and hydrating 
agents.108

Bronchodilators counteract irritant receptor stimulation 
induced by mechanical deformation of the bronchial wall dur-
ing bronchoconstriction. Increased fluidity of secretions and 
ciliary action may facilitate removal of accumulated materials, 
thus decreasing airway caliber size, airflow velocity, and turbu-
lence-induced receptor stimulation. As such, previously dis-
cussed bronchodilators can be effective peripheral antitussives. 
Several drugs classified as bronchodilators are found in over-
the-counter cough preparations for their antitussive-effective 
effects. Ephedrine is both an α and a β agonist; additionally, it 
causes the release of norepinephrine from sympathetic neu-
rons. It peripherally induces bronchodilation, and as both a 
bronchodilator and a decongestant, it is a common constituent 
of over-the-counter cough preparations. It is present in herbal 
agents as ma huang or ephedra. Ephedrine is a potent central 
nervous system and cardiac stimulant and can contribute to 
hypertension and dysuria as a result of its α-adrenergic effects. 
Theophylline and isoproterenol are also common ingredients 
found in some preparations. Other peripheral antitussives 
include mucokinetic agents and hydrating agents.108

MUCOKINETICS

Mucokinetic drugs facilitate the removal of secretions from 
the respiratory tree. They are indicated for conditions associ-
ated with viscous to inspissated pulmonary secretions such 
as are commonly associated with chronic bronchial diseases. 
Mucokinesis can be induced by drugs that improve ciliary 
activity (e.g., β-receptor agonists and methylxanthines) or by 
drugs that improve the mobility of bronchial secretions by 
changing viscosity. Viscosity of bronchial secretions can be 
decreased by hydration (e.g., sterile or bacteriostatic water 
or saline), increasing pH (e.g., sodium bicarbonate), increas-
ing ionic strength (sodium bicarbonate and saline), or by 
rupturing sulfur (S-S) linkages in the mucus (e.g., acetyl-
cysteine or iodine). Hydrating agents can be administered 
parenterally (i.e., isotonic crystalloids) or by aerosolization. 
Home aerosolization can be easily achieved with a humidi-
fier or steamed bathroom or with a commercially available 
aerosolizer. The efficacy of aerosolization in liquefying air-
way secretions is controversial,26 with the greatest benefit 
occurring in the upper airways. Bland aerosols such as water 
and saline can actually be detrimental to mucociliary func-
tion.26 The efficacy of ionic solutions or alkaline solutions 
compared with that of water on enhanced mucous mobility 
is controversial.26

Bromhexine
Bromhexine is a mucolytic that acts at the level of the mucus-
secreting gland, decreasing the formation of mucoid secre-
tions. On the basis of product information, in humans it is 
rapidly absorbed after oral absorption but undergoes exten-
sive first-pass metabolism, resulting in an oral bioavailability 
approximating 20%. It is highly bound to plasma proteins. Its 
distribution includes penetration of the blood–brain barrier. 
Metabolites are excreted in the urine mainly as metabolites, 
resulting in an elimination half-life of up to about 12 hours. 
Although characterized by low toxicity, the mucolytic effects 
will occur in other areas of the body. Accordingly, caution is 
recommended for use in patients with a history of gastrointes-
tinal ulceration. The impact in the patient with a urinary tract 
infection is not known. A Cochrane review114 that focused on 
the efficacy of mucolytics in human patients with bronchiecta-
sis found that bromhexine facilitated removal of mucus asso-
ciated with infection, but the number of clinical trials was too 
few to allow meta-analysis.

Acetylcysteine
Acetylcysteine (N-acetyl-L-cystein) (NAC) (see Figure 20-9) 
is the N-acetyl derivative of the naturally occurring amino 
acid L- cysteine. It is the mucolytic drug most widely used 
by humans.26,115 Although it appears to be efficacious after 
aerosolization, oral administration has become the preferred 
route.115 In Europe the drug is available in solid and pow-
der dosing forms. Unfortunately, only the solution, which is 
unpalatable and malodorous, is approved for use in the United 
States. The powder is available as a chemical reagent from sev-
eral chemical companies and application to food or as a cap-
sule might be considered.

Regardless of the route of administration, the mechanism 
of NAC reflects destruction of mucoprotein of the disulfide 
bonds by a free sulfhydryl group. The subsequent smaller 
molecules are less viscid and less able to efficiently bind to 
inflammatory debris. As a thiol compound, NAC is a radical 
scavenger, able to directly interact with oxidants such as hydro-
gen peroxide, hydroxyl radicals, and hypochlorous acid.21 In 
addition to these direct effects, as a cysteine, NAC appears to 
promotes cellular glutathione production, a critical intracel-
lular scavenger of radicals.116 Increased intracellular glutathi-
one appears to contribute to the control of inflammation.117 
A number of animal studies indicate efficacy of NAC in the 
prevention and therapy of lung injury associated with oxygen 
radicals.116,118 These effects may be additive with dexametha-
sone.119 However, although NAC has an antiinflammatory 
effect, it has an apparent dose-dependent, paradoxical effect 
on polymorphonuclear cells. Respiratory burst is suppressed 
but phagocytosis is increased in humans receiving increas-
ing doses of 6 to 18 g (60 to 180 mg/kg) of NAC by constant 
slow intravenous infusion.116 In contrast, at a low mucolytic 

KEY POINT 20-10 The beneficial effects of N-acetylcysteine, 
which include control of inflammation as well as mucokine-
sis, can be realized with oral as well as inhalant therapy.
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dose (300 mg or approximately 4.5 mg/kg three times daily 
in humans), respiratory burst is increased. The impact of high 
doses can be beneficial in the presence of inflammatory dis-
ease or syndromes associated with ischemia/reperfusion or 
endothelial cell activation but detrimental in the presence of 
infectious diseases; lower doses might be recommended in the 
presence of infectious disease dependent on leukocyte activity. 
Acetylcysteine appears to induce respiratory tract secretions, 
probably by way of a gastropulmonary reflex. Effects on bron-
chial secretions appear to be clinically relevant. Acetylcysteine 
improved gas exchange in a study of dogs with experimentally 
induced methacholine bronchoconstriction.120 The effects of 
NAC in human patients with COPD is not conclusive, with 
study results ranging from no effect to clinical effect.

In humans acetylcysteine is rapidly absorbed from the 
gastrointestinal tract and extensively distributed to the liver, 
kidneys, and lungs, where it may accumulate. It is rapidly 
metabolized by the liver to the natural amino acids cysteine 
and cystine.115,121

The indications for oral acetylcysteine therapy for humans 
include toxic inhalants (including tobacco smoke), bronchitis, 
COPD, cystic fibrosis, asthma, tuberculosis, pneumonia and 
emphysema, and ARDS.117 Installation of a 10% to 20% solu-
tion has also been used to clean and treat chronic sinusitis.115 
Physiotherapy will enhance the efficacy of acetylcysteine. For 
example, one study in humans with COPD (n = 523) could not 
establish a beneficial effect of NAC (4.5 mg/kg every 8 hours 
orally) for 3 years in prevention of deterioration of disease.122 
However, a potential beneficial effect was found in those 
patients not receiving inhaled steroids. In contrast, Suther-
land123 performed a meta-analysis from eight trials (random-
ized n = 2,214) and concluded that that NAC significantly 
reduced the odds of experiencing exacerbations, including in 
active smokers. This report also found a greater effect when 
persons using inhaled glucocorticoids were removed, suggest-
ing that inhaled steroids attenuate the effect of NAC. Accord-
ingly, the authors concluded that treatment with NAC may be 
beneficial in a subset of patients with COPD.

Acetylcysteine therapy is associated with few adverse 
affects. In humans doses as high as 500 mg/kg are well toler-
ated,121 although vomiting and anorexia can occur. Kao and 
coworkers124 retrospectively performed a meta-analysis to 
review the adverse events in humans receiving NAC intra-
venously for treatment of acetaminophen toxicity. Of the 
187 patients receiving the drug, seven adverse events were 
reported, six of which were cutaneous and rapidly responded 
to antihistamines. The authors concluded that the rate of 
adversities was low. The median LD50 in dogs after oral use is 
1 g/kg and parenterally 700 mg/kg. Because it is metabolized 
to sulfur-containing products, it should be used cautiously in 
animals suffering from liver disease characterized by hepatic 
encephalopathy. Aerosolization of NAC can cause reflex bron-
choconstriction as a result of irritant receptor stimulation and 
should be preceded with bronchodilators.

No scientific support appears to exist for the use of NAC 
in animals with lung disease. Historical successful use 
focuses in treatment of acetaminophen toxicosis. The author 

has used these high doses (144 mg/kg intravenously followed 
by 70 mg/kg 12 hours later) in life-threatening pulmonic 
conditions, including pneumonia. Other conditions to con-
sider include but are not necessarily limited to chronic bron-
chial diseases, chronic sinusitis, electrical-cord bites, and 
other respiratory syndromes associated with inflammation. 
Although NAC in the form of Mucomyst might be admin-
istered orally, an alternative method is procurement of a 
scientific-grade granule product (e.g., Spectrum Chemicals). 
Further, many health-food stores offer NAC in capsular form 
for reasonable prices, although the quality of the products 
may not be known.

EXPECTORANTS

Expectorants such as potassium iodide are common ingre-
dients in over-the-counter cough preparations. Expecto-
rants increase the fluidity of respiratory secretions through 
several mechanisms and are often used as adjuvants for the 
management of cough by facilitating removal of the inciting 
cause. Bronchial secretions are increased by vagal reflex after 
gastric mucosa irritation (iodide salts) and directly through 
sympathetic stimulation or by volatile oils that are partially 
eliminated by way of the respiratory tract. Although the com-
bination of expectorants with antitussives in over-the-counter 
cough preparations may seem irrational, the antitussive drugs 
in these combination products do not appear to prevent stim-
ulation of the cough reflex induced by liquefied secretions 
commonly included in over-the-counter cough preparations. 
Their mechanism of action is unknown, although they may be 
ineffective at the doses used in cough preparations.

Iodide Preparations
Potassium iodide is a saline expectorant capable of increas-
ing secretions by 150%. Ethylenediamine dihydriodide, used 
as a nutritional source of iodine in cattle, may be useful for 
the treatment of mild respiratory diseases. Iodide preparations 
should not be used in pregnant or hyperthyroid animals or 
in milk-producing animals. Demulcent expectorants such as 
syrup are often used as the vehicle for cough medicaments but 
have no apparent expectorant value. They may, however, be 
useful for treatment of cough caused by pharyngeal irritation.

Stimulant Expectorants
Stimulant expectorants are used more commonly for cough-
ing associated with chronic bronchial diseases. Guaiacol and 
its glyceryl ether guaifenesin (glyceryl guaiacolate) are wood 
tar derivatives. Neither the volume of viscosity nor respiratory 
secretions appear to change after treatment with guaifenesin, 
although airway particle clearance increases in bronchitic 
human patients.

Miscellaneous Expectorants
Among the chemicals that potentially contribute to COPD 
are DNA and actin.17 The ability of bovine pancreatic deoxy-
ribonuclease (DNase) to decrease the viscosity of lung secre-
tions led to its approval in the early 1960s. However, adverse 
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reactions (probably to contaminating enzymes) limited its use. 
Recombinant technology allowed the development of human 
DNase (rhDNase; dornase alfa) which is used in the treatment 
of cystic fibrosis. Expiratory volume increases and the inci-
dent of clinical exacerbations is reduced when used (2.5 mg 
by aerosolization) on an alternate-day basis.17 rhDNase has 
been used for management of both acute and chronic disease, 
although time to response is longer in patients with the most 
severe disease. The effects of DNase may decrease with long-
term therapy, and concerns have been raised that its effects 
may be merely cosmetic, masking clinical signs indicative of 
serious disease.17 The cost of rhDNase may preclude use in 
animals, particularly if clinical effects with long-term use are 
not definitive.

Aerosolized hypertonic (5.85%) saline (10 mL twice daily) 
also have demonstrated efficacy in human patients with cys-
tic fibrosis. Postulated mechanisms focus on osmotic draw 
of fluid into the airway lumen or cleavage of mucin bonds, 
either of which decreases mucus viscosity. Bronchodila-
tors should be administered before aerosolization to prevent 
bronchoconstriction.

DECONGESTANTS

The indications for decongestants include sinusitis of allergic 
or viral etiologies and reverse sneezing or other complications 
of postnasal drip. Information regarding the use of decon-
gestants in animals is largely based on extrapolation from 
human patients for which allergic rhinitis and the common 
cold are the more common indications. Often decongestants 
are administered as a single drug combined with expectorants.

The two major categories of drugs used as decongestants are 
the histamine (H1) receptor antagonists (e.g., dimenhydrinate, 
diphenhydramine, chlorpheniramine, and hydroxyzine, as 
well as newer second-generation drugs such as loratadine and 
cetirizine) and the sympathomimetic drugs (i.e., α-adrenergic 
agonists) (such as ephedrine [EDE], pseudoephedrine [PSE], 
and phenylephrine [PNE]).125-127 These drugs can be given 
topically to avoid the systemic effects associated with oral 
therapy.

Stimulation of α2-receptors concentrated on precapillary 
arterioles results in vascular smooth muscle vasoconstric-
tion. Blood flow to the nasal mucosal capillary bed is reduced; 
excess extracellular fluid associated with congestion and a 
“runny” nose is thus decreased. α-receptors are concentrated 
on the postcapillary venules; when stimulated, the venules act 
as capacitance vessels that reduce blood volume in the mucosa. 
Mucosal volume decreases, reducing congestion. Sympatho-
mimetic drugs mimic norepinephrine. Direct-acting agents 
stimulate one (PNE: α1) or both types of α-receptors, depend-
ing on drug chemistry. Indirect-acting agents (PSE) displace 
norepinephrine from nerve terminals and sometimes block 
its reuptake, effectively increasing its action on postjunctional 
α-receptors. Some drugs (e.g., PSE, EDE) are both direct and 
indirect in their actions. Prolonged use of agents that act 
indirectly (e.g., EDE) may deplete storage granules, and the 
animal may become refractory to its effects. Alternatively, 

downregulation of receptors (tachyphylaxis) may result in 
refractoriness.126,127

Topical agents containing sympathomimetic drugs (i.e., 
nasal sprays) act within minutes, with minimal side effects. 
In contrast, rebound hyperemia is common, particularly with 
extended use of the drugs. The mechanism of rebound hyper-
emia is not clear but may result from secondary β-adrenergic 
effects, as β-receptors upregulate or desensitize α-receptors. 
Regardless of the cause, repeated contraction of the vascula-
ture can result in ischemia and mucosal damage, perhaps as a 
result of loss of nutrition. Oral treatment of sympathomimetic 
drugs can be associated with a number of adverse reactions. 
Systemic vasoconstriction may cause hypertension; cardiac 
stimulation may result in tachycardia or reflex bradycardia. 
Stimulation of the central nervous system may also prove 
problematic, particularly with lipid-soluble agonists such as 
ephedrine. Stimulation of urinary sphincter α-receptors may 
result in urinary retention. Mydriasis may decrease aqueous 
humor exit and can prove detrimental in patients with glau-
coma. Because of their effects on endocrine and other organs 
associated with metabolic function, these drugs should not 
be used in patients with metabolic disorders, including thy-
roid disease and diabetes mellitus. The relationship between 
plasma drug concentration and nasal decongestant efficacy 
with the α-agonists appears to be minimal, suggesting that 
topical therapy is as efficacious. In addition, oral administra-
tion of some drugs (e.g., PNE) is limited by first-pass metabo-
lism, which prevents therapeutic concentrations of the drug 
from being reached. Thus topical therapy may be the preferred 
route for sympathomimetic drugs. Note, however, that in the 
United States PSE is an “old drug” and as such is exempt from 
Food and Drug Administration regulation, which includes 
various topical formulations. However, issues regarding sub-
stance abuse have led to a Schedule III status for PSE (along 
with EDE and phenylpropanolamine) with the Drug Enforce-
ment Agency.

Antihistamines are effective for the treatment of aller-
gic rhinitis in human patients. In this scenario, they relieve 
and prevent itching and rhinorrhea but not nasal congestion. 
Thus antihistamines are frequently combined with sympatho-
mimetic drugs. The efficacy of these drugs for the treatment 
of symptoms related to the common cold (and, presumably, 
unknown microbial causes in animals) has not been proved. 
Sedation is the most common side effect of the first-generation 
antihistamines (diphenhydramine). Newer antihistamines 
(e.g., chlorpheniramine) are associated with minimal seda-
tion. In contrast to other causes of rhinitis, topical deconges-
tants may be more of a risk for patients with allergic rhinitis 
because of the risk of drug reaction (rhinitis medicamentosa). 
This side effect does not occur with topical therapy. Because 
the antihistamines are safer than the sympathomimetic drugs 
after oral administration, this may be the preferred route for 
antihistamines.125

Formulations of topical preparations can influence drug 
efficacy. Controlled-release polymers can decrease the rate of 
drug dissolution (and thus its ability to reach cellular targets). 
Although these differences may not be clinically relevant, it is 
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important to realize that bioequivalency of the topical decon-
gestant products containing older drugs may vary. The major 
disadvantage of topical agents is their short duration of action.

Respiratory Stimulants
Caffeine, as previously noted, is a respiratory stimulant often 
used to treat premature infants. It appears not to affect dogs 
and cats in that capacity. Doxapram (see Figure 20-9) is a 
respiratory stimulant that acts indirectly by stimulating che-
moreceptors of the carotid arteries, which in turn stimulates 
the respiratory center. It may be helpful in counteracting the 
depressant effects of opioids or other drugs. In humans high 
doses may be associated with hypertension and tachycardia. 
The effect of doxapram (2.2 mg/kg intravenously) on laryngeal 
function was studied in healthy dogs (n = 30) preanesthetized 
with butorphanol and acepromazine followed by propofol  
(4 mg/kg intravenously) induction. Improved respiratory 
effort and laryngeal motion led the authors to suggest routine 
use of doxapram during laryngoscopy.128

AEROSOLIZATION AS A ROUTE OF DRUG 
ADMINISTRATION

Aerosolization of drugs (inhalation therapy) is characterized 
by several advantages. Higher drug concentrations in target 
tissues leads to lower doses, thus enhancing efficacy while 
minimizing toxicity (e.g., anticholinergics, glucocorticoids, 
and beta-adrenergics). Additionally, response to therapy may 
be more rapid than that to systemic therapy. Hepatic first-pass 
metabolism after oral administration is circumvented, which 
serves to prolong the pharmacologic effect of selected drugs 
(e.g., β-adrenergic agonists and beclomethasone). In human 
medicine, with the development of more effective inhalant 
devices, asthma is predominantly treated with inhalant medi-
cations. The primary indications for aerosolization in small 
animals also has been direct delivery of drugs to the respira-
tory tract and to facilitate liquefaction and mobilization of 
respiratory secretions. However, the use of human inhalant 
devices designed to treat asthma is generally accepted for cats, 
although use in dogs is less common.

The success of patient response to aerosolized drugs is 
more likely to reflect adequate drug delivery rather than drug 
efficacy. Three factors determine the amount of drug reach-
ing the airways: anatomy, ventilation, and aerosol character-
istics.129 The anatomy of the respiratory tract is designed to 
filter inhaled particles. Indeed, up to 90% of particles pro-
duced by pMDI are removed before they reach the airways 
in humans.129 The more tortuous the airways traversed by 
an aerosol, the smaller the percentage delivered. Canine and 
feline anatomy is likely to contribute substantially to deposi-
tion in the oral pharynx and upper airways.

Variations in tidal volume; airflow rates; and respiratory 
rate, depth, and pattern also will affect the amount of drug 
delivery. In humans breath holding is particularly important to 
drug delivery.129 With progression of chronic disease, or with 
moderate to severe acute disease, aerosol therapy may become 
less effective as the respiratory pattern becomes shallow and 

rapid. For stressed animals, tachypnea will further decrease 
depth of aerosol penetration decreases, with more drugs 
deposited in upper airways. The utility of aerosolization may 
be further limited because of stimulation of irritant receptors 
and reflex bronchoconstriction.26,130 Resistance by the animal 
to aerosolization may further exacerbate respiratory distress 
and thus affect the site of particle deposition.

Among the characteristics of the aerosol that will influ-
ence airway deposition are diameter, shape, electrical charge 
(for particles less than 1 μm in size), density, mass, hygro-
scopicity, and preparation type (i.e., solution versus suspen-
sion).2,113,129,131,132 The optimum particle size for particle (and 
drug) deposition in the trachea is 2 to 10 μm and in periph-
eral airways, 0.5 to 5.0 μm. Differences in methods, devices, 
diseases, and drugs have generated a number of contradictory 
reports regarding the best particle size for aerosolized drug 
delivery in diseased humans. Most studies suggest penetration 
of small airways is best accomplished with particles 1.5 μm or 
less in size, although others have found maximum improve-
ment in lung function with an aerosol of 3 μm particles.129,131 
Jet and ultrasonic nebulizers (described later) tend to gener-
ate heterogenous particles of that range from 1.2 to 6.9 and 
3.7 to 10.5 μm in size, respectively. Spinning disk nebulizers 
produce particles that range from 1.3 to 30 μm. For inhal-
ant devices, particle size generated for MDIs varies from 1 to  
35 μm, but particle size is dependent on (inspiratory) flow for 
dried- powder inhaler (DPI) devices.129

Aerosol deposition also will be affected by the technique of 
delivery (i.e., mask versus endotracheal tube and nose versus 
mouth). Larger particles generated by aerosol devices will be 
impacted on masks, pharynx, and in upper airways (or endo-
tracheal tubes). Indeed, oral absorption of particles is sufficient 
that side effects to inhaled glucocorticoids in humans tend to 
reflect systemic response to the drugs. In animals grooming 
may increase the risk of systemic side effects to drugs deposited 
on the face during mask administration. One method whereby 
drug delivery is enhanced, thus increasing efficacy and safety, 
is the device used for drug delivery. Modern aerosol therapy is 
administered through one of three devices: nebulizers, MDIs, 
and DPIs.131,133,134

Two basic types of nebulizers have been developed: jet and 
ultrasonic.131,133 The ultrasonic nebulizer is based on a high 
frequency (1-3 MHz) vibrating piezoelectric crystal that gener-
ates a fountain of liquid in the chamber. Droplet size decreases 
as vibration frequency increases. Jet nebulizers are based on 
the Bernoulli principle. Compressed gas (air or oxygen) is 
forced through a narrow orifice, creating a low-pressure area 
at the outlet of the adjacent liquid feed tube. Drug in solution 
is drawn from a fluid reservoir and shattered into droplets by 
the gas stream. Breath-enhanced jet nebulizers have an added 
valve system that directs inspired air to the well during inspi-
ration. This second source of air optimizes the number and 
size of particles. Still, the amount of drug delivered by nebuliz-
ers to airways (in humans) can be as little as 10%. In humans 
adapters have been added that time drug release with the ini-
tial inspiratory effort, increasing the amount of drug delivery 
to airways to up to 69%; such adapters are not likely to be 
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helpful in animals. Other factors particularly affecting nebu-
lized drug delivery include solution viscosity, ionic strength, 
osmolarity, pH, and surface tension. Acidic and nonisotonic 
solutions increase the risk of bronchoconstriction, coughing, 
and irritation of the lung mucosa. High drug concentrations 
may also decrease the drug output; foaming is a particular 
problem with ultrasonic units.

A number of companies offer reasonably priced ($70 to 
$250 or above) portable compressor-based nebulizing units. 
Compressors that accompany the nebulizers can generate air 
at pressures (20 to 40 psi) and airflow velocities (7 to 10 mL) 
comparable to oxygen-based flow meters (e.g., Omron Health-
care Inc, www.omronhealthcare.com). Aerosol units are small 
enough to be placed in an aquarium of appropriate size or, for 
large dogs, can be adapted to a mask. For tracheostomized 
patients, infant or adult tracheostomy masks that deliver 
aerosol directly into the tracheostomy are available. Although 
aerosol units are generally reusable, attention must be made to 
keep units sterile; great care must be taken to ensure that neb-
ulizers remain free of microorganisms between uses. Adher-
ence to cleansing procedures after each use of nebulizing 
equipment should be strict. Cold sterilization agents should be 
effective against Pseudomonas spp. Manufacturers of reusable 
equipment recommend washing it in warm soapy water, rins-
ing it well, and soaking it (including the tubing) for 30 minutes 
in a solution of 1 part vinegar and 3 parts water. Disposable 
equipment should be replaced frequently; replacement after 
use in patients with infection is particularly encouraged.

The MDI has been described as a revolutionary change 
for aerosol therapy in humans; it is the most commonly used 
device. 88,133,134 The aerosol of an MDI is driven by a propel-
lant. The more common older chlorofluorocarbons (CFCs) 
are being replaced by hydrofluoroalkanes (HFAs), which con-
tain no chlorine and thus do not affect the ozone layer. The 
HFA-propelled MDIs also lack the “cold Freon” effect that 
causes human patients to fail to inspire completely. The drug 
in an MDI is emitted at a high velocity (>30 m/s) through a 
nozzle. However, as with nebulizers, only a small percentage 
of drug (10% to 20%) reaches peripheral airways, with most 
(in humans) being deposited in the oropharnyx. Surfactants 
enhance particle stability in the presence of CFC propellants; 
ethanol is similarly used for HFA propellants. For HFAs drugs 
are delivered as a solution rather than as a micronized sus-
pension. As such, particles released by the device valve are 
much smaller; referred to as extra fine, the average size is 1.1 
μm, compared with 3.5 to 4.0 μm in size for the CFC. The 
smaller size enhances deeper airway penetration.40 Indeed, 
the pattern of particle deposition with HFA propellants (60% 
deposited in small airways rather than the oropharynx) is 
reversed compared with that for CFC propellants.134 Spacer 
tubes, valved holding chambers, and mouthpiece extensions 
have been added to minimize the need for hand–breath–
inhalation coordination, thus improving delivery. Spacers 
and holding chambers yield an aerosol that is more uniform 
in lung distribution and characterized by deeper penetration 
in peripheral airways. Breath-activated MDIs also have been 
developed, which, as with nebulizers, minimize the need for 

hand–breath–inhalation coordination. Despite these innova-
tions, studies using radiolabeled aerosols in normal humans 
have documented that less than 20% (usually only 10%) of 
drug reaches the airways, even if the respiratory pattern is 
optimal.40,134 The DPI was designed to eliminate the need for 
hand–inhalant coordination necessary for the MDI. Drug 
aerosol of DPI is generated by air forced through powder. 
Particles are aggregated and too large for effective delivery. 
However, dispersal into smaller particles is accomplished by 
turbulent airflow. In contrast to MDIs, DPIs do not require 
spacers. A number of types of DPIs are available, ranging from 
single-dose devices loaded by the (human) patient to multi-
unit dose devices in a blister pack, blister strip, or reservoir. 
However, a major disadvantage of DPIs in veterinary medi-
cine is the dependency of particle size on inspiratory effort. 
Each DPI is characterized by a different airflow resistance; 
finer particles require more resistance to air flow, which, in 
turn, requires greater inspiratory effort. Consequently, DPI 
application may be limited in animals. The use of nebulizers 
or inhalant devices in small animal patients is largely based on 
anecdotal reports. One study demonstrated that a radiophar-
maceutical will be distributed to peripheral airways in cats 
using a simple face mask.135 To maximize the site of particle 
deposition, animals to be aerosolized should be pretreated 
with a β-adrenergic or methylxanthine bronchodilator 10 
minutes before aerosolization, or (potentially less preferable) 
a bronchodilator should be included in the aerosolized medi-
cament (e.g., 100 mg aminophylline). Care should be taken 
not to overhydrate and flood the respiratory tract. Treatments 
of approximately 30 to 45 minutes should be repeated every 
4 to 12 hours. In humans aerosolization is a well-established 
route of administration for bronchodilators and antiinflam-
matories26,136 (Box 20-1) and is recommended for dogs for 
selected infectious tracheobronchitis.137 In veterinary patients 
aerosolization is more commonly used for administration of 
antimicrobials and mucolytics. Indications include asthma, 
chronic bronchial disease, and infections of both lower and 
upper airways. The dose of drug to be nebulized is generally 
not scientifically derived. A general approach would be dilu-
tion of the calculated systemic dose in a sufficient volume of 
saline necessary for a 30-minute aerosol. Drugs prepared by 
the manufacturer in irritating solutions (e.g., NAC) should be 
diluted. The choice of antibiotic to be aerosolized should be 
based on efficacy against the targeted organism. Because the 
amount of drug that reaches the site can not easily be quan-
titated and minimum inhibitory concentrations based on 
aerosolized drug have yet to be defined, the use of culture data 
based on the minimum inhibitory concentration (a plasma-
based target) is a reasonable approach.

Adaptations to inhalant devices for animals range from 
modifications in inhalant masks39 with a one-way valve that 
limits drug movement to inhalation to simple administra-
tion through an empty toilet paper roll “spacer” that facili-
tates adequate exposure during inspiration. Cats breathe six 
to seven times after the medication is dispensed from the 
inhaler. Despite innovations designed to enhance small air-
way penetration with inhalant devices, the smallest airways 
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are likely to remain untreated. Additionally, aerosol therapy is 
limited to the epithelial surface of the airways. Finally, compli-
ance in humans with inhaled therapy is poorer than with sys-
temic therapy.40 As such, the use of inhalant devices should be 
accompanied by frequent thorough monitoring. Inhalant anti-
microbial therapy should not replace systemic therapy. The 
factors decreasing small airway drug delivery in animals are 
likely to be greater than in humans. As such, scientific support 
is paramount to guide the appropriateness of and indications 
for inhalant bronchodilator and antiinflammatory therapy as 
a replacement for systemic therapy.

DRUG THERAPY OF SPECIFIC DISEASES 
OF THE RESPIRATORY TRACT

Treatements of infectious diseases of the respiratory tract 
are discussed in Chapter 9; diseases associated with chronic 
inflammation are also addressed in Chapter 19.

Therapy of Fungal Infections of the Nose
Nasal aspergillosis in dogs is difficult to treat and gener-
ally most successful if medical management is accompanied 
by surgical débridement. Topical therapy includes flush-
ing the nasal mucosa with povidone–iodine solutions (10%) 
every 8 hours for 6 to 8 weeks after surgery; a 10% solution 
of clotrimazole in polyethylene glycol, instilled in nasal tubes 
and administered twice daily or in direct contact for 1 hour 
during surgical exploration; or enilconazole (10%) at 5 mg/
kg instilled into nasal tubes twice daily for 7 to 14 days. Topi-
cal therapy should be accompanied by systemic therapy with 
itraconazole. Treatment of fungal infections is discussed in 
greater depth in Chapter 11.

Therapy of Disorders of the Trachea
Tracheitis
Resolution of underlying causes is important to successful 
control of the inflamed trachea. Noninfectious causes (e.g., 
exposure to smoke, cough) are more common than infectious 
causes. In addition to resolution of the underlying cause, drug 
therapy should be implemented to control symptoms. Cough 
can be controlled with peripheral or central antitussives or 
a combination thereof. Over-the-counter preparations that 
contain expectorants can prove helpful. Humidifying secre-
tions (liquefaction of mucoid material) becomes increasingly 
important with chronic tracheitis and may include nebu-
lization four to six times a day or exposure in a steam-filled 
bathroom for 15 to 20 minutes three times daily. Physical 
therapy (coupage) should be implemented after liquefaction 
of secretions. Short-term therapy with short-acting glucocor-
ticoids may help break the cough cycle, although care must be 
taken that glucocorticoids do not exacerbate the underlying 
condition.

Antibiotics are indicated for infectious tracheitis/tra-
cheobronchitis. Infectious tracheobronchitis in dogs (kennel 
cough) is a complex syndrome caused by multiple organisms, 
including viruses, bacteria, and mycoplasma. This syndrome is 
discussed with bronchial diseases.

Structural Disorders of the Trachea
Pharmacologic management of structural disorders of the tra-
chea focuses on supportive therapy.

Hypoplastic trachea. Slight or moderate tracheal hypoplasia 
may respond to bronchodilator therapy. Recurrent infections 
(bacterial) should be anticipated because of a poorly func-
tioning mucociliary tract. Although prophylactic antibiotic 
therapy is discouraged to avoid emergence of resistance, 
 antibiotic therapy during active infection should be antici-
pated. Culture and susceptibility data may be particularly 
important for these patients because recurrent infections are 
more likely to occur in them than in animals with a normal 
trachea. Drugs that facilitate mucociliary clearance should be 
considered on a daily basis; these might include mucokinetic 
drugs. More serious episodes of respiratory compromise 
might benefit from NAC therapy administered by any route. 
The use of bronchodilators should be considered; although 

Drugs Administered by Aerosolization*
Bronchodilators
Isoproterenol
Isoetharine
Albuterol
Atropine†
Glycopyrrolate†

Glucocorticoids
Beclomethasone
Triamcinolone

Mucokinetics
Water
Saline
Bicarbonate
N-acetylcysteine‡

Antimicrobials
Ceftriaxone (40 mg/mL in water or dimethylsulfoxide)
Chloramphenicol (13 mg/mL)
Enrofloxacin (10 mg/mL)
Gentamicin, amikacin (5 mg/mL)
Kanamycin
Polymyxin B (66,600 IU/mL)
Amphotericin B‡ (7 mg/mL in 5% dextrose)
Nystatin‡
Clotrimazole (10 mg/mL in polyethylene glycol)
Enilconazole (10 mg/mL in water)

Other
Alcohol‡ 

Box 20-1

*In general, solutions can be made with injectable products (1 part) mixed with saline (9 
parts). The concentration of specific drugs is noted in parentheses. The diluent for these 
drugs is saline, unless noted otherwise. Tris-EDTA might be used as a diluent when 
infections caused by Pseudomonas aeruginosa or other problematic gram-negative 
infections are being treated.
†In combination with other bronchodilators.
‡Drug-induced bronchoconstriction may be severe.
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the tracheal diameter may not be affected, the effects of these 
drugs on peripheral airways can be beneficial. Supportive 
actions should also include weight control, avoidance of 
smoke and other environmental contaminants, and avoid-
ance of actions or drugs that can compromise the immune 
response.

Tracheal collapse. Tracheal collapse as a cause of respiratory 
distress can progress to a life-threatening situation. Early ther-
apy may help decrease or slow the progression of the syndrome 
in some animals, simply by decreasing damage to the trachea 
as a result of paroxysmal coughing. Tracheal rings in afflicted 
animals lose their ability to remain firm, leading to collapse. 
The characteristic “goose honk” cough is dry and chronic. 
Most commonly afflicting smaller breeds, tracheal collapse is 
often associated with chronic valvular (cardiac) disease, and 
it is important to differentiate between the two. Diagnosis 
requires proper radiographic examination and motion studies 
with either a fluoroscope or a bronchoscope.

Drug therapy targets control of the cough with bron-
chodilators and centrally acting antitussives. Severe coughs 
may require narcotic antitussives associated with seda-
tion (a desirable characteristic in some patients) until the 
cough is controlled. Mucokinetic drugs may also be help-
ful. Short-term glucocorticoid therapy may be important 
to minimize the inflammatory response to damage induced 
by paroxysmal coughing. Nebulization may be helpful, but 
pretreatment with bronchodilators is probably important. 
The use of bronchodilators should be considered for their 
effects on peripheral airways. Digitalization reportedly has 
been beneficial in some patients that do not respond to other 
therapies.138

Proteoglycan content and size of tracheal cartilage matrix 
changes that accompany age have been demonstrated in a 
number of species, including humans.139,140 Hamaide and 
coworkers140 suggested that age-related changes may lead to 
compliance changes that accompany tracheal ring collapse.
Trachea collapse appears to reflect loss of rigidity associated 
with decreased glucosamine glycan chondroitin sulfate. A 
number of old studies have demonstrated uptake of labeled 
glucosamine by cartilage rings under in vitro conditions, 
suggesting cartilage turnover may be sufficiently rapid that 
supplementation may be beneficial. Accordingly, supple-
mentation in the form of injectable and oral products as is 
recommended for osteoarthritis is a reasonable approach for 
preventing or supporting other therapies for tracheal collapse. 
The role of glutamine and chondroitin sulfates in supporting 
damaged or healing cartilage in osteoarthritis is addressed 
in Chapter 29. Response, if it is to occur, will be prolonged 
in onset, depending on the rate of tracheal proteoglycan 
turnover.

Bronchial Diseases
Diagnosis of bronchial diseases should be based on physi-
cal examination, thoracic radiography, tracheal or bronchial 
wash, and bronchoscopy. Examination for structural defects, 
cytologic studies, and microbial cultures are among the diag-
nostic tools of use for bronchial diseases.

Canine Infectious Tracheobronchitis
Bordetella bronchiseptica is the bacterial organism most com-
monly associated with kennel cough. Viral organisms include 
canine parainfluenza, canine herpes, and canine distemper 
viruses. The clinical syndrome is characterized by a dry, hack-
ing, paroxysmal cough in an otherwise healthy animal. Clini-
cal signs of this highly contagious syndrome generally appear 
3 to 5 days after exposure. Tracheal cytology should reveal 
neutrophils and bacteria. Therapy of uncomplicated cases is 
supportive. Antitussives, in relative order of efficacy (least to 
most), include dextromethorphan (antitussives), butorphanol, 
and hydrocodone. Hydrocodone may be associated with seda-
tion, which may be beneficial in cases of paroxysmal cough-
ing. Antimicrobial therapy in uncomplicated cases (lasting  
7 to 10 days) is discouraged; indeed, most antimicrobials used 
empirically (e.g., amoxicillin) generally do not penetrate bron-
chial secretions in sufficient quantities to be effective.

In contrast, antibiotic therapy (in addition to other sup-
portive therapy) is indicated for complicated infections or 
for dogs whose coughing persists after 2 weeks and for which 
evidence exists of secondary bacterial infection. Other indica-
tors of complications include any evidence of infection occur-
ring lower than the upper bronchi or systemic signs of illness. 
Because of the complicated nature, and particularly if the 
patient has received previous antimicrobials, selection of the 
appropriate antibiotic should be based on a properly collected 
culture at the site of infection (not a pharyngeal or laryngeal 
swab). Selection of an antimicrobial empirically is compli-
cated by the possibility of mycoplasma as a causative agent. 
Selection of antimicrobials for treatment of respiratory tract 
infections is discussed in Chapter 8.

Therapies intended to support mucociliary function should 
be continued. Because coughing associated with kennel cough 
can be paroxysmal, a single treatment with a short-acting glu-
cocorticoid might be considered to ameliorate some of the 
effects of inflammation. In the immunocompromised animal, 
however, this may lead to spread of infection.

Feline Bronchial Diseases
Feline bronchial diseases include feline bronchial asthma as 
well as acute and chronic bronchitis and emphysema. It is 
characterized by damage or hypertrophy (or both) of the air-
way epithelium; increased production of airway secretions; 
and spasms of bronchial smooth muscle, which itself may 
become hypertrophied.39 Causes of feline bronchial diseases 
have not been found, but a type I hypersensitivity reaction has 
been suspected as a cause of asthma. Initial contact between 
the allergen and bronchial mucosa may lead to the release of 
histamine and other mediators that allow penetration of the 
allergen into the submucosa. The resultant inflammatory 
response to the allergen leads to the characteristic disease. The 
source of inflammatory mediators includes essentially any 
cell of the respiratory tract, white blood cells, and platelets. 
Smooth muscle hypertrophy and increased mucus and inflam-
matory cell infiltrate (particularly eosinophils) characterize 
asthma and its clinical signs. Acute bronchitis is generally 
reversible and short in duration but can be life-threatening. 
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Should airway inflammation persist, bronchitis may become 
chronic. Inflammation lasting 2 to 3 months can lead to depo-
sition of fibrous tissue; these lesions tend to be irreversible. 
Emphysema can occur as a result of chronic bronchitis and 
is characterized by enlarged airspaces with destruction of 
bronchiolar and alveolar walls and airway collapse. Cough is 
the most consistent clinical sign of bronchial disease in cats. 
Respiratory distress may be absent or episodic, particularly in 
the presence of bronchial asthma.

Diagnosis should be based on thoracic radiographs, a com-
plete blood count (which may reveal eosinophilia), tracheal or 
bronchial wash (particularly if bacterial or parasitic causes are 
suspected), and fecal examination (for parasitic causes). Cul-
tures of Mycoplasma species should be performed whenever 
possible, particularly in nonresponders. Treatment should 
include environmental management. In particular, exposure 
to smoke (e.g., cigarette, fireplace) should be avoided; other 
potential environmental allergens include litter dust, per-
fumes, household cleaning products, deodorants, and insula-
tion products. Asthma in cats has been classified according to 
the severity (mild, moderate, and severe) of clinical signs in 
order to facilitate the need for treatment.39 However, clinicians 
are urged not to become too complacent in their approach to 
the disease and to ensure that seemingly mild disease does not 
progress to a more severe state in the absence of therapy. The 
primary focus of therapy is control of inflammation. Control 
of inflammation in peripheral airways may be paramount to 
successful therapy.

Management of Acute Asthma
Acute respiratory distress resulting from bronchial disease 
should be handled as a medical emergency. Administration of 
drugs should be accompanied by oxygen therapy and rest. The 
hydration status of the patient should be assessed at presenta-
tion and corrected if indicated. Overzealous fluid therapy can 
prove detrimental, however, and should be avoided. Therapy 
should include bronchodilators, glucocorticoids (for their per-
missive effect on β-2 adrenergic receptors) and as necessary, 
anticholinergics.

Glucocorticoid therapy should be initiated in conjunc-
tion with bronchodilators in cats with status asthmaticus. 
The permissive effects of glucocorticoids are likely to improve 
response to bronchodilator therapy. Rapidly acting drugs such 
as prednisone sodium succinate should be administered at 
presentation and again at 4 to 6 hours.6,30 Prednisolone is pre-
ferred to prednisone; the latter should not be given orally (see 
Chapter 30). Alternatively, dexamethasone or dexamethasone 
phosphate may be administered because of its antiinflamma-
tory potency. Oral bronchodilator and glucocorticoid therapy 
can begin when the patient is stabilized.

Among the bronchodilators, β2-adrenergic agonists are 
preferred (although doses have not been well established for 
animals), but nonselective agonists can be equally effective in 
critical cases. Parenteral rather than oral administration will 
ensure the most rapid onset of action, although use of a short-
acting inhalant beta-adrenergic also might be considered (see 
the discussion of inhalant devices). Note that epinephrine has 

marked β1 (and α) effects and in the presence of hypoxemia 
can cause fatal cardiac arrhythmias. Aerosolization should not 
replace, but can be used in concert with, parenteral admin-
istration if the stress of aerosolization is not dangerous to 
severely dyspneic animals. Subcutaneous epinephrine can 
be administered at presentation and, if the patient responds, 
repeated every 30 minutes for several doses.30 Terbutaline can 
also be administered subcutaneously either instead of epi-
nephrine or for animals that fail to respond to epinephrine. 
Aminophylline can be infused intravenously (2 to 5 mg/kg 
in 5% dextrose or saline) in animals that fail to respond to 
β-agonists.30 The addition of atropine or glycopyrrolate may 
facilitate bronchodilation. Exacerbation of hypoxia is a com-
plication of bronchodilator therapy, particularly with theoph-
ylline, due to drug-induced pulmonary vasodilation, and the 
potential for ventilation-perfusion mismatching necessitates 
administration of humidified oxygen. The use of an anticho-
linergic (atropine preferred) also should be considered after 
therapy with beta-adrenergics and glucocorticoids.

Reinero and coworkers141 addressed the impact of fluni-
solide (inhaled glucocorticoid), prednisone, zafirlukast, and 
cyproheptadine along with placebo on inflammatory media-
tors in an experimental model of feline asthma (n = 6) using 
a randomized crossover design. The only significant changes 
detected were a decrease in the percentage of eosinophils in 
bronchoalveolar lavage fluid for both prednisone and flu-
nisolide compared with control and the content of allergen- 
(Bermuda grass) specific IGE in serum in cats receiving oral 
glucocorticoids. The power of the study to detect significant 
differences and the use of prednisone were limitations of the 
study.

Long-term management of feline asthma. Response to 
glucocorticoids in the acute management of respiratory dis-
tress in cats may indicate a favorable response to long-term 
 management. Glucocorticoids are the preferred drug, par-
ticularly in cats with moderate to severe disease, for control 
of inflammation. Prednisolone is the most commonly pre-
ferred maintenance drug, although triamcinolone is accept-
able, prednisone is discouraged. Initially, doses should be as 
high as 2 to 3 mg/kg divided two to three times a day. A 2- to 
3-week trial may be indicated to establish efficacy and need. 
Maintenance doses are likely to markedly vary among animals 
and should be slowly tapered to a minimum effective dose 1 
to 2 weeks after therapy is started. Doses as little as 1.25 mg/
cat every 72 hours may be sufficient in some animals. Glu-
cocorticoid therapy should be maintained for a minimum of 
2 months; complete cessation of therapy may not be possible 
in selected cases. Therapy should be continued for several 
weeks after cessation of signs to resolve residual and clini-
cally inapparent small airway disease. Tracheal cytology may 
be helpful in identifying the continued need for antiinflam-
matory therapy both before and after therapy is discontinued. 
Repositol forms of glucocorticoids might be avoided because 
of the risk of exacerbation of disease.30A study in humans 
found the repositol form of methylprednisolone just as effec-
tive as a tapering regimen of oral glucocorticoids upon hos-
pital discharge that followed acute management of asthma; 
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however, the intent of the therapy was to slowly withdraw the 
drug with no continued therapy. Because remission of clinical 
signs appears to be more difficult in animals that have received 
these drugs, if therapy is anticipated to continue beyond the 
duration anticipated for reposital therapy, daily dosing should 
continue or care should be taken to avoid relapse. For animals 
for which daily glucocorticoids cannot be given consistently 
doses of 2 to 4 mg/kg can be given every 10 to 30 days to con-
trol clinical signs. In cases of exacerbation in patients receiv-
ing glucocorticoids, intermittent high doses of intravenously 
administered or aerosolized glucocorticoids, and particularly 
beclomethasone dipropionate, in conjunction with oral main-
tenance glucocorticoids can be used to treat animals whose 
disease worsens.30 Alternatively, megestrol acetate has been 
recommended instead of intermittent high doses of glucocor-
ticoids in cats with refractory bronchial asthma.30

Addition of bronchodilator therapy should be considered 
for animals that do not respond sufficiently to glucocorticoid 
therapy. Intermittent use may help during periods of exacer-
bation of disease, although long-term therapy may be nec-
essary for some animals. Bronchodilators may decrease the 
amount of glucocorticoids necessary to control clinical signs. 
Oral theophylline is the bronchodilator most commonly used 
for long-term bronchodilator therapy in dogs and cats,6,30 
although terbutaline can be used as an alternative, particularly 
in animals refractory to theophylline. Alternating between 
theophylline and β-agonists may prevent the incidence of 
refractoriness owing to downregulation of β-receptors. Alter-
natively, the combination of the two should be considered, 
particularly in nonresponders; an additive response might be 
expected.142 Monitoring serum theophylline concentrations 
is encouraged, particularly in animals that do not respond 
sufficiently or in animals receiving long-acting theophylline 
products. Theophylline, particularly long-acting products, 
might be given to cats in the evening to maximize therapeutic 
efficacy.

The use of cyclosporine, cyproheptadine, and LRAs as 
antiinflammatories should be considered in cats that have 
not sufficiently responded to or cannot tolerate glucocorti-
coid or bronchodilator therapy. The treatment of asthma as 
a chronic inflammatory disease is also addressed in Chapter 
31. Cats suffering from A. suum–induced airway reactivity 
had decreased reactivity and remodeling after receiving CsA; 
differences were noted with 24 hours of therapy.141b Schooley 
and coworkers143 examined the effect of cyproheptadine (8 mg 
orally twice daily) or cetirizine (5 mg orally twice daily) in cats 
(n = 9) with experimentally induced asthma (Bermuda grass 
allergen) using a randomized crossover design. Although 
no significant differences were detected, the percentage of 
eosinophils in bronchoalveolar lavage fluid was less in the cats 
treated with cyproheptadine (27 ± 16%) and cetirizine (31 ± 
20%) compared with those in the placebo group (40 ± 22%).

The role of inhalant devices in treatment of feline asthma. 
Despite the paucity of well-designed, controlled clinical trials, 
the use of MDIs for the control of feline asthma is now a gen-
erally accepted method of administering glucocorticoids or 
bronchodilators to asthmatic cats.39 Studies are emerging. For 

example, response to orally administered prednisone, inhaled 
flunisolide, zafirlukast, or cyproheptadine was studied using a 
controlled crossover design in cats (n = 6) with experimentally 
induced (Bermuda grass allergen) asthma.141 Significant find-
ings were limited to decreased eosinophils in bronchoalveolar 
lavage fluid for both glucocorticoid groups. On the basis of 
this study, response to inhaled glucocorticoids might be antic-
ipated in the cat with spontaneous asthma, but the authors’ 
conclusions that inhaled glucocorticoids might serve as an 
alternative to oral glucocorticoids should be applied to long-
term management only with caution.

Drug delivery in cats using inhalant devices is anecdotally 
described.39 Care must be taken to coordinate breath intake 
with drug administration, which is facilitated by the pres-
ence of spacer. In animals with mild disease, use of inhaled 
glucocorticoids (e.g., fluticasone propionate preferred, oth-
ers include flunisolide, budesonide, and beclomethasone 
dipropionate) has been recommended twice daily.39 Inhaled 
short-acting beta-adrenergics (e.g., albuterol preferred, oth-
ers include pirbuterol, bitolterol) are used as needed to con-
trol exacerbations or in animals for which clinical signs do not 
occur every day. However, client compliance should be ensured 
when using inhalant devices as primary therapy. Addition-
ally, control of small airway inflammation may remain a con-
cern. For animals with moderate disease (clinical signs have 
affected daily life, but cough and wheeze are not persistent), 
oral glucocorticoids should be added short term (e.g., 5 days 
twice daily followed by 5 days once daily). Systemic effects of 
inhaled glucocorticoids should preclude the need for taper-
ing oral glucocorticoid doses further as they are discontinued. 
For severe disease both systemic and inhaled glucocorticoid 
therapy should be considered. Systemic therapy may include 
intravenous dexamethasone during an acute crisis. Inhaled 
bronchodilators should be continued as needed up to 4 times 
a day. For cases that continue to be refractory, the addition of 
cyproheptadine has generally found more support than LRAs.

The small number of feline studies precludes drawing con-
clusions regarding the use of other drugs (e.g., cyproheptadine, 
antihistamines, LRAs) or combination therapies for treatment 
as asthma. Their sole use should not be considered in animals 
with moderate or severe disease, and caution is recommended 
even for mild disease that might be insidiously progressive. 
Oral bronchodilator therapy also should be considered in ani-
mals with moderate to severe disease or in animals for which 
inhalant therapy is not reasonable or effective because of poor 
drug delivery or other reasons.

Canine Chronic Bronchitis
Acute bronchitis is not as likely to present as a life-threatening 
situation in dogs and refers primarily to duration of clinical 
signs. Inflammation that persists more than 2 months may 
cause permanent damage to airways and is referred to as 
chronic bronchitis.144 Bronchiectasis refers to irreversible dila-
tion of the bronchi and can be a sequela of chronic bronchitis 
(inflammation) that does not resolve. The underlying cause 
is rarely identified but may include allergies; inhaled irri-
tants (including cigarette smoke); viral, microbial, or parasitic 
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infections; and heartworm disease. Bacterial infections are 
more difficult to diagnose, should be based on quantitative 
rather than qualitative assessment, and generally are not ini-
tiators of chronic disease.144 Foreign bodies are a less com-
mon cause. As with cats, eradication of the underlying cause is 
paramount to halting the progression and therapeutic success. 
Diagnostic aids are the same as discussed for cats. Medical 
management of chronic airway disease in dogs is frustrating 
and should be approached as a perpetuating, slowly progres-
sive, noncurable disease. As such, resolution of identifiable 
inciting causes (including triggers such as cigarette smoke) 
and conditions that confound success should accompany drug 
therapy. Owners may have to adjust their tolerance levels. 
Additionally, therapy should be accompanied by weight loss 
and physical therapy (mild exercise or coupage to facilitate 
movement of respiratory secretions).

Allergic bronchitis is not a common or easy diagnosis in 
dogs. The canine respiratory tract is probably more resistant 
to antigenic stimulation as a cause of cough compared with 
that of cats (and humans). Parasitic infections including heart-
worm disease must be ruled out. If airway cytology supports 
an allergic response and the underlying cause has not been 
identified or yet eradicated, glucocorticoids are indicated. A 
minimum effective dose should be rapidly established. Long-
term glucocorticoid therapy may not be indicated for dogs 
unless the disease is associated with eosinophilic or mono-
nuclear infiltrates; this is particularly true for patients with 
bronchiectasis.

Medical management of chronic bronchitis in dogs must be 
modified for the individual patient. Exposure to irritants such 
as secondary cigarette smoke must be avoided. Bronchodila-
tor therapy provides the mainstay of medical management of 
chronic bronchitis in many dogs. Ideally, bronchodilators will 
also facilitate movement of secretions and control inflamma-
tion. Drugs used for cats can be used for dogs; the major dif-
ference is in frequency of administration, which will be more 
common in dogs. Response generally is based on improvement 
in clinical signs; therapeutic monitoring is encouraged for 
theophylline products, particularly for dogs that do not suf-
ficiently respond and in dogs receiving delayed-release prod-
ucts intended for human use. Both terbutaline and albuterol 
can be used for dogs and might be considered in combination 
with theophylline for nonresponders for which therapeutic 
concentrations of theophylline have been maximized or on an 
alternating basis with theophylline.

Control of inflammation may be facilitated by the use of 
NAC; additionally, its expectorant and mucolytic effects also 
should prove beneficial. LRAs should be considered as well. 
Glucocorticoids should be used only if cytologic examination 
indicates a large mononuclear or predominantly eosinophilic 
component to the inflammation. Use should be implemented 
only after appropriate quantitative culture techniques have 
failed to yield microbes in the presence inflammatory cytol-
ogy. However, the role of Mycoplasma also must be ruled out. 
Ideally, inhaled glucocorticoids are preferable to systemic. 
However, their role is less well established for dogs than for 
cats.

The routine use of antimicrobials for the treatment of 
chronic diseases is and potentially contraindicated. Distinc-
tion between infection and colonization should be made 
whenever possible. The risk of causing a resistant infection 
in the presence of a chronic progressive disease suggests 
that antimicrobial selection be based on quantitative culture  
(> 2.7 × 103 colony-forming units/mL) based on a properly 
collected sample144 and be designed such that microorganisms 
(and particularly first-step mutants) are killed (rather than 
inhibited). High doses for a shorter duration of time are pre-
ferred to doses that target the minimum inhibitory concentra-
tion of the infecting organism. Drugs that penetrate bronchial 
secretions well are preferred in the presence of adequate sus-
ceptibility. Selection of the antimicrobial should be based on 
culture and susceptibility data. Cytologic findings should be 
used to guide the need for antimicrobial therapy; culture data 
are likely to enhance therapeutic success. Antimicrobial ther-
apy should target Bordetella. The potential of infection with 
Mycoplasma should not be overlooked. A trial course of anti-
microbials is indicated if cytologic findings are supportive of 
microbial infection; care should be taken to use an antimicro-
bial effective against Mycoplasma before microbial infection is 
ruled out. In general, when possible, drugs that accumulate in 
phagocytic cells should be considered when treating pulmo-
nary conditions. A more comprehensive discussion of antimi-
crobial therapy for respiratory tract infections can be found in 
Chapter 8.

The role of antitussives in the treatment of diseases depends 
on the character of the cough. Inflammation and infection can 
result in mediator release and cough without an increase in 
bronchial secretions. Narcotic antitussives are generally indi-
cated if the cough is nonproductive and is paroxysmal and irri-
tating in of itself. Use of glucocorticoids is indicated if airway 
inflammation is the major contributing factor (as opposed to 
accumulation of airway secretions). In the case of productive 
cough, the use of expectorants or mucolytic antitussives may 
exacerbate cough as is intended if accumulated debris is to 
be removed. Hydration of respiratory secretions is critical to 
effective mucociliary transport function. As such, diuretics are 
contraindicated, and daily water intake must be maintained. 
Exposure to humidified air (i.e., humidifiers, vaporizers, or a 
visit to the bathroom during family member showers) is likely 
to facilitate liquefaction of respiratory secretions.

Pulmonary Diseases
As with other regions of the respiratory tract, causes of pulmo-
nary diseases include viral, microbial, and parasitic infections; 
allergic (hypersensitivity) or immune-mediated diseases; 
and, although rare, nonspecific causes of interstitial lung dis-
ease. Malignancy of the lungs is discussed elsewhere. Sup-
portive therapy should include bronchodilators and a means 
to maintain airway hydration (mucokinetics or mucolytics). 
NAC should be considered for both its antiinflammatory 
and mucolytic actions. Pentoxifylline also should be consid-
ered. Bronchodilators should not be used indiscriminately. 
Although they can contribute to both bronchial relaxation 
and controlled inflammation, they may also be associated with 
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 ventilation–perfusion mismatching. Diuretics are contraindi-
cated unless vascular overload has led to pulmonary edema.

Oxygen is a consistent supportive therapy for the hypoxic 
animal; positive pressure ventilation is indicated for patients 
with poor pulmonary compliance. Physical therapy (coup-
age) is indicated in conditions associated with accumulation 
of respiratory secretions. Glucocorticoids are indicated for 
selected acute and chronic inflammatory conditions. Use in 
acute conditions generally is intended to minimize the acute 
inflammatory response; methylprednisolone is often recom-
mended for immediate short-term therapy because of its abil-
ity to scavenge oxygen radicals.

Immune-Mediated Diseases
Diseases of the respiratory tract associated with eosinophilic 
infiltrates of the bronchi were discussed earlier with chronic 
causes of tracheobronchitis. Eosinophilic infiltrates that tar-
get lung parenchyma, referred to as pulmonary infiltrates 
with eosinophils, are associated with a spectrum of condi-
tions ranging from mild diffuse infiltrates to granulomatous 
responses characterized by nodular masses that are visualized 
radiographically.

As with bronchial diseases, medical management of 
immune-mediated diseases should be accompanied by 
removal of any suspected allergen. Immunosuppressive 
doses of glucocorticoids are indicated for animals that do not 
respond to environmental changes. An exception is made for 
eosinophilic granulomatosis, for which cytotoxic drugs (cyclo-
phosphamide) are indicated. For nongranulomatous disease, 
glucocorticoid therapy may need to be long term. Adherence 
to general principles of glucocorticoid use is indicated (i.e., 
tapering to a minimum effective dose, alternate-day therapy, 
and slow withdrawal). Granulomatosis, whether eosinophilic 
or lymphoid, is accompanied by a poor prognosis. Combina-
tion therapy should include cyclophosphamide (50 mg/m2 
orally every 48 hours) and immunosuppressive doses (1 mg/
kg every 12 hours) of prednisone. NAC and bronchodilators 
should be used as previously discussed.

Vascular Diseases
Pulmonary Hypertension
Because pulmonary hypertension is most commonly a sec-
ondary problem, treatment should focus on eradication of the 
underlying cause; its treatment is addressed in Chapter 14. 
Causes can be precapillary (alveolar hypoxia caused by lung 
disease or high altitude) or postcapillary (congenital heart 
disease with left to right shunting of blood or acquired heart 
disease). Dirofilariasis is probably the most common cause of 
pulmonary hypertension in dogs; bronchial asthma might be 
a cause in cats.

Pulmonary Edema
As in any tissue, excessive fluid accumulation in the lungs 
occurs as a result of increased hydrostatic pressure, decreased 
oncotic pressure, lymphatic blockage, or changes in vascular 
permeability. Increased hydrostatic pressure generally occurs 
as a result of volume (vascular) overload. In contrast to fluid 

dynamics in other tissues, hydrostatic pressure in the lungs 
is low, and lymphatic flow is high. Expansion of lymphatics, 
as well as fluid movement into the alveoli, can accommo-
date marked increases in capillary pressure. Thus capillary 
hydrostatic pressures must markedly increase for excessive 
fluid to accumulate in the lungs. Hypoalbuminemia is not a 
likely cause of pulmonary edema. Rather, vascular overload as 
a result of overcirculation is a common cause of pulmonary 
edema secondary to increased oncotic pressure. Left-sided 
heart failure is the most common cause of vascular overload. 
Regardless of the cause of pulmonary edema, oxygen therapy 
and actions that minimize stress and anxiety of the patient are 
indicated. Unless contraindicated, bronchodilators should be 
administered.

Diuretics are indicated for treatment of pulmonary edema 
associated with volume overload (increased hydrostatic pres-
sure). Drugs that cause sodium and chloride excretion (i.e., 
furosemide) may be more effective, particularly in cases of 
sodium and water retention. Attention might be made to 
selection based on underlying cause (e.g., aldosterone antago-
nists in the presence of high aldosterone output). Diuretics are 
contraindicated for patients that are hypovolemic. Use in nor-
movolemic animals should be cautious and the dose titrated to 
the minimum needed to control clinical signs associated with 
pulmonary edema. In life-threatening situations of pulmonary 
edema associated with volume overload, venous dilators can 
be used to increase the capacitance of the vascular system, thus 
“drawing” the increased volume into the veins, away from the 
heart and pulmonary system. Topically applied nitroglycerin 
or morphine sulfate (0.1 mg/kg intravenously as needed) can 
be used for this purpose. Morphine has the added advantage 
of sedating animals whose anxiety is contributing to hypoxia. 
Methylxanthines such as theophylline might be helpful in the 
short term because they also bronchodilate, and in the patient 
with heart failure they may improve contractility. They will 
also, however, increase oxygen demand by the heart, and their 
diuretic effects are short lived (2 to 3 days).

Pulmonary edema as a result of increased vascular permea-
bility probably occurs more frequently than is anticipated. Any 
disorder that causes inflammation of the lungs will contribute 
to pulmonary edema of the lungs. The extreme manifestation 
of permeability-induced pulmonary edema is ARDS, which 
has been described in humans. The fluid contains protein that, 
as long as it is present, will continue to provide oncotic draw 
of fluid into the parenchyma. Pulmonary edema of this type 
is difficult to treat. Pulmonary wedge pressure is normal; vas-
cular overload is not present. In this situation diuretics will 
serve to decrease fluid retention only at the cost of extracel-
lular fluid volume and thus are not an effective treatment. Glu-
cocorticoids might be indicated to decrease inflammation and 
support bronchodilation, although their use is controversial. 
Among the glucocorticoids, methylprednisolone should be 
considered because of its ability to scavenge oxygen radicals. 
Vasodilators might be used; the therapeutic intent of these 
drugs is not certain, but decreased delivery of blood to the 
lungs and a further decrease in wedge pressure may decrease 
movement of blood into the parenchyma. Vascular shunting 
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and hypotension may, however, preclude their use. Newer 
therapies are likely to target mediators responsible for perme-
ability, such as TNF or nitric oxide, or replace surfactant.

MISCELLANEOUS
Aspiration Pneumonia
Clinical signs resulting from aspiration pneumonia may result 
from mechanical obstruction in small or large airways, and the 
inflammatory response to foreign materials (including gastric 
acid or other chemicals), bacterial infection is. Decreased 
pulmonary compliance and bronchoconstriction are likely 
to be a source of some of the clinical signs. Oxygen therapy, 
bronchodilatory therapy, and positive pressure ventilation are 
indicated, the latter particularly for patients with poor pulmo-
nary compliance. Bronchoscopy can be used to guide removal 
of visible foreign material. Glucocorticoids might be used to 
minimize the inflammatory response during the initial phase 
of therapy; methylprednisolone and NAC might be considered 
to minimize oxygen radical damage. Immunosuppression 
probably negates the advantages of controlled inflammation 
after 48 hours of therapy. Among the drugs to be considered 
is pentoxifylline. Its early use (immediately after aspiration) 
as a loading dose followed by infusion resulted in 17% mor-
tality versus 67% mortality in placebo-controlled rats.145 In 
another study involving rats and measurement of inflamma-
tory mediators, pre-treatment was found to be superior to 
post-aspiration treatment, suggesting preventative therapy 
might be considered in patients at high risk for post-operative 
aspiration. 145 Routine antibiotic coverage should be avoided 
to minimize the risk of resistance until evidence of a bacterial 
component in the inflammatory process exists.

Near Drowning
Standard supportive therapy for near drowning includes 
oxygen, positive pressure ventilation, and therapy for shock. 
Bronchodilators may be of benefit. Using a rat model of hydro-
chloride-induced lung injury, pretreatment with pentoxifyl-
line significantly reduced damage, with some benefit shown in 
animals whose treatment was withheld until post injury. Fur-
ther, pentoxifylline administered as a continuous infusion sig-
nificantly reduced lung injury in dogs in which near-drowning 
was experimentally induced.145a Therapies for treatment of 
inflammation associated with aspiration should be consid-
ered. Use of glucocorticoids is controversial; however, use of 
methylprednisolone is appealing because of its oxygen-scav-
enging abilities. NAC therapy may be useful for its oxygen 
radical–scavenging effects as well as other benefits. Short-term 
therapy may be of benefit. Use of antimicrobials should prob-
ably be reserved for evidence of infection. Supportive therapy 
should also target the advent of cerebral edema; an additional 
advantage of using methylprednisolone is minimizing oxygen 
radical damage in the event of cerebral hypoxia.

Smoke Inhalation
Oxygen therapy is critical for removal of carbon monox-
ide; the half-life of carboxyhemoglobin decreases from 4 to 
0.5 hours in the presence of 100% oxygen. Other supportive 

therapy includes airway hydration (as needed), bronchodila-
tors, and (if indicated) positive pressure ventilation, and drugs 
intended to control inflammation.147 Short-term administra-
tion of glucocorticoids (methylprednisolone preferred) may 
be of benefit to minimize inflammation and oxygen radical 
damage and to facilitate bronchodilation. However, pentoxi-
fylline should also be considered.  Using an ovine model, pent-
oxifylline administered continuously after induction of smoke 
inhalation injury was associated with less hypoxia and venti-
lation perfusion mismatching, pulmonary  hypertension and 
markers of inflammation.147

Chylothorax
The pathophysiology of chylothorax, or the accumulation of 
lymphatic fluid in the pleural cavity, is not well understood. 
Beyond repetitive drainage, both surgical and medical man-
agement are limited in success. Rutin is a non-anticoagulant 
coumarin a flavone benzo-γ-pyrone plant fruit extract (bio-
flavonoid) from the Brazilian fava d’anta (Dimorphandra). It 
acts to stimulate macrophage removal of proteins and thus 
removes the oncotic flux of fluid into tissues. It has been used 
to treat selected causes of peripheral limb edema associated 
with protein exudation in human patients. It is available in 
health food stores as a supplement.  Response may take sev-
eral weeks to months. There appear to be no toxicities associ-
ated with the drug.  Several case reports cite partial resolution 
of chylous effusion in cats receiving 50 mg/kg orally every  
8 hours.148-150 In humans, octrenotid is an octapeptide 
 omatostatin-mimicking drug used to treat acromegaly. How-
ever, it also has been used (based on case reports) successfully 
with a medium chain triglyceride diet to control chylothorax 
associated with cardiac surgery.151 

Diseases of the Pleura
A number of diseases are associated with pleural effusion, and 
successful management of the effusion largely depends on 
resolution of the underlying diseases. Thus pleural effusion 
resulting from cardiac failure, neoplastic disease, and other 
causes is treated by treatment of the cause; pleurodesis is used 
as needed to manage life-threatening effusion. Pleurodesis 
stimulated by lavage of irritating substances (with the intent 
of “closing” the pleural space by causing fibrosis) is strongly 
discouraged. An exception is made for empyema, which can 
be a primary disease.

Empyema
Empyema refers to the accumulation of infectious inflamma-
tory material within the pleural space. Infection can be an 
extension of a primary pulmonary lesion,the result of direct 
penetrating trauma, or by way of a lymphatic or hematog-
enous route. Accumulation of inflammatory debris provides 
a continued colloidal draw of fluid into the cavity. Lym-
phatic obstruction by debris further worsens the ability of 
pleural fluid mechanics to resolve the accumulation. Thus 
chest drainage is critical to successful control. Microbio-
logic examination (including Gram stains initially pending 
culture and susceptibility data) should be the basis of initial 
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antimicrobial selection. Subsequent daily cytologic studies 
with Gram staining should provide the basis for response to 
therapy. The fluid should be recultured if bacterial growth 
has not changed for 2 to 3 subsequent days or if the morphol-
ogy of the organism changes. Note that absence of an organ-
ism on Gram stain does not necessarily indicate the absence 
of organisms at the site of infection. Because the incidence 
of anaerobic infections in empyema is high in dogs and cats, 
both aerobic and anaerobic cultures should be collected. 
Care must be taken to collect the anaerobic culture properly. 
Despite the presence of organisms on Gram stains, cultures 
often do not yield growth. Thus antimicrobial therapy often 
must be empirical.

Empirical therapy should include drugs effective against 
likely infecting organisms, including anerobic organisms (see 
Chapter 8).
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Hormones fall into two broad categories. The majority are 
peptides and amino acid derivatives, including complex 
polypeptides (e.g., thyroid-stimulating hormone [TSH]), 
intermediate-size peptides (e.g., insulin), small peptides (e.g., 
thyrotropin-releasing hormone [TRH]), dipeptides (e.g., T4 
and T3), and derivatives of single amino acids (e.g., catechol-
amines). The remainder consists of steroid derivatives of cho-
lesterol, of which there are two types: those with an intact 
steroid nucleus (e.g., adrenal and gonadal steroids) and those 
in which the B ring of the steroid has been cleaved (e.g., vitamin 
D). In general, the cellular effects of hormones are achieved 
either through interactions with cell membrane receptors, thus 
stimulating a cascade of intracellular reactions often involving 
secondary messenger systems, or through passive diffusion to 
the cellular nucleus, stimulation of protein synthesis, and sub-
sequent formation of the effector protein(s). Protein hormones 
typically interact with cell membrane receptors, an exception 
being thyroid hormones, whereas steroidal hormones pas-
sively diffuse through the cell membrane to the nucleus.

Drug therapy for the endocrine system is implemented to 
either replace a deficient hormone or prevent or reduce the 
formation or effects of an overabundant hormone. Hormones 
may also be administered to provocatively test for the presence 
of an endocrine disease. Understanding the proper uses of the 
drugs depends on an appreciation of the normal physiology of 
each endocrine system, including mechanisms of control and 
behavior of target tissues (Table 21-1).

DISEASES OF THE THYROID GLAND

Synthesis of Thyroid Hormones
The protein thyroglobulin is synthesized by the endoplasmic 
reticulum and Golgi apparatus of thyroidal follicular cells and 
is released in vesicles into the colloid within follicular lumens. 
Iodine is accumulated by an active transport process in thy-
roidal follicular cells (Figure 21-1). Once in the follicular 
lumen, iodine is rapidly oxidized and combined with a tyro-
sine residue within thyroglobulin to form monoiodotyrosine. 
Monoiodinated tyrosines are then joined to form diiodinated 
tyrosines; further combinations yield triiodinated tyrosine 
(i.e., triiodothyronine [T3] and thyroxine [T4]), which con-
tains four iodine molecules (Figure 21-2). The enzyme thy-
roid peroxidase mediates oxidation of iodine and formation 
of monoiodinated and diiodinated tyrosines as well T3 and 
T4. Four or more sites exist within the thyroglobulin mole-
cule for the generation of thyroid hormones; generally, each 
molecule contains three or four molecules of T4 and zero to 
one of T3 (humans). The preformed hormones are released 
from the follicular colloid upon stimulation with TSH, with 
much greater quantities of T4 being released than T3. The 
hormones are transported bound to one of several transport 
proteins in the bloodstream and are delivered to target cells. 
At a target cell, both hormones are taken up. Intracellularly, 
T4 is deiodinated on its outer ring to produce T3, which is 
actually the active hormone that causes physiologic effects. 
In contrast, deiodination of the inner ring produces physi-
ologically inactive reverse T3 (rT3). Thyroid hormones stim-
ulate many metabolic processes, including activity of many 
enzymes; metabolism of vitamins and minerals; regulation of 
other hormones; and stimulation of calorigenesis, protein and 
enzyme synthesis, and carbohydrate and lipid metabolism. 
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Table 21-1  Endocrine Drugs and Recommended Doses*
Drug Dose Route Interval (hr)
Drugs Used To Diagnose/Treat Hypothyroidism
rhTSH 50-100 μg/dog (D) IV
Sodium levothyroxine 20 μg/kg (D)

5-10 μg/kg (D)
50-100 μg/cat (C)

PO
IV
PO

12
12
24

Sodium liothyronine 4-6 μg/kg (D)
4.4 μg/kg (C)

PO
PO

8
8-12

Drugs Used To Treat Hyperthyroidism
Atenolol 2 mg/kg or 6.25 mg/cat PO 24
Methimazole 2.5-7.5 mg/cat PO, transdermal 12†

Potassium iodide 1-2 drops SSKI/cat
50-100 mg/cat

PO (in gelatin capsule)
PO

24
24

Propranolol 2.5-7.5 mg/cat PO 8-12
Drugs Used To Treat Hypocalcemia/Hypoparathyroidism
Calcitriol Loading: 20-40 ng/kg

Maintenance: 5-15 ng/kg
PO
PO

24
24

Calcium (oral) 1.0-4.0 g/d (D)‡

0.5-1.0 g/d (C)
PO
PO

Calcium gluconate  
(10% solution)

5-15 mg/kg (0.5-1.5 ml/kg)
5-15 mg/kg (0.5-1.5 ml/kg)

IV over 20 min 
SC diluted in 2-4 parts saline§

1-12
1-12

Ergocalciferol Loading: 4000-6000 U/kg
Maintenance: 1000-2000 U/kg

PO
PO

24
24-168

Magnesium sulfate 1-2 mEq/kg IV 24
Drugs Used To Treat Hypercalcemia
Alendronate 10 mg/cat (C) PO with butter and water Once weekly
Dexamethasone⁋ 0.1-0.22 mg/kg IV, PO, SC 12
Etidronate 5-15 mg/kg (D) PO 12-24
Furosemide 5 mg/kg then 5 mg/kg/hr

2-4 mg/kg
IV
IV, PO, SC 8-12

Pamidronate disodium‖ 1.3-2.2 mg/kg IV, diluted in saline, over 2-4 hr
Prednisone⁋ 1-2.2 mg/kg (D or C)

5-10 mg/cat (for idiopathic hypercalcemia)
IV, PO, SC
PO

12
12

Salmon calcitonin 4-6 IU/kg SC 8-12
Sodium bicarbonate 1-4 mEq/kg IV slowly
Drugs Used To Treat Hypoglycemia/Insulin Overdose
Dextrose (50%) 0.5 g/kg diluted 1:4 IV As needed
Drugs Used To Treat Diabetes Mellitus
Acarbose 25-200 mg/dog (D)

12.5-25 mg/cat (C)
PO with meals
PO with meals

12
12

Glipizide 2.5-5 mg/cat (C) PO 12
Insulin
Glargine

Lente

NPH
Regular†

0.25 U/kg if BG  
<360 mg/dL (C)

0.5 U kg if BG  
>360 mg/dL (C)

0.25 U/kg (D) 0.25 U/kg if BG  
<360 mg/dL (C)

0.5 U kg if BG  
>360 mg/dL (C)

0.25 U/kg
1-3 U/cat
See text
See text

SC

SC

SC

SC

SC
IV, IM, SC

12

12

12-24

12

12-24
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Table 21-1  Endocrine Drugs and Recommended Doses*—cont’d

Continued

Drug Dose Route Interval (hr)

Drugs Used To Treat Diabetes Mellitus—cont’d
Magnesium 0.75-1 mEq/kg/d IV infusion in 5% dextrose  

for DKA
Metformin 25-50 mg/cat (C) PO 12
Phosphate 0.01-0.03 mMl/kg/hr

0.03-0.12 mMl/kg/hr
IV infusion for DKA
IV infusion for DKA

Vanadium 0.2 mg/kg (C) PO 24
Drugs Used To Diagnose and Treat Hypoadrenocorticism
ACTH 5 μg/kg (D)

125 μg/cat (C)
IM, IV
IV

Calcium gluconate 0.5-1.0 mg/kg IV over 20 min.
Desoxycorticosterone  

pivalate (DOCP)
2.2 mg/kg (D)
10-12.5 mg/cat (C)

IM, SC
IM

25-28 days
28 days

Dexamethasone 0.5-2.0 mg/kg IV 2-6
Fludrocortisone 0.01-0.02 mg/kg (D)

0.1 mg/cat (C)
PO
PO

24
24

Hydrocortisone 2-4 mg/kg IV over 2-4 min 8
Methylprednisolone  

acetate
10 mg/cat (C) IM 28

Prednisone 0.1-0.22 mg/kg PO 12-24
Prednisolone sodium  

succinate
1-2 mg/kg IV over 2-4 min 2-6

Regular insulin 0.06 to 0.125 U/kg IV, plus 20 mL of a 10%  
glucose solution

Sodium chloride 0.1 mg/kg PO 24 divided into  
2-3 doses

Drugs Used To Diagnose or Treat Hyperadrenocorticism
ACTH 5 μg/kg (D)

125 μg/cat (C)
IM, IVI
V

Dexamethasone Low-dose test
0.01-0.15 mg/kg (D)
0.1 mg/kg (C)
High-dose test
0.1-0.15 mg/kg (D)
1.0 mg/kg (C)

IM, IV
IM, IV

IM, IV
IM, IV

Ketoconazole 5-20 mg/kg (D)
5-10 mg/kg (C)

PO
PO

12
12

l-Deprenyl 1-2 mg/kg (D) PO 24
Metyrapone 65 mg/kg (C)

30-70 mg/kg (C)
PO
PO

8
12

Mitotane Pituitary-dependent disease:
Loading: 20-25 mg/kg (D)
Maintenance: 40-50 mg/kg/wk (D)

Adrenal tumor:
Loading: 25-37.5 mg/kg (D)
Maintenance: 50-100 mg/kg (D)

PO
PO

PO
PO

12
Divided into 2-3 doses

12
Divided into  

2-3 doses
Trilostane 2.2-6.7 mg/kg (D)** PO 12-24 with food
Drugs Used To Treat Hyperaldosteronism
Amlodipine 0.625-1.25 mg/cat PO 12-24
Potassium gluconate 2-6 mEq PO 24
Spironolactone 2-4 mg/kg PO 12
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Table 21-1  Endocrine Drugs and Recommended Doses*—cont’d

Monoiodotyrosine
Di-iodotyrosine
Thyroxine
Thyronine

Thyroglobulin Colloid
TSH

Endocytosis

Colloidal
body

Lysosomal
degradation

Di-iodotyrosine
Monoiodotyrosine

Thyronine
Thyroxine

Thyronine
Thyroxine
Bound to transport protein

Smooth
endoplasmic

reticulumThyroid
epithelial cell

Thyroglobulin

Thyroid peroxidase

Storage area

Methimazole

Apical cell surface

Radioactive iodine
(causes cell death)

Basement membrane

Bloodstream

Inhibits

Stimulates

I�

I�

I� I�

I�

Golgi
apparatus

Figure 21-1 Synthesis of thyroid hormones. Iodine is concentrated in the apical cell colloid. At the same time, thyroglobulin is 
synthesized by the smooth endoplasmic reticulum and Golgi apparatus. At the apical cell surface, thyroglobulin and then tyro-
sine are iodinated, iodotyrosyl precursors are coupled to form thyronine and thyroxine, and all are stored in colloid. Thyroxine 
peroxidase mediates iodinization of the thyroglobulin–iodotyrosyl complexes. When signaled by thyroid-stimulating hormone 
(TSH), thyroglobin (as a colloid droplet) is engulfed by pinocytosis into the apical cell. Lysosomal degradation releases thyroxine 
and thyronine, which enter the blood stream, and the iodotyrosyl precursors, from which iodine is released and recirculated. The 
thyroid hormones reach target tissues bound to a circulating protein. Once inside the cell, thyroxine is converted to thyronine, the 
physiologically active thyroid hormone. Targets of thyroid hormone inhibition include administration of radioactive iodine, which 
is accumulated in active cells, ultimately leading to their destruction; methimazole, an inhibitor of thyroid peroxidase (controls 
but does not cure hyperthyroidism); and control of peripheral tissue response to excessive thyroid hormone release. I, Iodine.

Drug Dose Route Interval (hr)

Drugs Used To Treat Hormone Deficiency
Growth hormone (porcine) U/kg (D) SC 3 times/wk

Medroxyprogesterone acetate 2.5-5 mg/kg (D) SC 28 days
Proligestone 10 mg/kg (D) SC 3 wk
Drugs Used To Treat Diabetes Insipidus
Chlorothiazide 20-40 mg/kg (D) PO 12
DDAVP 1-4 drops (intranasal preparation)

0.1 mg/dog
Ocular drop
PO

8-12
8

Hydrochlorothiazide 2.5-5.0 mg/kg (D)
12.5 mg/cat (C)

PO
PO

12
12

rhTSH, Recombinant human thyroid-stimulating hormone; D, dog; IV, intravenous; PO, by mouth; C, cat; SSKI, saturated solution of potassium iodide; SC, subcutaneous; BG, blood 
glucose concentration; IM, intramuscular; ACTH, adrenocorticotropic hormone; DDAVP, l-deamino-(8-D-arginine) vasopressin.
*This information is meant only to guide the reader toward choosing an initial drug dose for the various endocrine disorders discussed in this chapter. Endocrine diseases are by nature 
dynamic disorders, and the dose of any drug will certainly change over time. Concurrent diseases or medications, as well as individual variability toward response to and tolerance of 
a drug, must be a factor in drug selection and dose calculations. Please see the text for details on monitoring and recommended dosage adjustment.
†Alternative protocols possible; see text.
††Multiple forms exist; see text.
§Use cautiously; possibility of calcinosis cutis has been reported.
¶Should not be used to treat hypercalcemia until the cause is known.
‖Minumum 4-hour IV saline.
**Initiate as close to 2 mg/kg q24h or 1 mg/kg q12h as possible.
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They also have marked cardiac inotropic and chronotropic 
effects, stimulate erythropoiesis, and affect virtually every 
body tissue.

Hypothyroidism
Pathophysiology
Spontaneous hypothyroidism is a common endocrinopathy 
in dogs and exceedingly rare in cats. In primary hypothyroid-
ism, which accounts for 99% of cases of spontaneous canine 
disease, the thyroid gland itself is affected. Cells are lost as a 
result of either lymphocytic thyroiditis or idiopathic atrophy; 
neoplastic destruction is rare. Secondary hypothyroidism 
results from a deficiency of pituitary TSH. Congenital second-
ary hypothyroidism can result from pituitary malformation 
or isolated thyrotroph (i.e., TSH-secreting cell) abnormali-
ties. Acquired secondary hypothyroidism is rarely seen due 
to pituitary neoplasia. Tertiary hypothyroidism results from a 
lack of hypothalamic TRH and has not been reported in dogs. 
Congenital absence of the thyroid gland and iodine deficiency 
are rarer causes of hypothyroidism. Cats suffering from clini-
cally evident hypothyroidism generally develop the disorder 
in response to iatrogenic removal or destruction of thyroidal 
tissue as treatment for hyperthyroidism. Congenital primary 
hypothyroidism occurs uncommonly in kittens, and iodine 
deficiency is even rarer.

The clinical signs of hypothyroidism refer to multiple body 
systems. Dermatologic signs include bilateral, nonpruritic, 
localized, or diffuse alopecia. The hair coat is dry, coarse, 
and slow to grow. Hyperkeratosis, scaling, or seborrhea may 

be present. Immunosuppression may lead to secondary pyo-
derma. Cardiac abnormalities may develop with severe hypo-
thyroidism, including bradycardia and a weak apex beat. 
Various mild electrocardiographic and echocardiographic 
changes may be noted, such as increased left ventricular end-
systolic diameter, decreased systolic left ventricular posterior 
wall thickness, and decreased fractional shortening. However, 
no substantiated reports of congestive heart failure second-
ary to canine hypothyroidism exist. Possible reproductive 
disorders include abnormal estrous cycles and lack of libido. 
Neuromuscular dysfunctions include weakness or stiffness, 
muscle wasting, neuropathies, and facial muscle weakness. 
Gastrointestinal signs are uncommon, but constipation is 
most likely to occur, if anything. Diarrhea may occur in hypo-
thyroid dogs, but a cause-and-effect relationship has not been 
established. In cats lethargy and obesity are the most common 
clinical manifestations. Clinical laboratory abnormalities of 
hypothyroidism in dogs and cats include normocytic, normo-
chromic, nonregenerative anemia and hypercholesterolemia 
with hypertriglyceridemia or hyperlipidemia.

Myxedema coma is a rare endocrine emergency result-
ing from decompensation of severe chronic hypothyroidism. 
Myxedema refers to dermal accumulation of glycosaminogly-
cans, which bind water and cause an increased skin thickness 
and nonpitting edema, mostly in the face, jowls, and distal 
extremities.1 Myxedema coma is characterized by profound 
weakness, bradycardia, hypotension, hypoventilation, hypo-
thermia without shivering, and altered mentation ranging 
from dullness and depression to stupor or coma. The actual 
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Figure 21-2 Iodination of tyrosine results in the formation of the monoiodinated and diiodinated precursors. Combinations of the 
two yield triiodothyronine and thyroxine. This reaction and the iodination of tyrosine are mediated by thyroid peroxidase.
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mortality rate is not known but is thought to be high, primar-
ily because myxedema coma is not widely recognized. The 
diagnosis should be made clinically, and therapy should be 
initiated without waiting for results of thyroid hormone con-
centrations.1 In addition to the biochemical abnormalities 
typical of hypothyroidism, additional findings may include 
hypoxia, hypercarbia, hyponatremia, and hypoglycemia. 
Serum thyroid hormone concentrations are typically very low 
or undetectable.

In humans the presence of concurrent disease and altered 
mentation are essential features for supporting a diagnosis of 
myxedema coma. In one study of seven hypothyroid dogs for 
which intravenous levothyroxine therapy was deemed neces-
sary, five dogs had altered mentation. Of those five, all had 
concurrent disease and four had myxedema. Because of the 
low incidence of myxedema coma, it is not known if there is 
a breed predilection, but in a study by Pullen and Hess,2 three 
were Rottweilers, two were mixed breeds, one was a Cocker 
Spaniel, and one was a Shetland Sheepdog. Rottweilers were 
overrepresented. Treatment is with intravenous levothyroxine 
(discussed later).

Baseline and Provocative Testing 
of Thyroid Status
Diagnosis of hypothyroidism can be challenging. Hormones 
typically measured include T4, free T4, and TSH. If serum 
total T4 concentration is normal, it is highly unlikely that 
the dog is hypothyroid.3-6 Because nonthyroidal factors such 
as drugs, illness, and age affect T4, if the T4 concentration is 
below normal, the dog may or may not be hypothyroid,3-5,7 
and further testing is required. Breed may also affect refer-
ence ranges.8,9,10

Thyroid hormones are bound to plasma proteins. Approxi-
mately only 0.1%, of circulating hormone is unbound and thus 
available to cells and physiologically active. Most laboratories 
measure total (bound and unbound) T3 and T4 concentrations. 
A number of techniques purportedly quantify the fraction of 
unbound thyroxine (i.e., free T4 [fT4]), including equilibrium 
dialysis, the gold standard for comparison with other meth-
ods, and several immunoassays that indirectly detect fT4. 
Currently, methods that depend on equilibrium dialysis are 
the most accurate measurements of fT4; measurement of fT4 
by analog radioimmunoassay techniques offer no diagnostic 
advantage over measurement of total T4. Regardless of the 
test, normal thyroid hormone concentrations will vary with 
the laboratory and the kit used; any test must be validated for 
the target species (i.e., dog or cat).

Because the pituitary–thyroid axis functions to maintain 
free, not total, T4 within a certain range, fT4 is less affected 
by nonthyroidal factors; therefore measurement of serum fT4 
concentration more accurately reflects thyroidal axis status. 
Accordingly, fT4 is a more sensitive and more specific test for 
diagnosis of hypothyroidism, but it is also not as good a stand-
alone test as once believed (discussed later). Measurement of 
serum fT4 concentration can be the initial test for diagnosis of 
hypothyroidism or can be used in dogs found to have low total 
T4 concentrations.

Serum TSH concentration can also be measured to help 
establish a diagnosis of canine hypothyroidism. In primary 
hypothyroidism TSH concentration should be elevated 
owing to lack of negative feedback of serum T4 on the pitu-
itary (i.e., in normal dogs T4 feeds back and suppresses 
TSH secretion). Although 99% of canine hypothyroidism 
cases are believed to be due to primary thyroidal failure, 
only approximately 63% to 82% of hypothyroid dogs have 
elevated serum TSH concentrations.11-14 The reason for the 
discrepancy is unknown but is likely due to inadequacy of 
currently available assays. Of the hormones measured to 
diagnose hypothyroidism, however, TSH measurement is the 
most specific—that is, it has the smallest chance of a false-
positive result.

The effect of nonthyroidal illness on testing can be quite 
significant. Dogs that are ill because of a disease but that do 
not have hypothyroidism can have low T4 and fT4 concentra-
tions; if the disease is severe (e.g., a dog is in intensive care), 
a 44% chance exists that the fT4 concentration will be below 
normal even though the dog is not hypothyroid. Serum TSH 
concentration, however, is less affected by nonthyroidal fac-
tors. Therefore in sick dogs the first choice for diagnosis of 
hypothyroidism would be a combination of TSH, fT4, and T4; 
second choice a combination of TSH and fT4; and third choice 
a combination of TSH and T4. If the results are ambiguous 
(i.e., some parameters suggest hypothyroidism, and others do 
not), the ideal would be to resolve the nonthyroidal illness, if 
possible, and retest the dog at that time or possibly to perform 
a TSH stimulation test, if available.

Bovine TSH previously was used as the provocative agent 
for TSH stimulation testing but is no longer available. Thyro-
gen, recombinant human TSH (rhTSH), can be used instead. 
The optimal protocol for distinguishing normal and hypo-
thyroid dogs, however, remains to be determined, although 
results of studies evaluating rhTSH in dogs are promising.15-17 
Doses of 50 to 100 μg/dog given intravenously with samples 
taken before and at 4 or 6 hours after injection are likely 
appropriate. Euthyroid animals should respond to TSH stimu-
lation with increased T4 concentration, whereas hypothyroid 
animals should not. Reconstituted rhTSH can be stored at 4°C 
for 4 weeks and at −20°C for 8 weeks without loss of biological 
activity.18

Measurement of serum T3 concentration is not helpful for 
diagnosing hypothyroidism. Most T3 is derived from intracel-
lular metabolism or conversion by peripheral tissues of T4 to 
T3 and reverse T3 (rT3). Thus most body T3 is located within 
cells, and serum T3 concentration does not reflect total body 
levels. A previous argument for measuring serum T3 concen-
tration was the belief that some dogs were “poor converters” 
and could produce T4 but not T3. The theory was apparently 
substantiated by finding normal serum T4 but nondetect-
able T3 concentrations in a small percentage of dogs. Such 
discrepant results are now known, however, to be an arti-
fact caused by the presence of T3 autoantibodies. Insofar as 
poor conversion has never been proved and currently is not 
believed to exist, measurement of serum T3 concentration is 
not recommended.
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Autoantibodies made against T4 or T3 can be measured and 
can be a marker of immune-mediated destruction of the thy-
roid gland. Autoantibodies typically cause spurious elevations 
in serum T3 or T4 concentrations, so their presence should be 
suspected if either hormone is measured in a patient suspected 
to be hypothyroid and the concentration of either or both 
hormones is reported to be greater than the reference range. 
However, the clinical and prognostic significance of autoanti-
bodies is unknown. The presence of autoantibodies does not 
mean a patient is hypothyroid. If autoantibodies are suspected, 
serum fT4 concentration should be measured by equilibrium 
dialysis for the best assessment of function.19 If the serum fT4 
concentration is within the reference range, thyroidal function 
is normal at that time but the patient should be reevaluated 
periodically (e.g., every 3 months) for development of hypo-
thyroidism. If serum fT4 concentration is low, the dog is likely 
hypothyroid. One study followed 234 dogs with normal T4 and 
TSH levels and elevated antithyroglobulin antibodies (TGAA) 
for 1 year. Only 19% developed clinical signs of hypothyroid-
ism or consistent laboratory values (or both). Another 57% 
remained TGAA positive without signs or laboratory evi-
dence of hypothyroidism, 8% went from positive to borderline 
results, and 15% became TGAA negative.20

Calculation of the percentage of uptake of radioactive 
pertechnetate (99mTcO4

-) has proved to be a useful tool aiding 
in the diagnosis of thyroidal illness in humans and cats and 
may also be valuable for dogs with primary hypothyroidism. 
Normal lobes of canine thyroid glands are uniformly intense, 
symmetric ovals, slightly smaller than the parotid salivary 
glands, and have smooth and regular margins. The parotid 
glands also concentrate 99mTcO4

-, and the normal uptake ratio 
between these the thyroid and parotid glands is 1:1. In 14 dogs 
with histologically confirmed primary hypothyroidism, the 
percentage of uptake of 99mTcO4

- distinguished hypothyroid 
dogs from dogs with nonthyroidal illness.21 The dogs with 
nonthyroidal illness had 99mTcO4

- uptake ranging from 0.39% 
to 1.86%, similar to what has been described in healthy Bea-
gles. The hypothyroid dogs had 99mTcO4

- uptake ranging from 
0.03 to 0.26%. In fact, of the tests examined in the study (T4, 
fT4, TSH, and TSH and TRH stimulation tests), scintigraphy 
was the only one that did not have overlap between the two 
groups of dogs. Limitations of the test include requirement 
for specialized equipment and the fact that reference ranges 
have not been defined in a large number of dogs from a variety 
of breeds. Additionally, increased 99mTcO4

- uptake can occur 
with a diet high in iodine and has been reported in a hypo-
thyroid dog with thyroiditis,22 so false-negative results are 
possible. The final complicating factor is that in humans with 
thyroiditis, the 99mTcO4

- uptake pattern depends on disease 
stage. The role scintigraphy holds in aiding in the diagnosis of 
canine hypothyroidism remains to be defined.

Another area that has received recent attention as an ancil-
lary test in the diagnosis of canine hypothyroidism is ultraso-
nography. In healthy dogs and dogs with nonthyroidal illness, 
the thyroid gland lobes are fusiform in the longitudinal plane 
and triangular in the transverse plane, have a smooth thyroid 
capsule, and homogenous echotexture, usually hyperechoic 

or isoechoic to the sternothyroid muscle.23,24 The ultrasono-
graphic description of the thyroid gland lobes of hypothyroid 
dogs is more variable. However, they tend to be either round 
or ovoid on the transverse view. Echotexture may depend on 
whether the animal has thyroglobin autoantibodies. Thyroid 
lobes from antibody-positive hypothyroid dogs were homog-
enously hypoechoic to the sternothyroid muscle, whereas the 
lobes of those that were antibody negative were heteroge-
neous in echotexture.23 However, another study did not find 
a difference based on thyroglobin autoantibody status; thyroid 
lobes were reported to be hypoechoic to the sternothyroid 
muscle.24 Additionally the volume of the glands is smaller in 
hypothyroid dogs. A thyroid volume of less than 0.05 mL/kg  
was reported to be 81% sensitive, 96% specific, and 91% accu-
rate for the diagnosis of primary hypothyroidism.23 Care 
should be taken with the use of this modality for diagnosing 
canine hypothyroidism because ultrasonography is highly 
user dependent and substantial interobserver variability exists 
when taking measurements.

Therapy of Hypothyroidism
Disposition of thyroid hormones. Thyroidal hormone dispo-

sition varies between preparations and species. Although thy-
roid hormones are bioavailable after oral administration, T4 
absorption can be decreased by a number of factors such as 
the type of preparation and intraluminal contents of the ileum 
or colon, where most absorption occurs. In humans bioavail-
ability ranges from 40% to 80%. Because of differences among 
formulations, some authors recommend initiating therapy 
with a brand-name product.25 However, the pharmacokinetics 
of T4 is idiosyncratic; some dogs achieve higher postpill con-
centrations when treated with a generic brand. No evidence 
exists that a single brand is consistently better than another. 
Therapy can probably be started with any brand, but if a dog 
does not respond, another brand should be administered to 
see whether better results and higher postpill levels can be 
achieved; if the first brand tried is generic, the second should 
not be. In contrast to T4, T3 is well absorbed (95% in humans) 
from the gastrointestinal tract.

In dogs the half-life of T3 and T4 is 5 to 6 hours and 12 
to 15 hours, respectively. However, the half-life of T4 may 
be dose dependent.26 The short half-life makes avoidance of 
fluctuations in serum concentrations during a 12- to 24-hour 
dosing interval difficult. However, the status of intracellular 
T3 concentration is not well known; the impact of fluctuating 
T4 may be minimized by physiologic conversion. Steady-state 
concentrations will occur at five drug half-lives (i.e., 75 hours 
for T4 and 30 hours for T3 in dogs). On the other hand, clinical 
response varies depending on the complication of hypothy-
roidism present. The first evaluation after starting supplemen-
tation should occur after about 4 weeks of therapy in order 
to judge blood levels as well as therapeutic response. Certain 
abnormalities (e.g., dermatological) can take up to 3 months 
to resolve once therapeutic blood levels have been achieved.

Preparations. Thyroid hormones can be supplemented as 
crude extracts of animal origin or as synthetic preparations. 
The biological activities of animal-origin products, such as 
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desiccated thyroid and thyroglobulin, vary, however, and ther-
apeutic failure with these products is not uncommon. Thus 
synthetic products are recommended.

Several synthetic thyroid hormone products are available 
as T4 or T3 individually or in combination. Sodium levothy-
roxine (T4) is the drug of choice for most patients. If T4 ther-
apy has failed to achieve a response in a dog with confirmed 
hypothyroidism, T3 can be administered, but failure of T4 
therapy is very rare. If no apparent response to T4 is seen or 
inadequate blood levels are achieved with appropriate dosing, 
another brand of T4 should be used first before prescribing T3. 
The diagnosis of hypothyroidism should also be reevaluated if 
resolution of clinical signs does not occur with documentation 
of adequate blood concentrations and a sufficient duration of 
therapy. Combination products generally contain T4 and T3 at 
a ratio of 4:1, the proportion of thyroid hormones secreted in 
normal humans. Use of combination products is not recom-
mended. The administration frequency of T4 and T3 should 
differ, orally absorbed T4 is converted as needed to T3 by tar-
get cells so therapy with T4 alone usually achieves adequate T3 
concentrations, and use of combinations may result in serum 
T3 concentrations that produce thyrotoxicosis.1

Plasma half-life of T4 varies among dogs, and a marked vari-
ability in the dose necessary to achieve therapeutic concentra-
tions exists. Beginning doses of T4 should be 20 μg/kg every 
12 hours for dogs and 50 to 100 μg once daily in cats. After 
resolution of clinical signs, approximately 25% of dogs main-
tain adequate blood levels and a good therapeutic response 
with once-daily dosing. Initial doses as low as 5 μg/kg may be 
indicated in dogs with concurrent illness, especially cardiac, to 
allow the body to slowly adapt to the increase in oxygen demand 
that may accompany thyroid hormone replacement. The dos-
age can then be increased over the  following 3 to 4 weeks.

Pharmacokinetics of oral liquid levothyroxine suggest that 
once-daily dosing should be adequate,27 and administration of 
liquid levothyroxine (Leventa Intervet/Schering-Plough) once 
daily in 35 hypothyroid dogs was recently evaluated.28 Dogs 
were started at a dose of 20 μg/kg once daily and monitored 
every 4 weeks (adjustment phase). At the reevaluation visit, 
serum T4 and TSH concentrations were obtained 4 to 6 hours 
after the pill was administered, and dose adjustments were 
made if the T4 value did not fall within the target therapeutic 
range. Once clinical signs resolved and T4 concentrations were 
within the target range, the adjustment phase ended and the 
maintenance phase began. To assess long-term efficacy, dogs 
were then reevaluated at 9 and 22 weeks, with the same param-
eters measured at each visit and dosages adjusted as needed.

The starting dose of 20 μg/kg was also the maintenance 
dose in 79% of the dogs. Maintenance doses for the remaining 
dogs were 10 μg/kg (3%), 15 μg/kg (3%), and 30 μg/kg (15%). 
In the maintenance phase, dose adjustments were required for 
16% of dogs. The median dose was 24 μg/kg once daily. Clini-
cal signs improved within 4 weeks in 90% of dogs and within 
4 weeks in 100%. Body condition scores initially assessed as 
overweight or obese had normalized in 52% of dogs by week 
22, and dermatologic abnormalities had resolved in 68%. Peak 
serum T4 concentrations were within the target therapeutic 

range in 65% of dogs at the first follow-up visit after beginning 
the maintenance phase of the study and in 79% of dogs at the 
22-week examination. The remaining dogs had clinical control 
of the disease, but transiently low T4 concentrations. Reported 
adverse events included sudden death in one dog after 47 days 
of treatment, vomiting after administration of the solution in 
two dogs, and reddish discoloration of hair coat in one dog.

Intravenous levothyroxine is used in the treatment of dogs 
with myxedema coma. In 7 dogs given intravenous levothy-
roxine, the median dose was 7 μg/kg. Three of the seven dogs 
were given intravenous levothyroxine once. To resolve the 
neurologic issues, the remaining dogs received a total of 5, 6, 
10, or 13 doses each. The injections were given every 12 hours 
in three of four dogs and every 8 hours in the remaining dog. 
The dogs were started on oral levothyroxine within 24 hours of 
the last intravenous dose.2

Sodium liothyronine (T3) should be reserved for patients 
not responding to T4 therapy. Dosing should start at 4 to 6 μg/kg 
every 8 hours for dogs and 4.4 μg/kg every 8 to 12 hours for 
cats. Clinical improvement may take 4 to 6 weeks; twice-daily 
administration can begin at that time.

Response to Therapy
Therapeutic Drug Monitoring. Variability in blood concentra-

tions after oral administration of T4 can be very large because 
of differences in disposition, including bioavailability, so 
monitoring is an important tool with which to guide therapy. 
Blood concentrations should not be monitored until steady-
state concentrations of the hormone have been reached and 
sufficient time for a physiologic response to the new concen-
tration has passed. Thus concentrations should be monitored 
1 month after therapy has begun.

For monitoring a sample should be drawn 4 to 6 hours after 
the pill is administered. At that time, serum T4 concentration 
should be in or slightly above the upper half of the reference 
range. TSH concentration can also be measured in the same 
sample and can be helpful. Increased values are associated 
with inadequate therapy, but TSH concentrations within the 
reference range are not interpretable; dogs with both ade-
quate and inadequate control can have TSH concentrations 
within the reference range.29 Measurement of fT4 probably is 
unnecessary and does not add any more information, except 
in patients who have T4 autoantibodies; in such patients T4 
concentration as measured by radioimmunoassay is falsely 
elevated. Whether measurement of prepill hormone concen-
trations is helpful remains controversial. If T3 is the sole sup-
plement, peak concentrations can be collected 3 hours after 
administration of the pill if an 8-hour dosing interval is being 
used. With subsequent retesting, samples should be collected 
at the same time as previously, so comparisons between tests 
across time in the same patient are more valid.

Interpretation of thyroid hormone concentrations must 
be made in the context of clinical signs. Animals should be 
supplemented for 1 to 3 months before clinical efficacy can  
be judged. Although no clinical signs of thyrotoxicosis may be 
present, whether increased serum T4 concentrations without 
clinical signs of hyperthyroidism are detrimental has never 
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been studied. In humans elevated postpill T4 concentrations 
are strictly avoided. Low serum T4 concentrations should also 
be interpreted with response to therapy. The effects of concur-
rent drug therapy or other diseases that might influence the 
metabolism of thyroid hormones must be considered. Drug 
dose can be changed to achieve the therapeutic range. How-
ever, the pharmacokinetics of T4 are not linear—that is, to 
achieve a 15% change in serum T4 level, a 25% change in dose, 
not a 15% change, may be required.30

Effects of other drugs on thyroid hormones. Numerous drugs 
can affect thyroid hormone concentrations. The reader is 
referred elsewhere for complete information.31,32

Glucocorticoids, phenobarbital, sulfa antibiotics, tricyclic 
antidepressants, and nonsteroidal antiinflammatory agents, 
among others, have been shown to decrease T4, T3, f T4, and 
TSH.

Hyperthyroidism
Pathophysiology
Neoplasia of the thyroid gland, whether benign or malignant, 
is the most common cause of hyperthyroidism. In cats a benign 
tumor is the etiology in approximately 99% of cases, whereas 
in dogs a thyroid tumor leading to hyperthyroidism is almost 
always malignant. (Note, however, that most canine thyroid 
tumors do not cause hyperthyroidism; at least 90% of canine 
thyroid tumors are nonfunctional, and they can cause hypo-
thyroidism as a result of the destruction of normal thyroidal 
tissue.) Occasionally, administration or accidental ingestion of 
thyroid hormones can cause thyrotoxicosis.

The clinical signs of hyperthyroidism reflect abnormalities 
in several body systems as a result of excessive concentrations 
of T4 and T3. Increased energy expenditure results in weight 
loss and polyphagia. As skin protein synthesis and blood flow 
increase, the hair coat changes. Increased renal blood flow, 
glomerular filtration rate (GFR), and renal tubular activity 
account for polydipsia and polyuria; loss of medullary intersti-
tial tonicity can also contribute. Vomiting may reflect a direct 
effect on the chemoreceptor trigger zone, overeating, or gas-
trointestinal hypermotility. Malabsorption and hypermotility 
can cause diarrhea. Thyroid hormones may directly stimulate 
the central nervous system, causing behavioral changes that 
typify hyperthyroid cats (i.e., nervousness, hyperkinesis, agita-
tion). Occasionally, hypokalemia develops, which may explain 
the weakness that affects some cats.

Heat and stress intolerance, panting, and respiratory dis-
tress may be related to decreased pulmonary vital capac-
ity, decreased pulmonary compliance, slightly elevated body 
temperature, and cardiac stimulation (associated with cat-
echolamine release). Cardiac disturbances include tachy-
cardia, premature cardiac contractions, and gallop rhythms. 
Secondary cardiac hypertrophy can occur, which is distinct 
at a microscopic level from that seen with primary idiopathic 
hypertrophic cardiomyopathy. Thus cats with hypertrophy 
secondary to hyperthyroidism have thyrotoxic cardiac disease, 
not hypertrophic cardiomyopathy. Long-standing untreated 
thyrotoxic cardiac disease can progress to congestive heart 
failure. Thyroid hormones directly affect the cardiac muscle, as 

well as increase the needs of peripheral tissues, causing a high 
cardiac output state and an increase in myocardial oxygen 
demand. Peripheral resistance, on the other hand, is gener-
ally decreased. Catecholamines may contribute to the positive 
inotropic and chronotropic effects of thyroid hormones on 
the heart. Thyrotoxicosis probably increases the myocardial 
responsiveness to catecholamines by increasing the number of 
catecholamine receptors.

Baseline and Provocative Testing
Baseline serum T4 concentration can be measured to diagnose 
hyperthyroidism and is sufficient in the majority of cases as it 
is elevated in approximately 91% of hyperthyroid cats.33 (It is 
important to remember, however, that rare normal cats may 
have an elevated T4.) The other 9% of cats represent those with 
early or mild hyperthyroidism where serum T4 concentration 
can fluctuate in and out of the normal range34 or cats with con-
comitant nonthyroidal illness. Nonthyroidal illness can sup-
press serum T4 concentration,35 so the serum T4 concentration 
in hyperthyroid cats can be within the normal range.36,37 As 
a result, resting serum T4 concentrations obtained from cats 
must be critically evaluated and the possibility of further test-
ing considered.

If the serum T4 concentration of a hyperthyroid cat is 
within the reference range, it will typically be in the upper half 
of the range. If a serum T4 concentration is in the lower half of 
the reference range, it is highly unlikely (but not impossible) 
that the cat is hyperthyroid, and another diagnosis should be 
considered. In sick, older cats with normal thyroidal function, 
serum T4 concentration is usually low,35 so the finding of a 
T4 even in the upper half of the reference range in such a cat 
may indicate hyperthyroidism. If the T4 concentration is in the 
upper half of the reference range but there hyperthyroidism is 
still suspected, further diagnostics should be pursued. Options 
for additional tests include the following: (1) measurement of 
serum fT4 concentration by equilibrium dialysis; (2) repeat 
measurement of total T4 concentration (Because serum T4 
concentration may fluctuate in and out of the normal range, 
on a second test the sample may be drawn by chance while 
the T4 concentration is above normal and diagnostic. Unfor-
tunately, there is no way to predict when this will occur.);  
(3) performance of a T3 suppression test or TRH stimulation 
test. These latter two tests are valid, good tests, although they 
are more labor intensive and often not necessary.

As in dogs, serum fT4 concentration in cats is less affected 
by nonthyroidal factors than is total T4 concentration and is a 
more accurate reflection of thyroid function. For example, fT4 
concentration is elevated in 94% of mildly hyperthyroid cats, 
whereas total T4 concentration is elevated in only 61%.33 How-
ever, fT4 concentration may also be elevated in 6% to 12% of 
sick, euthyroid cats.33,38 To help discriminate between hyper-
thyroid and sick euthyroid cats, a total T4 should be measured 
along with fT4 concentration. Sick euthyroid cats with an 
elevated fT4 typically have T4 concentrations that are within 
the lower half of or below the reference range. Thus if the T4 
concentration is in the upper half of the normal range or above 
and the fT4 concentration is elevated, this is consistent with a 
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diagnosis of hyperthyroidism. If the T4 concentration is in the 
lower half of the normal range or below and the fT4 concentra-
tion is elevated, the cat is very unlikely to be hyperthyroid, and 
another diagnosis should be sought.

Measurement of serum T3 is not very helpful for diagnosis 
and is not recommended. Overall, only 67% of hyperthyroid 
cats have an elevated T3 concentration.33 In cats with mild 
hyperthyroidism, only 21% actually have an elevated serum 
T3 concentration.33

Performance of pertechnetate scans to diagnose hyper-
thyroidism is quite useful overall. Uptake of radioactive 
pertechnetate can confirm hyperthyroidism as well as delin-
eate functional thyroid tissue, establish the extent of thyroid 
involvement, and possibly detect metastasis (some metastases, 
but not all, will concentrate radioiodine). For cats in which 
biochemical evidence of hyperthyroidism is clear, scans will 
clearly identify functioning tissue. However, false-positive 
results may occur;39 in other words, nonhyperthyroid cats can 
have a scan suggesting the presence of hyperthyroidism, and 
timing of a scan after methimazole therapy may affect results.40

Relationship of Treatment for Feline 
Hyperthyroidism to Renal Disease
Treatment of hyperthyroidism can lead to decreases in GFR 
and unmask chronic renal disease,41-45 and no therapy appears 
to be safer than another. However, how best to assess cats 
before definitive therapy (i.e., radioactive iodine [131I therapy] 
or surgery) is unknown. Although one study determined that 
a GFR value of 2.25 mL/kg/min might represent a cutoff for 
deciding whether renal failure is a possibility,43 measurement 
of GFR is not easily obtained and GFR measurements vary 
depending on the technique used,46 with each laboratory need-
ing to determine its own guidelines. Furthermore, in two stud-
ies, hyperthyroid cats with GFR greater than 2.25 mg/kg/min 
were azotemic 30 days after treatment;42,44 whether this simply 
reflects a difference in methodology is unclear. Unfortunately, 
no readily available clinical indicators, including urine specific 
gravity, exist.47,48 Cats with pretreatment urine specific gravity 
greater than 1.035 may develop azotemia with treatment.48

Therefore the best option is probably to treat cats transiently 
with methimazole until serum T4 concentration is adequately 
controlled and then maintain euthyroidism for 30 days. When 
the serum T4 concentration is maintained within the normal 
range, renal function and the effect of definitive therapy can 
be assessed. Many cats exhibit an increase in serum blood urea 
nitrogen (BUN) or creatinine concentration (or both) with 
therapy, but the clinical result must be assessed as the most 
important parameter. Most cats improve clinically despite the 
increased renal parameters when their hyperthyroidism is 
treated. If they improve and the renal failure is not clinically 
apparent, the hyperthyroidism can be definitively treated.

Whether all cats that are to undergo 131I treatment or thy-
roidectomy need to have their kidney function evaluated with 
a methimazole trial remains to be determined. We prefer per-
forming a trial on all cats before definitive therapy is under-
taken. Certainly, if there is any question about the adequacy of 
renal function, trial therapy with methimazole is warranted. 

If renal failure becomes clinically apparent during the trial, 
methimazole administration should be stopped and therapy 
for renal failure instituted. Once the cat is stable again, the 
hyperthyroidism should be controlled as best as possible for 
life with methimazole and therapy for renal failure contin-
ued. Alternatively, if a trial is not performed and renal failure 
becomes overt because of definitive correction of hyperthy-
roidism, exogenous thyroid hormone can be supplemented 
in an attempt to support the kidneys, but the efficacy of such 
therapy is unknown and may be questionable.49 A balance 
must then be struck between creating iatrogenic hyperthy-
roidism and maintaining renal function.

Drugs Used To Control Hyperthyroidism
Hyperthyroidism may be medically controlled with methim-
azole and ipodate. Both can be used as either the sole drug 
to manage hyperthyroidism or in preparation for surgery or 
radioiodine administration. Propylthiouracil administration 
is not recommended because of associated possible severe 
adverse effects. In general, methimazole blocks synthesis of 
thyroid hormones and, specifically, thyroid peroxidase activ-
ity necessary for coupling of tyrosine residues by acting as a 
preferential substrate for the enzyme. As a result, T3 and T4 
are not secreted. Carbimazole is a methimazole prodrug cur-
rently used in Europe but not available in the United States. 
It appears to be equal in efficacy but safer than methimazole. 
Controlled-release carbimazole tablets are now available in 
Europe. Based on pharmacokinetics in normal cats the con-
trolled-release formulation may be appropriate for once-daily 
dosing;50 however, dosing has not been evaluated in hyperthy-
roid cats. Ipodate is a cholecystographic agent that acts pri-
marily by inhibiting conversion of T3 to T4 but also has some 
direct inhibitory effects on thyroid hormone secretion.

Overall, methimazole is highly effective at reversing thyro-
toxicosis and maintaining euthyroidism. In 262 spontaneously 
hyperthyroid cats, methimazole treatment lowered the serum 
T4 in more than 99%.51 A very small percentage of cats may 
be truly methimazole resistant. In the 262 cats, clinical side 
effects occurred, unrelated to the dose of methimazole used, 
in 18%, including anorexia (11%), vomiting (11%), lethargy 
(9%), excoriation of the face and neck (2%), bleeding (2%), 
and icterus (2%). Anorexia, vomiting, and lethargy typically 
happened during the first month of therapy and resolved 
despite continued drug administration. However, in eight cats, 
gastrointestinal side effects persisted and required cessation of 
therapy. Treatment with methimazole was also permanently 
stopped in cats that developed liver failure (e.g., vomiting, 
anorexia, and icterus), excoriated faces or necks, or a bleeding 
tendency.51 Myasthenia gravis has been reported after treat-
ment with methimazole in four cats. In two cats, prednisone 
was used to control the myasthenia.52 Lymphadenomegaly, 
which resolved with discontinuation of methimazole adminis-
tration, was reported in a single cat.53

On hematologic screening, eosinophilia, lymphocytosis, 
leukopenia, thrombocytopenia, and agranulocytosis may be 
noted. The milder adverse effects—eosinophilia, lymphocyto-
sis, and leukopenia—are usually noted within 1 to 2 months 
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of initiation of treatment and are transient despite continued 
therapy. The more serious complications (e.g., thrombocy-
topenia, agranulocytosis) occur in a minority of cats (≤3%) 
within the first 3 months of therapy and necessitate perma-
nent discontinuation of methimazole administration.51 The 
mechanism of hematologic disorders induced by methimazole 
is not understood. Interestingly, bleeding occurred in one cat 
without a decrease in platelet number, so thrombocytopenia is 
not the only mechanism that can cause a bleeding tendency. In 
human patients receiving propylthiouracil, vitamin K therapy 
reduced bleeding caused by hypoprothrombinemia; however, 
the benefits of vitamin K therapy have not been studied in 
cats receiving thyroid peroxidase inhibitors.54 Immunologic 
effects, including induction of positive antinuclear antibod-
ies (ANAs), can occur. The risk of developing a positive ANA 
result appears to increase with length of therapy and dose. 
However, clinical signs of a lupuslike syndrome (e.g., derma-
titis, polyarthritis, glomerulonephritis, thrombocytopenia, 
fever) or hemolysis do not occur.51

A starting dose of 10 to 15 mg/day divided into two or three 
daily doses depending on the severity of the hyperthyroidism 
has been recommended. The goal for cats on methimazole is 
to have a serum T4 concentration in the lower half of the refer-
ence range. Postpill timing does not matter. Although some 
cats require methimazole only once daily for adequate control, 
methimazole generally is more effective twice daily.55 For the 
first 3 months, the period during which most adverse effects 
develop, cats receiving methimazole should be evaluated every 
2 to 3 weeks with a complete physical examination, determina-
tion of serum T4 concentration, complete blood count (CBC), 
and measurement of liver enzymes and bilirubin. Renal 
parameters should also be monitored to assess kidney func-
tion. Although cats with a subnormal serum T4 concentration 
typically are not clinically hypothyroid, development of a posi-
tive ANA titer may be related to dose. Thus the minimal dose 
necessary to maintain serum T4 concentration in the lower 
half of the reference range, and not below, should be used. If 
serum T4 concentration remains high and poor compliance or 
difficulty in giving the medication has been ruled out as the 
cause of persistent hyperthyroidism, the methimazole dose 
should be increased in 2.5- to 5-mg increments to a maxi-
mum of 20 mg/day. If hepatopathy, facial excoriation, a bleed-
ing tendency, or serious hematologic consequences occur, 
the medication should be halted permanently and alternative 
therapy used. After the first 3 months, serum T4 concentra-
tion should be determined every 3 to 6 months to evaluate 
adequacy of therapy. Because blood dyscrasias are unlikely but 
not impossible after 3 months of therapy, a CBC need be per-
formed only if clinical signs suggest agranulocytosis, hemoly-
sis, or thrombocytopenia.51

To prevent development of adverse effects, other authors 
have recommended an initial dose of 2.5 mg twice daily for 2 
weeks.56 If after this period an owner observes no untoward 
side effects, the physical examination reveals no new problems, 
and a CBC (including platelets) is within normal limits, the 
dosage should be increased to 2.5 mg thrice daily for an addi-
tional 2 weeks. A similar recheck should then be completed, 

including measurement of a serum T4 concentration. If serum 
T4 concentration is within or near the normal reference range, 
the dose may be maintained for 2 to 6 weeks to determine the 
need for any further dosage adjustments. The dosage should be 
increased by 2.5 mg/day increments to a maximum of 20 mg/
day (assuming correct methimazole administration) or until 
the hyperthyroidism is controlled.56 Monitoring for adverse 
effects should be done as previously described.

Because of the relationship between hyperthyroidism and 
renal disease (as previously discussed), a third protocol has 
been advocated if abnormal renal parameters are present. 
Methimazole should be administered at a dose of 2.5 mg twice 
daily for 2 weeks, then 2.5 mg thrice daily for 2 weeks, then 5 mg 
twice daily for 2 weeks, and finally 5 mg thrice daily as needed. 
The serum T4 concentration, BUN, creatinine, phosphate, and 
a CBC should be evaluated at the end of each 2-week period. 
The dose escalation should stop once serum T4 concentration 
has normalized. If the serum T4 can be decreased to within 
the reference range and the renal parameters remain stable or 
improve, antithyroid medications may be continued or a per-
manent therapy may be considered. If clinical signs of renal 
disease worsen with therapy, treatment of the hyperthyroid-
ism should be reevaluated. Some cats may be healthier with-
out treatment.56 Alternatively, the dose of methimazole can be 
titrated to achieve the best control possible of the hyperthy-
roidism while maintaining adequate renal function.

Methimazole can be given transdermally. Although 
methimazole in pleuronic lecithin organogel (PLO) is 
absorbed poorly in healthy cats after a single dose,57 it is likely 
that chronic dosing leads to improved absorption and reso-
lution of hyperthyroidism as transdermal methimazole can 
be used to treat hyperthyroidism.58-60 The transdermal route 
may take longer, however, to bring about remission. In a 
randomized, prospective study of hyperthyroid cats, owners 
dosed their cats with methimazole orally (tablets) or transder-
mally (in PLO; 50 mg/mL) at 2.5 mg every 12 hours.59 Of cats 
treated transdermally 56% were euthyroid at 2 weeks, which 
was significantly fewer cats than the control rate in response 
to oral administration (88%); by 4 weeks the difference was 
no longer statistically significant (67% control with transder-
mal methimazole versus 82% for oral), but the lack of differ-
ence may have been due to a small number of cats remaining 
in the study at 4 weeks. Whether transdermal administration 
for a longer period of time would have controlled the hyper-
thyroidism in more cats was not evaluated. An advantage of 
transdermal methimazole is a significantly decreased rate  
of gastrointestinal adverse effects. However, the incidence of 
hepatopathy, facial excoriation, and blood dyscrasias is similar 
for both the transdermal and oral routes. Some cats develop 
erythema at the transdermal dosing site, but it is typically not 
severe enough to require drug discontinuation.59

Methimazole administration does not affect tumor size. 
Clinical signs will recur with discontinuation of the drug. 
Methimazole can be used before surgery to decrease serum 
T4 concentrations to within the reference range to stabilize 
the patient. Discontinuation of methimazole 2 weeks before 
radionuclide scanning or therapy has been recommended. 
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Because radionuclide uptake is increased in normal tissue for 
9 days after discontinuation of methimazole therapy,40 treat-
ment within that window may increase the risk of iatrogenic 
hypothyroidism with radioiodine administration.

In humans, use of cholecystographic agents for treatment 
of hyperthyroidism has been studied, and the radiopaque 
organic iodine agent ipodate has shown some success. Expe-
rience with ipodate in veterinary medicine has been limited. 
A single study of 12 spontaneously hyperthyroid cats was 
performed using calcium ipodate granules reformulated into 
50-mg capsules.61 Initial dosage was 50 mg/cat, administered 
orally twice daily. The dosage was increased to 150 mg (100 mg  
in the morning, 50 mg at night) and then 200 mg (100 mg 
orally twice daily) at 2-week intervals if serum T3 did not 
normalize or if other abnormalities attributable to hyper-
thyroidism failed to resolve satisfactorily. (Because the main 
mechanism of action of ipodate is to inhibit conversion of T4 
to T3, monitoring of serum T3 concentrations is necessary to 
judge efficacy.) Only eight cats responded during the 14-week 
study period; seven of these were treated at a dosage of  
100 mg/day, and one required 150 mg/day. Interestingly, 
serum T3 concentration decreased in the responders and 
declined into the normal range in two nonresponders as well. 
No adverse clinical signs or hematologic abnormalities attrib-
utable to ipodate treatment were noted.61 The reason for poor 
response in four cats was not apparent. Lack of efficacy of ipo-
date has been noted in human patients, especially those with 
Graves’ disease and severe hyperthyroidism. The effect of ipo-
date may be transient in some cats, given that two cats clearly 
had relapsed at the end of the 14 weeks.

Thus cholecystographic agents may be a feasible alternative 
to methimazole for medical treatment of feline hyperthyroid-
ism and may be a good option for cats that require medical 
treatment but cannot tolerate methimazole. The need for 
special formulation of capsules may limit availability. Unfor-
tunately, efficacy of treatment cannot be predicted, although 
cats with severe hyperthyroidism are less likely to respond. If 
treatment is efficacious, serum T3 concentrations will normal-
ize and clinical signs will abate. Owners should also be warned 
that a positive response might be transient. Unfortunately, 
ipodate is no longer available. Iopanoic acid has been recom-
mended for use at the same dosage, but no studies exist prov-
ing its efficacy.

Drugs Used To Cure Hyperthyroidism
Compared with medical therapy that simply controls hyper-
thyroidism, 131I therapy provides a cure. The goal of 131I ther-
apy is to restore euthyroidism with a single dose of radiation 
without producing hypothyroidism. Surgery can also cure the 
disease, but 131I is the definitive treatment of choice in cats with 
ectopic thyroid tumors that are not surgically accessible (e.g., 
intrathoracic). In addition, 131I may be the best way to treat 
metastatic carcinoma. Radioactive iodine, like stable iodine, is 
actively taken up by and stored in thyroidal tissue. The emitted 
β particles cannot travel far, thus limiting damage to adjacent 
normal tissues. Because normal tissue has atrophied and is 
quiescent, 131I will be concentrated within a thyroid tumor(s), 

and normal tissue is relatively spared from destruction by the 
radioactive particles.

The 131I dose can be administered orally, subcutaneously, 
or intravenously but is usually given subcutaneously to avoid 
the stress of intravenous catheterization or injection and the 
possibility of vomition of radioactive material. The major dis-
advantages of radioactive iodine therapy include accessibility 
(a limited number of facilities are licensed to use radiophar-
maceuticals, but this is changing), cost, and the possible extent 
of hospital stay while radioactivity decreases in the patient 
(potentially up to 2 weeks, depending on local radiation safety 
regulations). After discharge, cats will continue to excrete a 
small amount of radiation for 2 to 4 weeks, and close contact 
with the cat should be minimized during this time.

TSH increases 131I uptake of the thyroid gland in humans, 
and rhTSH is routinely administered before 131I treatment to 
lessen the 131I dose and minimize irradiation of nonthyroidal 
tissues. Whether rhTSH would increase the uptake of 131I in 
thyroid glands of hyperthyroid cats was recently examined.62 
Five hyperthyroid cats were given 25 μg rhTSH intravenously 
1 hour before 123I administration; 123I can be used to visualize 
hyperfunctional tissue and will be handled by the body like 
131I but will not cure hyperthyroidism. The same cats were 
given another 131I injection 8 days later without first receiv-
ing rhTSH. The rhTSH increased radioactive iodine uptake by 
the thyroid gland by 7.33%, which was statistically significant. 
Thus hyperthyroid cats undergoing 131I therapy may require a 
lower radioactive iodine dose if given rhTSH before treatment, 
but further studies are needed to optimize the rhTSH dose and 
the interval between its administration and the 131I injection.

Administration of 131I by any route appears to be relatively 
safe. Pain or discomfort in the area of the thyroid gland pre-
sumably reflects radioactive thyroiditis and should resolve 
within several days of therapy. A transient voice change has 
been noted in one cat63 and transient dysphagia in eight.64 
Although many cats develop a subnormal serum T4 concen-
tration following 131I administration, a low serum T4 con-
centration in itself does not mean hypothyroidism is present. 
Because nonthyroidal diseases can suppress serum T4 concen-
tration, nonthyroidal disease should always be excluded before 
a diagnosis of hypothyroidism is made. Supplementation 
is required only if clinical signs of hypothyroidism develop. 
Although 11% of cats have a low serum T4 concentration 
after 131I therapy, approximately only 2% require l-thyroxine 
supplementation.64

Clinical signs of euthyroidism generally occur within 1 to 3 
weeks of 131I administration; the first sign generally is normal-
ization of appetite and weight gain. Therapeutic failure rate is 
approximately 2%. If T4 is still elevated 3 to 6 months after 131I 
administration, the hyperthyroid state is unlikely to resolve 
without further treatment. Most of these cats will respond to a 
second dose of 131I.63-67 In one study 2.5% of cats had a relapse 
of hyperthyroidism 1.1 to 6.5 years after initial radioiodine 
treatment.64

Percutaneous ultrasound-guided intrathyroidal injection 
of ethanol or percutaneous radiofrequency ablation of thyroi-
dal tissue has been tried as a means of targeting and destroying 
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thyroid tumors. After treatment of unilateral disease with per-
cutaneous ethanol injection (PEI), resolution was obtained 
lasting at least 12 months.68 However, only a small number of 
cats were studied. Bilateral PEI for bilateral disease led to mor-
tality in one cat, likely because of laryngeal paralysis. Treating 
bilateral disease with staged injections has not shown long-
term success, with the longest remission obtained being 27 
weeks.69 Adverse effects include mild gagging, voice change, 
Horner’s syndrome, and laryngeal paralysis; are usually tran-
sient; and resolve in 8 weeks or less.68,69

Radiofrequency ablation was used to treat four cats with 
unilateral thyroid disease and five cats with bilateral disease.70 
The nine cats were administered 14 treatments. Of the cats 
with unilateral disease, three became clinically and biochemi-
cally euthyroid for 1, 6, and 18 months; the fourth cat became 
clinically euthyroid for 6 weeks, although the serum T4 con-
centration remained slightly above the reference range. Inter-
estingly, all cats with bilateral disease had treatments on one 
side and remission was obtained after 1 to 3 treatments for 1 
to 6 months. Repeat therapy was used in some cats to induce 
a second or third remission when clinical signs returned. 
Transient Horner’s disease was the sole clinical complication 
and was seen after 3 of the 14 treatments. Clinically inappar-
ent laryngeal paralysis was noted in one cat during laryngeal 
examination.70

Neither ethanol injection nor radiofrequency ablation is 
currently widely available for treatment of feline hyperthy-
roidism, and both require considerable experience. Radiofre-
quency ablation also requires specialized equipment.

Drugs Used To Control Clinical Signs 
of Hyperthyroidism
Thyroid hormones may increase the number or sensitivity 
of β-receptors in the myocardium.56 Tachycardia, myocar-
dial hypertrophy, heart failure, and cardiac arrhythmias have 
been associated with thyrotoxicosis in hyperthyroid cats. 
Beta-adrenergic blockers (e.g., propranolol) have no effect 
on thyroid hormone concentration but decrease the neuro-
muscular and cardiovascular effects of hyperthyroidism, such 
as hyperexcitability, hypertension, and cardiac hypertrophy. 
These agents can be used in combination with an antithy-
roid drug such as methimazole or alone if a patient cannot 
tolerate antithyroid medications, and they may be helpful in 
preparing a patient for thyroidectomy or radioactive iodine 
by making the cat a better candidate for surgery or hospital-
ization. Nonselective β blockade by propranolol can reduce 
the hyperdynamic effects of thyroid hormones on the myo-
cardium. In addition, propranolol inhibits conversion of T4 
to T3 by peripheral tissues in hyperthyroid humans. Because 
propranolol does not directly affect the thyroid gland, how-
ever, patients are not returned to a euthyroid state. Propano-
lol dosing in cats suffering from cardiac disorders associated 
with hyperthyroidism should begin at 2.5 mg orally every 
12 hours and be increased to 7.5 mg every 8 hours as nec-
essary to control heart rate. If propranolol is being used to 
prepare a patient for surgery, therapy should continue for 14 
days preoperatively. Care should be taken in patients with 

congestive heart failure because the negative chronotropic 
effects of propranolol may decrease myocardial reserve. In 
addition, as a nonselective β blocker, propranolol can cause 
bronchospasms, which may be lethal in cats with respiratory 
distress or may exacerbate feline asthma. Atenolol, a selective 
β1blocker, might be used instead of propranolol (2 mg/kg or 
6.25 mg/cat once daily).

Administration of large doses of iodide (e.g., sodium or 
potassium iodide) for a short time (1 to 2 weeks) will cause 
transient hypothyroidism in normal animals. Organification 
of thyroid hormones is prevented and hormone secretion is 
reduced. The clinical effects of high-dose iodine therapy will 
occur in 7 to 14 days in humans; however, refractoriness to 
these effects will develop in several weeks to months. In hyper-
thyroid cats, iodine (50-100 mg orally, once daily) has been 
used to prevent an acute thyroid crisis (i.e., a thyroid storm) 
in patients undergoing thyroidectomy. One to two drops of a 
saturated solution of potassium iodide can be administered in 
gelatin capsules beginning 10 days before surgery.71

DISEASES OF THE PARATHYROID 
GLANDS

Normal Calcium Homeostasis
Calcium balance is maintained by the integrated influences 
of parathyroid hormone (PTH) on calcium and phosphorus 
reabsorption in bone and distal renal tubular cells and by the 
intestinal absorption of calcium as mediated by vitamin D 
(Figure 21-3). Of the total calcium present in serum, approxi-
mately 40% is protein bound, 10% is bound to other factors 
such as citrate or phosphate, and 50% is ionized. Serum ion-
ized calcium concentration, which is the biologically active 
portion, normally fluctuates less than 0.1 mg/dL. Secretion of 
PTH is exquisitely sensitive to changes in ionized calcium con-
centration. Decreases in serum calcium concentration stimu-
late PTH secretion, which in turn causes increased calcium 
resorption from urine (distal renal tubule), increased mobili-
zation of calcium and phosphorus from bone, and increased 
vitamin D synthesis. Parathyroid hormone mediates the acti-
vation of vitamin D (see Figure 21-3).

The main function of vitamin D is to increase gastrointes-
tinal calcium and phosphorus absorption. In humans vitamin 
D (cholecalciferol) can be ingested or made by irradiation of 
cutaneous 7-dehydrocholesterol; the serum half-life of vita-
min D is 19 to 25 hours, although the vitamin is stored in fat 
depots. In dogs vitamin D must be ingested; what occurs in 
cats is unknown. Cholecalciferol is converted to 25-hydroxy-
cholecalciferol (25-OHD, calcidiol) in the liver by hepatic 
microsomal enzymes (see Figure 21-3). Once in circulation, 
25-OHD is bound to a binding globulin. In humans 25-OHD 
has an elimination half-life of about 19 days. Calcidiol is fur-
ther hydroxylated to the most potent form, 1,25-dihydroxy-
cholecalciferol (calcitriol), in the renal proximal tubules. The 
enzyme responsible for hydroxylation of 25-OHD is inhibited 
by calcitriol in a negative feedback manner and by hyper-
phosphatemia. On the other hand, conversion of 25-OHD to 



796 Drugs Targeting Body Systems SECTION 3

calcitriol requires PTH; thus without PTH, little to no calcitriol 
is made and there is practically no functioning vitamin D in 
the body. Renal and, to some degree, bone activities mediate 
the acute response to calcium homeostasis. Intestinal calcium 
reabsorption may take several days to occur, in part because 
of the time necessary for vitamin D synthesis or activation. 
Calcitriol is further hydroxylated to 1,24,25-(OH) 3-D3 and 
subsequent metabolites that have variable activity.

Calcitonin, a polypeptide hormone secreted from thyroi-
dal C (parafollicular) cells in response to hypercalcemia, is the 
least important regulator of calcium metabolism. It has a mild 
blood calcium–lowering effect by decreasing both the absorp-
tive activity of osteoclasts and the formation of new osteo-
clasts. The main role of calcitonin may be to limit postprandial 
hypercalcemia. In normal animals the role of calcitonin is 
more important in juveniles. Calcitonin has minor effects 
on calcium handling by the gastrointestinal tract and at high 
doses promotes urinary calcium excretion.

Because ionized Ca is available to cells and is thus the bio-
logically active form, it is critically important in the diagnosis 
of calcium disturbances. If ionized calcium is normal, even if 

total calcium is not, no further diagnostics are warranted. The 
correction formulas previously advocated and used to correct 
calcium concentration for serum albumin or protein concen-
tration are no longer recommended.72 To know a patient’s 
calcium status, the clinician must measure ionized calcium 
concentration.

Hypoparathyroidism
Pathophysiology and Diagnosis of Primary 
Hypoparathyroidism
Primary hypoparathyroidism in dogs can reflect destruction 
of the parathyroid glands by disease (e.g., lymphocytic para-
thyroiditis) or trauma, including surgical removal. The most 
common cause in cats is injury or removal of the parathyroid 
glands during thyroidectomy. Hypomagnesemia can be a 
cause or effect of hypoparathyroidism in dogs and cats. Ces-
sation of PTH secretion results in the loss of calcium mobi-
lization from bone, of calcium retention by the kidneys, and 
of calcium absorption from the intestines. The primary clini-
cal manifestation of hypoparathyroidism reflects decreased 
serum calcium concentration.

PTH

Absorption

Serum PO4
�

Vitamin D3
(hydroxysterol, cholecalciferol)

Conversion

Conversion
(PTH Required)

25-Hydroxy vitamin D3
(25-hydroxysterol, 25-hydroxycholecalciferol, calcifediol)

 1, 25-dihydroxy vitamin D3
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Figure 21-3 Calcium is very tightly regulated through the combined effects of parathyroid hormone (PTH), calcitonin, and vitamin 
D. The figure shows the activation of vitamin D and the way vitamin D and PTH act to increase serum calcium concentrations. 
Vitamin D must undergo several sequential activation steps before it is fully functional; calcitriol, the end product, acts to increase 
serum calcium concentrations and is essential for synthesis of PTH. Calcitonin, on the other hand, decreases serum calcium 
concentrations.
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Hypoparathyroid patients may be hyperphosphatemic as a 
result of decreased renal phosphorus excretion. Measurement 
of serum PTH concentration is required to establish a diagno-
sis of hypoparathyroidism. Serum PTH concentrations below 
the reference range in hypocalcemic dogs and cats confirm the 
diagnosis, assuming the assay used is reliable and validated. 
Serum PTH concentrations in the low end of the reference 
range are not appropriate in hypocalcemic individuals, and a 
diagnosis of hypoparathyroidism can also be made.73

Hypocalcemia
Hypocalcemia and, in particular, decreased serum ionized cal-
cium concentration leads to neuromuscular hyperexcitability 
as the stabilizing influence of calcium on neuronal sodium per-
meability is lost. Although both central and peripheral nerves 
are affected, clinical signs are usually peripheral, ranging from 
latent tetany (e.g., muscle cramping, lameness, irritability) 
to muscle fasciculations and stiff gait to tetanic seizures. The 
concentration of ionized calcium below which tetany develops 
depends on the rate at which hypocalcemia develops. Further-
more, cerebrospinal fluid concentrations may be more criti-
cal and may remain stable in the face of fluctuations in serum 
concentrations. Despite the importance of calcium in cardiac 
contractility, clinical evidence of cardiac dysfunction gener-
ally does not develop. Differential diagnoses for hypocalcemia 
include primary hypoparathyroidism, acute and chronic renal 
failure, acute pancreatitis, puerperal tetany (eclampsia), intes-
tinal malabsorption syndromes, nutritional secondary hyper-
parathyroidism, ethylene glycol toxicity, administration of 
phosphate-containing enemas, congenital vitamin D receptor 
defects, and hypomagnesemia.

Treatment of Hypocalcemia 
and Hypoparathyroidism
No treatment fully compensates for the absence of PTH.74 
The need for calcium therapy is based on serum calcium 
 concentrations and clinical signs. Total serum calcium 
 concentrations of 6.5 mg/dL might be considered critical; 
below 6 mg/dL generally results in clinical tetany, and below 
4 mg/dL may be fatal.

Hypocalcemic tetany is a life-threatening condition, requir-
ing immediate intravenous replacement. Because calcium can 
be lethal, it must be administered slowly to effect over 20 to 30 
minutes. The amount of calcium in both oral and intravenous 
preparations varies with the salt. Because it is much less caus-
tic if administered perivascularly, the calcium gluconate salt 
(10% solution: 9.3 mg calcium /mL) is preferred to the chlo-
ride (10% solution: 27.2 mg calcium/mL) and glucoheptonate 
(22% solution: 18 mg calcium/mL) salts. The dose of calcium 
for intravenous administration is 5 to 15 mg/kg (i.e., for the 
10% gluconate salt solution [0.5 to 1.5 mL/kg] given slowly 
and intravenously. An electrocardiogram should be moni-
tored during infusion; if bradycardia, premature ventricular 
contractions, or shortening of the Q-T interval is seen, the 
infusion should be slowed or briefly discontinued. Fluids con-
taining bicarbonate, lactate, acetate, or phosphate cannot be 
used to administer calcium because the calcium will precipitate 

out of solution. Although seizures will stop once eucalcemia 
is established, other signs, such as nervousness, panting, and 
behavioral changes, may persist for 30 to 60 minutes after nor-
malization of serum calcium concentration.73 Correction of 
tetany should help resolve hyperthermia that developed as a 
result of excess muscle activity. Life- threatening hyperthermia 
should be treated as an emergency.

Duration of response to a single dose of calcium varies from 
1 to 12 hours. The type of future therapy required depends 
on the cause of hypocalcemia. If primary hypoparathyroid-
ism is diagnosed, long-term treatment with oral vitamin D 
is required insofar as no suitable commercial PTH prepara-
tions exist. Oral calcium supplementation will also be needed 
in the long-term, but parenteral calcium administration is 
required in the short-term. Oral maintenance therapy with 
calcium should begin as soon as possible, but oral calcium is 
not absorbed from the gastrointestinal tract until vitamin D 
therapy begins to take effect, which is usually in 1 to 5 days. In 
the meantime, continuous calcium infusion is recommended 
(60-90 mg/kg/day elemental calcium) until oral medications 
provide control. If initial hypocalcemia was severe, the dose 
administered should be in the upper end of the range. The 
dose can be decreased as the oral medications begin to work 
and based on serum calcium concentration.73 Intermittent 
intravenous infusions are not recommended because of the 
wide fluctuations in serum calcium concentrations that will 
occur.74

In theory, the gluconate salt can be given subcutaneously, 
diluted 1 part calcium to 2 to 4 parts saline, but this is not 
recommended. Although not fully conclusive that calcium 
gluconate was the cause, two case reports suggest that severe 
calcinosis cutis and subsequent sloughing resulted from sub-
cutaneous administration of calcium gluconate.75,76 Calcium 
carbonate solutions can never be given subcutaneously.

The daily oral calcium dose is 25 to 50 mg/kg, divided in 
several doses. Parenteral calcium administration can be slowly 
discontinued beginning 1 to 2 days after initiation of oral treat-
ment; the rate will depend on serum calcium concentrations. 
Calcium salts available for oral administration include lactate 
(13% elemental calcium available), gluconate (10% elemental 
calcium available), carbonate (40% elemental calcium avail-
able [tablet form]), chloride (27% elemental calcium available) 
and citrate (21% elemental calcium available). The carbonate 
form has the highest percentage of calcium; does not cause 
gastric irritation, as do other forms; and is a phosphate binder, 
lowering serum phosphate, which has positive effects on 
endogenous calcitriol synthesis. Thus it is the preferred oral 
form. Other salts containing smaller amounts of calcium may 
require many tablets to be administered as a single dose. Over-
the-counter preparations (e.g., Tums, which contains calcium 
carbonate) can also be used for oral maintenance therapy. As 
vitamin D therapy becomes effective, calcium supplementa-
tion should no longer be necessary (discussed later).

Vitamin D therapy (Figure 21-4) is necessary for both 
absorption of orally administered calcium and normaliza-
tion of calcium homeostasis. Patients should be hospitalized 
during induction of vitamin D therapy, until serum calcium 
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concentrations remain between 8 and 10 mg/dL without par-
enteral support. Vitamin D preparations vary in potency, time 
to onset (time to steady-state concentrations), and cost. Vita-
min D can be administered as ergocalciferol (vitamin D2) and 
calcitriol (active vitamin D3). Vitamin D3 is likely, however, to 
be better absorbed orally than is ergocalciferol. Bile is essential 
for adequate oral absorption; the majority of absorbed vitamin 
D occurs in chylomicrons in the lymph. Dihydrotachysterol 
(DHT), a synthetic form of vitamin D previously used to treat 
hypoparathyroidism, is no longer available.

Ergocalciferol, or vitamin D2 (4000 to 6000 U/kg per day), 
is inexpensive and widely available. Large doses are necessary, 
however, to compensate for decreased potency in hypopara-
thyroid patients—it is an inactive form, and conversion to the 
active form will be impaired by low PTH concentrations in 
the patient. Large doses are also required to saturate fat depots 
(vitamin D is a fat-soluble vitamin). The effect of the medica-
tion is usually obvious 5 to 14 days after beginning therapy, 
and parenteral calcium can usually be discontinued 1 to 5 
days after starting oral treatment.73 Once the serum calcium 
concentration is in the target range of 8 to 10 mg/dL, ergocal-
ciferol can be administered every other day. Serum calcium 
concentration should be monitored weekly, with the ergocal-
ciferol dose adjusted to maintain calcium in the target range.73 
The required maintenance dose is 1000 to 2000 U/kg once 
daily to once weekly.73

In patients in whom development of hypocalcemia can 
be anticipated (e.g., after parathyroid gland tumor removal), 
it may be necessary to start vitamin D supplementation pre-
emptively. Guidelines exist, although they are unproven. If the 
serum calcium is below 14 mg/dL, vitamin D therapy is not 
recommended preoperatively. If calcium is above 15 mg/dL  
or a dog has more than one parathyroid mass, calcitriol ther-
apy should be started the morning of surgery or immediately 
thereafter.74

Even after a pet appears stable, rechecks are recommended 
monthly for the first 6 months and then every 2 to 3 months 
for life.73 Hypercalcemia must be avoided because it can cause 
renal and other organ damage and numerous other prob-
lems. A disadvantage of ergocalciferol therapy is that because 
of high lipid solubility and body fat–store saturation, serum 
calcium concentrations can take up to 4 weeks to decline 
once ergocalciferol administration has been discontinued. 
Hypercalcemia should be treated aggressively if it occurs. 
Because of the risk of hypercalcemia and the difficulty of 
treatment, ergocalciferol is not recommended for treatment 
of hypoparathyroidism.

Calcitriol is the vitamin D of choice for treatment of hypo-
parathyroidism. Although calcitriol is significantly more 
expensive than ergocalciferol, it is much safer. As calcitriol is 
already active, small doses may be used and the dose may be 
adjusted frequently because of its rapid onset of action (1 to 
4 days versus 5 to 21 days for ergocalciferol) and brief bio-
logical effect. If hypercalcemia occurs, the effects of this drug 
abate quickly after stopping therapy or with dose reduction.73 
A loading dose of 20 to 30 ng/kg daily can be administered 
for 3 to 4 days and then decreased to a maintenance dose of 5 
to 15 ng/kg daily.74 Doses should be divided and given twice 
daily. Reformulation may be required for veterinary patients; 
alternatively, a liquid form can be used to facilitate dose 
adjustments.

When calcitriol is used, dose adjustments should be made 
in 10% to 20% increments and only after enough time has 
elapsed for a previous alteration to take effect. Total calcium 
measurement is recommended daily in the initial phase, 
weekly during maintenance until a satisfactory serum calcium 
concentration is obtained, and then quarterly thereafter. The 
target for total serum calcium concentration, regardless of the 
form of calcium or vitamin D used, is just below the reference 
range.
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Figure 21-4 Structures of ergocalciferol, vitamin D2, present in plants, and cholecalciferol, vitamin D3, present in animals. Dihydro-
tachysterol is a congener of vitamin D2, currently not available commercially.
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If hypomagnesemia is documented, magnesium sulfate 
(1 to 2 mEq/kg/day) should be administered. Correction of 
serum magnesium concentrations can decrease needed doses 
of vitamin D or calcium (or both).74

If hypoparathyroidism is due to surgical intervention and 
expected to be temporary (e.g., at least one parathyroid gland 
was left after the thyroidectomy in cats or a parathyroid tumor 
was removed in dogs), calcitriol can be discontinued over time. 
In cats parathyroid function usually recovers in 2 weeks but 
can take up to 3 months; after removal of a parathyroid tumor 
in dogs, return of function of the remaining gland (or glands) 
can take up to 12 weeks.74 Tapering of the calcitriol dose can 
begin after 4 weeks. If hypocalcemia returns, the calcitriol 
dose should be increased to the previous level and attempts 
at tapering made again later. If tapering after 3 months still 
results in hypoparathyroidism, permanent therapy with cal-
citriol will likely be necessary.74

Oral calcium should be continued until serum calcium 
is maintained between 8 and 10 mg/dL, usually 1 to 2 days 
to several weeks after vitamin D therapy is started (depend-
ing on the vitamin D product used). Calcium can gradually 
be tapered over weeks as normal serum concentrations are 
maintained.

Because of potential nephrotoxic and other effects, hyper-
calcemia should be avoided. If hypercalcemia (>12 mg/dL) 
occurs at any time regardless of the product used, vitamin D 
administration should be discontinued until serum calcium 
concentration returns to normal. In addition, oral calcium 
supplements, if being given, also need to be ceased and the 
patient should be placed on a calcium-restricted diet.

Primary Hyperparathyroidism
Hypercalcemia
Multiple rule-outs for hypercalcemia exist. They can be 
remembered by the mnemonic GOSHDARNIT: Granuloma-
tous disease, Osteolytic disease, Spurious (e.g., sample lipemia 
or hemolysis), Hyperparathyroidism, D toxicosis (i.e., vita-
min D toxicosis), Addison’s disease, Renal failure, Neoplasia, 
Idiopathic (only recognized in cats), and Temperature (hypo-
thermia has been noted as a cause). The most common cause 
of hypercalcemia in dogs is malignancy.77 Lymphosarcoma is 
most likely, but multiple myeloma and anal sac apocrine cell 
adenocarcinoma and others are possible. In cats idiopathic 
hypercalcemia is most likely, but neoplasia or renal failure are 
also possibilities. Squamous cell carcinoma and lymphosar-
coma are the most common hypercalcemia-causing neopla-
sias in cats.78

Assessing the phosphorus levels can aid in ranking dif-
ferential diagnoses. The net effect of PTH is to increase 
serum calcium but decrease phosphorus. In primary hyper-
parathyroidism (PHPTH) the normal feedback mechanism 
of calcium on the parathyroid glands is lost. With elevated 
PTH hypercalcemia occurs with a low normal or low serum 
phosphorus concentration. The most common cause of 
PHPTH is neoplasia (functioning adenoma) of the chief 
cells of the parathyroid glands.79 Hyperplasia of the parathy-
roid gland(s), multiple endocrine neoplasia, and hereditary 

hyperparathyroidism are less common causes. Secondary 
hyperparathyroidism generally occurs as calcium and phos-
phorus homeostasis becomes unbalanced (e.g., renal or nutri-
tional secondary hyperparathyroidism).

Most neoplasias cause hypercalcemia by secreting the hor-
mone parathyroid hormone related–peptide (PTHrP), which 
binds to PTH receptors affecting serum calcium and phospho-
rus just as PTH does, mimicking PHPTH. Hematologic malig-
nancies growing in the bone marrow or metastases of solid 
tumors to bone can also cause hypercalcemia.

Vitamin D toxicosis leads to elevations in both calcium and 
phosphorus and can result from ingestion of cholecalciferol-
containing rodenticides or human antipsoriasis creams con-
taining calcipotriene, a synthetic vitamin D3 (e.g., Dovonex)80 
or from oversupplementation. Toxicity may not be evident 
until the drug has accumulated, which may take several weeks 
to months depending on the product. Granulomatous disease 
is an uncommon cause of hypercalcemia and may be due to 
the ability of macrophages to activate vitamin D independent 
of feedback mechanisms.

Unfortunately, the presence of renal failure can make inter-
pretation of results difficult. Hypercalcemia can lead to renal 
failure and vice versa. If azotemia is present, phosphorus is 
likely to be elevated and cannot be used to help in ranking dif-
ferential diagnoses. In addition, it can be hard to determine if 
the hypercalcemia or the renal failure came first. The clinician 
should be sure always to assess ionized calcium concentration. 
In the presence of azotemia, ionized calcium is often normal 
(and therefore not a cause for worry) when total serum cal-
cium concentration is high. If ionized calcium is high, the 
diagnosis is likely PHPTH, whereas if the ionized calcium is 
normal to low, it is likely primary renal failure.

Clinical signs of hypercalcemia can be severe but are usu-
ally insidious and unnoticed. Polyuria and polydipsia are the 
most common in dogs. Hypercalcemia can cause secondary 
nephrogenic diabetes insipidus, initially increased and then 
decreased GFR, nephrocalcinosis, and soft tissue mineral-
ization. Muscle weakness and atrophy, depression, anorexia, 
vomiting, shivering, bone pain, constipation, a stiff gait, and 
cardiac arrhythmias can also be seen. In cats presenting signs 
include vomiting, weight loss, dysuria, anorexia, inappropri-
ate urination, lethargy, diarrhea, hematuria, pollakiuria, and 
stranguria. Signs of lower urinary tract disease may be seen 
in up to one third of hypercalcemic dogs and cats, which are 
prone to forming calcium-containing uroliths. Fibrous osteo-
dystrophy of all bones, but particularly the skull, can occur 
with hyperparathyroidism.

Pathophysiology and Diagnosis of Primary 
Hyperparathyroidism
PHPTH results in hypercalcemia from autonomous PTH 
secretion from solitary or multiple parathyroid gland adeno-
mas or hyperplasia or parathyroid gland carcinoma. Although 
no epidemiologic studies have been done, PHPTH is uncom-
mon in dogs and rare in cats, primarily affecting older animals. 
It can occur in any breed, but it is an autosomal dominant, 
genetically transmitted disease in the Keeshond.81 Because 
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clinical signs tend to be absent to mild, hypercalcemia can 
be diagnosed on a serum biochemistry profile obtained for 
unrelated concerns. Given the numerous diseases that cause 
hypercalcemia, a minimum database of a hemogram, serum 
biochemistry profile, urinalysis, and urine culture should be 
obtained and a full, careful physical examination performed 
in all hypercalcemic animals.

If clinical signs are present, the most common ones involve 
the renal, gastrointestinal, or neuromuscular systems. Of the 
clinical signs reported in dogs with PHPTH, 81% had polyuria 
or polydipsia; 73% had either urinary tract calculi, a urinary 
tract infection, or both; 53% had decreased activity; and 37% 
had a decreased appetite; azotemia was documented in only 
5%. The most commonly reported clinical signs in cats are 
anorexia, lethargy, and vomiting. In contrast to dogs, in which 
a parathyroid mass is rarely palpable, 11 of the 19 reported cats 
with PHPTH had a palpable mass.79

In uncomplicated PHPTH, the biochemistry profile usually 
demonstrates persistently elevated total and ionized calcium, 
decreased to low-normal phosphorus, and normal BUN and 
creatinine levels. Assays for PTH and PTHrP are relatively 
sensitive, readily available diagnostic tools to help identify the 
cause of hypercalcemia. In general, in animals with PHPTH, 
serum PTH levels are within the normal reference range or 
elevated, and PTHrP is usually undetectable. In the face of 
hypercalcemia, a PTH concentration within the upper half 
of the reference range is wholly inappropriate and consistent 
with a diagnosis of PHPTH. In the face of hypercalcemia, 
a PTH concentration in the lower half of the normal range 
should raise suspicion for PHPTH, although it does not con-
firm it diagnostically.

Although previous reports state that 90% of dogs and cats 
with PHTPH have a solitary adenoma,79 in one recent study, 
42% of dogs had multiglandular disease.82 It is therefore 
important to identify all abnormal glands before or at the time 
of definitive treatment. Selective sampling and determina-
tion of serum PTH concentrations in both jugular veins have 
proved inconsistent in predicting the affected side, and this 
procedure is not recommended.79,82 Cervical ultrasonogra-
phy can be a useful diagnostic aid in locating and identifying 
abnormal parathyroid glands, with reported sensitivity rates 
ranging from 42% to 100% when performed by highly expe-
rienced ultrasonographers.82,83 However, finding parathyroid 
glands with ultrasound requires a great deal of practice and 
skill.

Treatment of Primary Hyperparathyroidism
For PHPTH the only effective long-term therapy is ablation of 
the abnormal parathyroid tissue. Several methods of definitive 
treatment for PHPTH exist, but surgical excision is the most 
common, with cure rates up to 95% if all autonomously func-
tioning tissue is removed.83 In humans undergoing parathy-
roidectomy, PTH concentrations are measured preoperatively 
and intraoperatively 10 minutes after removal of the abnor-
mal gland. A greater than 50% decrease in PTH concentration 
between the preexcision and postexcision samples is associ-
ated with successful removal of autonomously functioning 

tissue in humans. A minimum period of 6 months of nor-
mocalcemia postoperatively is considered curative in human 
medicine. With this in mind, a rapid intact PTH assay was 
recently validated in dogs. In 12 dogs the assay accurately 
detected increased serum PTH concentrations in all dogs with 
PHPTH preoperatively. A greater than 50% decrease in serum 
PTH levels between the preexcision and postexcision samples 
corresponded with a return to normocalcemia for at least 6 
months in 92% of the dogs in the study.82

Ethanol injection84 or application of radiofrequency85 has 
been reported for treatment of PHPTH. In a retrospective 
study, ethanol injection had only a 72% efficacy rate, whereas 
radiofrequency ablation and surgery had success rates of 
90% and 94%, respectively, for medians of approximately 560 
days.83 Thus chemical ablation is not recommended. Unfor-
tunately, radiofrequency ablation is not widely available and 
requires considerable expertise. With bilateral disease, staged 
treatments are needed.

Treatment of Hypercalcemia
Because hypercalcemia is best treated by addressing the 
underlying disorder, the cause should be delineated as quickly 
as possible and appropriate therapy instituted. Hypercalce-
mia can be damaging, especially to the kidneys, with severity 
appearing to depend on the phosphorus concentration. If the 
product of multiplying the serum calcium concentration by 
the serum phosphorus concentration is above 60 to 80, neph-
rotoxicity is likely.79 If the etiology cannot be identified rap-
idly and continuing hypercalcemia is judged to be deleterious, 
clinical signs are present, or the hypercalcemia is idiopathic, 
the hypercalcemia should be addressed directly.

If treatment is deemed necessary, intravenous fluid therapy 
should be initiated. Dehydration may be present and should 
be corrected because it decreases GFR and can perpetuate 
hypercalcemia. Saline (0.9%) is the fluid of choice. Fluid defi-
cits should be replaced and then fluid rates maintained at 120 
to 180 mL/kg daily to promote calciuresis. Potassium supple-
mentation is usually required to prevent hypokalemia.79

Furosemide may be given to increase calcium excretion, 
but patients should be well hydrated first. Constant-rate infu-
sion is typically recommended (5 mg/kg intravenously fol-
lowed by a 5 mg/kg/hr infusion).79 Lower doses (2-4 mg/kg 2 
to 3 time daily, intravenously, subcutaneously, or orally) may 
produce a milder reduction in hypercalcemia. Thiazide diuret-
ics are discouraged because they may increase renal calcium 
reabsorption.

Glucocorticoids have many beneficial effects; they decrease 
intestinal calcium absorption, reduce bone resorption, and 
increase renal calcium excretion. Prednisone (1-2.2 mg/kg 
twice daily, orally, subcutaneously, or intravenously) or dexa-
methasone (0.1-0.22 mg/kg twice daily, orally, subcutaneously, 
or intravenously) can be used. Steroid-sensitive hypercalce-
mias include lymphoma/leukemia, multiple myeloma, vitamin 
D toxicity, granulomatous disease, hypoadrenocorticism, and 
feline idiopathic hypercalcemia. Glucocorticoids should not be 
administered unless a definitive diagnosis is known. Even one 
dose can cause remission in a patient with lymphosarcoma. 
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Although this could be beneficial in the short-term, it will 
make diagnosis impossible until remission ends. Furthermore, 
if standard combination chemotherapy is started after remis-
sion from prednisone alone is lost, it will be less effective, and, 
accordingly, overall prognosis will be worse.

Calcitonin (salmon calcitonin, 4-6 IU/kg subcutaneously, 2 
to 3 times daily) can be used if other treatments fail. It can be 
an effective treatment for vitamin D toxicosis or other diseases 
in which bone resorption is a major cause of the hypercalce-
mia. In dogs the response may be short-lived, and anorexia, 
vomiting, or allergic reactions may occur. Information in cats 
is lacking.

Bisphosphonates, “osteoclast poisons,” are believed to act 
by interfering with hydroxyapatite crystal dissolution or by 
direct action on osteoclasts. They may also be used if bone 
resorption is a major source of the hypercalcemia. Pamidro-
nate disodium has been used to treat vitamin D toxicosis 
secondary to calcipotriene ingestion at a dose of 1.3 to 2 mg/
kg,86,87 as well as hypercalcemia associated with nocardiosis 
(one cat), idiopathic hypercalcemia and renal failure (one 
cat), lymphoma (two dogs), thyroid carcinoma (one dog), and 
multiple endocrine neoplasia (one dog).87 Given its potential 
nephroxicity, pamidronate should be diluted in saline and 
infused intravenously over a 4-hour period with a minimum of 
4-hour diuresis both before and after the treatment.87 Calcium 
and phosphorus normalize in 24 to 48 hours.86,87 The decrease 
in total and ionized calcium concentration after treatment is 
proportional to the degree of hypercalcemia.87 Treatment can 
be repeated if necessary, but may not be needed depending 
on the cause of the hypercalcemia. In one cat with idiopathic 
hypercalcemia, although a first treatment worked, a second 
and third did not. For the second and third treatments, pre-
viously frozen pamidronate was thawed and administered.87 
Whether lack of response was due to progression of the dis-
ease state or to instability of the pamidronate with freezing, 
storage, and thawing is unknown. Etidronate is an oral drug 
that has had limited use in dogs but may be helpful (5-15 
mg/kg once to twice daily). Clodronate, which is not avail-
able in the United States, has been used successfully to treat 
experimentally induced vitamin D toxicity if given within 24 
hours after vitamin D ingestion.88 Clodronate toxicity and effi-
cacy for treating accidental vitamin D overdose remain to be 
determined.

Sodium bicarbonate (1 to 4 mEq/kg intravenously by 
slow bolus) can be given during a hypercalcemic crisis. This 
does not always lower total serum calcium concentration but 
decreases the ionized portion, so adverse effects of the hyper-
calcemia are less common.

It is unclear whether therapy for treatment of feline idio-
pathic hypercalcemia is required. One guideline is to make 
the decision using the previously described guidelines for 
emergency treatment: Treat if calcium continues to rise, the 
calcium–phosphorus product is greater than 60 mg/dL, the 
ionized calcium concentration is greater than 1 mg/dL above 
the reference range, or clinical signs or azotemia are pres-
ent.89 The aggressiveness of therapy depends on the clinical 
status and parameters present. If treatment is not pursued at 

first, calcium concentrations should be monitored every 1 
to 3 months and the need for therapy reevaluated. With any 
treatment, ionized calcium may not normalize even though 
total calcium does,90 so measurement of the ionized form is 
required for accurate assessment of therapeutic success.

Dietary therapy with a high-fiber diet was reported to be 
successful in five cats based on measurement of total serum 
calcium and/or resolution of clinical signs.91 Although dietary 
management was not effective in other cats,90 the recom-
mended first line of treatment for idiopathic hypercalcemia 
is to place an affected cat on a diet that is not designed to 
acidify the urine; urine-acidifying diets have been theorized 
to contribute to development of hypercalcemia. High-fiber, 
oxalate-prevention, or renal diets can be implemented. If ion-
ized calcium has not normalized after 3 months, prednisone 
therapy should be added89 and may be successful.90 The rec-
ommended starting dose is 5 to 10 mg per cat per day, but 
it can be increased to 10 mg twice daily if needed. Predniso-
lone may be preferred to prednisone.89 Bisphosphonates may 
be useful, and intravenous pamidronate has been used in one 
cat.87 Although no peer-reviewed publications exist, use of 
alendronate (10 mg/cat/once weekly) has been successful for 
up to 1 year.89 Because erosive esophagitis has been reported 
in women taking alendronate, the weekly pill should be fol-
lowed with 6 mL of water given by a dosing syringe and then 
a small dab of butter on the cat’s lips to increase licking and 
salivation.89 Therapy for renal failure should be instituted as 
needed. Subtotal parathyroidectomy has not been successful.90

DISEASES OF THE PANCREAS: DIABETES 
MELLITUS

Normal Physiology
Glucagon stimulates glucose production from both hepatic 
conversion of glycogen and metabolism of noncarbohydrates, 
such as amino acids and lipids, into glucose or glucose precur-
sors (e.g., lipids to fatty acids and glycerol). Low blood glucose 
concentrations increase glucagon secretion from pancreatic α 
cells. Should glucose concentrations become too high, insulin 
secretion is stimulated from pancreatic β cells. Insulin low-
ers blood glucose by stimulating formation of glycogen from 
glucose in the liver, inhibiting peripheral formation of glucose 
from amino acids and lipids, and facilitating diffusion of glu-
cose into cells in insulin-dependent tissues such as muscle 
and adipose tissue. As a result, amino acids are synthesized in 
muscle, and adipocytes produce and store fat. Insulin secre-
tion is regulated by a negative feedback mechanism sensitive 
to blood glucose concentrations. As the blood glucose con-
centration decreases, pancreatic β cells secrete less insulin 
and blood glucose does not decline further. With lower serum 
insulin concentrations, insulin-dependent cells can no longer 
utilize blood glucose, whereas insulin-independent cells such 
as neurons, which obtain glucose by simple diffusion, con-
tinue to use any glucose that remains in the blood.

Diabetes mellitus (DM) is a progressive disease result-
ing from an absolute or relative insulin deficiency caused by 
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insufficient insulin secretion from pancreatic β cells and is 
characterized by four stages in human patients. Prediabetic 
patients are normal but subsequently develop the disease; 
subclinical DM can be diagnosed only by sophisticated pro-
vocative tests. In latent DM, patients are clinically normal 
but respond abnormally to a glucose load, and in overt DM, 
patients have persistent fasting hyperglycemia. The duration 
of progression from stage I to stage IV can be weeks to years, 
depending on the type of DM.

How best to classify DM in veterinary medicine is con-
troversial, with the current classification scheme adapted 
from human medicine. Type 1 DM is characterized by β-cell 
destruction with progressive, eventually complete, insulin 
insufficiency. Genetic susceptibility plays a role, and β-cell 
destruction is usually due to immunologic processes. Causes 
of type 1 DM in animals may include hereditary factors and 
pancreatic destruction by pancreatitis, viruses, or autoim-
mune disease. Insulin resistance, dysfunctional β cells, and 
increased hepatic gluconeogenesis characterize type 2 DM. A 
classification of “other specific types of diabetes” also exists, 
formerly referred to as “secondary” DM. On the basis of pan-
creatic islet histology, lack of β-cell antibodies, risk factors, and 
clinical behavior of the disease, type II DM appears to be the 
most common form in cats.92 Approximately 10% to 20% of 
diabetic cats have “other specific types of DM”, which includes 
diseases that lead to β-cell loss, such as pancreatic neoplasia, 
and conditions such as hyperadrenocorticism or acromegaly 
that cause marked insulin resistance.93 The remaining cats are 
believed to be type I diabetics. DM in dogs is believed to be 
mainly type 1.94

DM can also be classified as insulin-dependent DM 
(IDDM) or non-insulin-dependent DM (NIDDM), depend-
ing on the need for insulin therapy to control glycemia, pre-
vent ketoacidosis, and survive. Individuals with IDDM must 
receive insulin to prevent ketoacidosis, whereas control of 
glycemia and avoidance of ketoacidosis can be accomplished 
through diet, exercise, and oral hypoglycemic drugs in 
patients with NIDDM.95 At the time of diagnosis, all dogs are 
likely to be insulin dependent, as would be expected with type 
1 diabetics, and at least 75% of cats with type 2 DM are insulin 
dependent.93

Management of persistent hyperglycemia is important to 
the progression of the syndrome, especially in cats. Cats may 
alternate between being insulin dependent and not, and the 
DM can go into remission for weeks to years with appropri-
ate therapy. Persistent hyperglycemia can profoundly reduce 
insulin secretion and induce apoptosis in β cells, ultimately 
causing permanent DM in cats that at one point had a nor-
mal β cell mass,96 a situation referred to as glucose toxicity. The 
effects begin within 2 days of onset of persistent hyperglyce-
mia, and the impact on β cells increases with the magnitude 
of hyperglycemia.97 Pancreatic βcell death by apoptosis occurs 
within 10 days of persistent hyperglycemia.97 The impact of 
glucose toxicity is more severe in the presence of reduced β 
cell mass, underscoring the importance of effective control 
and βcell preservation. Control of blood glucose, ideally with 
insulin but potentially with oral hypoglycemic therapy, may 

allow β cells to regain insulin secretory capacity. As a result, 
the diabetic state is transient in 15% to 68% of cats96,98-100 and 
can require as much as 20 to 52 weeks of insulin therapy before 
remission is achieved.101,102

Diagnosis
Presence of appropriate clinical signs (e.g., polyuria or poly-
dipsia, polyphagia, and weight loss) and documentation of 
persistent fasting hyperglycemia (>200 mg/dL) and glycosuria 
are used to diagnose overt DM. Occasionally, a definitive diag-
nosis of DM may be difficult to make. Mild hyperglycemia, 
such as that induced by stress or certain diseases (e.g., hyper-
adrenocorticism), may uncommonly result in glycosuria. In 
nondiabetic cats, blood glucose concentrations may reach 
400 mg/dL. Thus diagnosis of DM must be based on blood 
glucose and the presence of the classic signs. Unfortunately, 
the clinical signs are not unique to DM, and other differen-
tial diagnoses must be considered. On the other hand, some 
latent diabetic animals become overtly diabetic because of the 
presence of concurrent diseases; clinical signs of the precipi-
tating disease may obscure the classic signs of DM. Hospital-
ization of a patient and reevaluation of blood glucose after the 
patient has adjusted to the new environment may help iden-
tify nondiabetic hyperglycemic states. Alternatively, urine can 
be monitored for the persistent presence of glucose at home. 
The presence of ketonuria strongly supports a diagnosis of 
DM. Identifying current drug therapy can also be important; 
progesterone or prolonged glucocorticoid therapy, which can 
precipitate DM, might support its diagnosis.

Measurement of glycosylated proteins can be used to cor-
roborate a diagnosis of DM. Non-enzymatic, irreversible 
binding of glucose to hemoglobin results in the formation of 
glycosylated hemoglobin (GHb). Fructosamine refers to glyco-
sylated serum proteins, mainly albumin, but glycated albumin 
(GA) also can specifically be measured in dogs and cats.103,104 
Glycosylated proteins form at a rate proportional to the aver-
age blood glucose concentration, so the higher the mean 
blood glucose concentration over time, the greater the glyco-
sylated protein concentrations should be. Glycosylated protein 
levels are also affected by the half-life of the native protein; the 
shorter the half-life, the quicker the concentration of glyco-
sylated protein falls after correction of hyperglycemia. Albu-
min has a short half-life compared with that of red blood cells. 
Thus in dogs and cats, GHb reflects glycemic control over the 
previous 2 to 3 months. In comparison, in dogs fructosamine 
reflects the previous 2 to 3 weeks and GA the previous 1 to 3 
weeks.104 In cats plasma proteins may be more rapidly metab-
olized, and fructosamine concentrations reflect the glucose 
concentrations in the previous 7 days.105

One study suggested that fructosamine might be more 
sensitive than GHb for monitoring control,106 but measure-
ment of either can be helpful. Both parameters are typically 
not affected by stress.107-112 However, measurement of either is 
neither perfect nor absolute. Although in general, the higher 
the blood glucose concentration over time, the higher serum 
glycosylated protein concentrations should be, normal animals 
or well-controlled diabetics can have elevated concentrations 



803CHAPTER 21 Drug Therapy for Endocrinopathies

of these substances, and, conversely, uncontrolled diabetic 
animals can have normal levels of either.110,111,113 Thus the gly-
cosylated protein concentration must be interpreted in con-
junction with all other data.

Dietary Therapy
Dietary therapy is very important for treatment of DM. 
Through unknown mechanisms, dietary fiber can delay gas-
trointestinal glucose absorption, reducing postprandial fluc-
tuations in blood glucose and enhancing glycemic control. 
High-fiber diets have been traditionally recommended for 
diabetics, but this is now being questioned. Insoluble fiber is 
beneficial in diabetic dogs.114,115 However, the response of dia-
betic dogs to fiber varies between individuals. A recent study 
showed that high-fiber, moderate-starch diets were not advan-
tageous for dogs with stabilized DM compared with a moder-
ate-fiber, low-starch diet.116 Insoluble fiber, the type present 
in commercial feline high-fiber diets, can also improve glyce-
mic control in diabetic cats.117 However, recent theories sug-
gest that high-carbohydrate diets may lead to DM in cats, and 
high-protein diets may be more beneficial. The DM of cats on 
a high-protein, low-carbohydrate diet either resolved or was 
treatable with a reduced insulin dose.118,119

Although veterinary low-carbohydrate, high-protein 
prescription diets such as Purina DM or Hill’s m/d are the 
first-choice dietary recommendation for most cats with DM, 
a carefully selected over-the-counter high-protein, low- 
carbohydrate diet can provide the same degree of effective 
glycemic control as prescription diets120 when financial con-
straints dictate the less-expensive option or when a cat will not 
readily eat a veterinary diet. Many canned over-the-counter 
diets are relatively low in carbohydrate content (<5.0g/100kcal), 
but information must be obtained from the manufacturer on 
specific brands and flavors to ensure that the target nutrient 
composition is being met. Most dry over-the-counter diets are 
higher in carbohydrate content. Thus, if a prescription dry vet-
erinary low-carbohydrate, high-protein diet is not an option, it 
may, unfortunately, be more difficult to identify a good-quality 
dry food with low carbohydrate content. Caution should be 
used in feeding diabetic cats with concurrent renal disease a 
high-protein diet; a high-fiber diet may be a better choice.

Drug Therapy
Insulin is the mainstay of therapy in diabetic dogs and cats. Its 
administration must be integrated with meals, exercise, own-
er’s needs, and other characteristics of the patient or pet owner’s 
lifestyle; these factors have been described elsewhere.95,121-123 
Although the ideal goal of insulin therapy is to maintain blood 
glucose concentrations as close to physiological as possible, 
this is difficult to do because exogenous insulin is adminis-
tered as one or two large daily doses rather than in response to 
glucose concentrations. The realistic goal for insulin therapy, 
at least, should be elimination of the clinical signs of DM. 
Because secondary complications that dramatically alter the 
quality of health of human diabetics such as retinopathy or 
nephropathy appear to be rare in animals, near normalization 
of glucose concentrations may not be as important for diabetic 

dogs and cats as it is for human diabetic patients. Glucose con-
centrations should, however, be sufficiently controlled to pre-
vent development of ketoacidosis and detrimental effects of 
hyperglycemia. Hyperglycemia is associated with an increased 
risk of bacterial infections; hepatic lipidosis; pancreatitis; and 
renal, hepatic, and pulmonary disease. Complicating prob-
lems that may alter response to insulin therapy must be identi-
fied in diabetics, as well as underlying diseases that led to the 
development of clinical signs in a covert diabetic.

Insulin Preparations
Insulin preparations are defined by modifications that alter 
time of onset and duration of action. They also vary in the 
source species and therefore in potential antigenicity. Chemi-
cal extracts of cattle and swine pancreases traditionally were 
the primary source. More recently, bacterially produced 
human recombinant products have been developed, but these 
are more expensive. More problematic, development of human 
products has led to discontinuation of several animal-source 
products that had been used successfully for controlling DM 
in dogs and cats.

The kinetics of individual insulin products vary markedly 
among species. Insulin products are generally classified as 
short-acting (e.g., regular insulin), intermediate-acting (e.g., 
neutral protamine Hagedorn [NPH], lente), or long-acting 
(e.g., PZI, Ultralente). The duration of action of regular insu-
lin is the same in dogs and cats, but the duration of action 
of other insulins is typically shorter in cats than dogs. Inter-
mediate- and long-acting insulins tend to be less bioavailable 
and thus less potent than short-acting insulins when given 
subcutaneously.

Regular insulin (zinc insulin crystals) is unmodified and 
acts the same whether crystalline or noncrystalline. Given 
intravenously, it begins working immediately, with maximal 
effects occurring at 0.5 to 2 hours and duration of effect being 
1 to 4 hours. When insulin is given intramuscularly, time to 
effect is 10 to 30 minutes, time to peak effect is 1 to 4 hours, 
and duration of effect is 3 to 8 hours. When it is given subcu-
taneously, onset of effects occurs in 10 to 30 minutes, maximal 
effects occur at 1 to 5 hours, and duration is 4 to 10 hours. 
Inhaled insulin has recently been shown to be systemically 
bioavailable and physiologically active in dogs and cats, with 
an onset of action between 5 and 15 minutes124 and a duration 
of action of 3 hours.125 Neutral regular insulin will maintain 
its potency for as long as 18 months when stored at 5° to 25° C  
and will maintain 95% of its potency when stored at 37° C for 
12 months.

Regular insulin is generally reserved for treatment of keto-
acidosis. Use in daily maintenance therapy might include 
administration in combination with longer-acting products 
to provide a rapid onset with long duration of action; how-
ever, in general, such combinations are not needed or used. 
Insulin is available commercially in stable preparations of 70% 
NPH/30% regular or 50% NPH/50% regular (e.g., 70/30 or 
50/50 insulin, respectively), but these are often quite potent, 
causing a rapid decrease in blood glucose concentration, and 
duration of effect is usually short.95
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Protamine zinc insulin (PZI) was developed to prolong the 
effects of regular insulin. The preparation is formed by mix-
ing insulin, zinc, and protamine, a fish protein, in a buffered 
solution such that it precipitates as a poorly soluble form. 
Poor solubility prolongs the absorption time after subcuta-
neous administration and provides a slower onset of activity 
and a longer duration of action. For PZI insulin the onset of 
action occurs at 1 to 4 hours, and maximum effect occurs at 
3 to 12 hours. Duration is 12 to 24 hours in cats, and it may 
be necessary to administer the drug twice daily (in approxi-
mately 25% of cats). Use of PZI Vet (Idexx Pharmaceuticals) 
is limited to the existing supply; in April 2008 the manufac-
turer announced that after the sale of its existing inventory, 
it would no longer manufacture or sell animal-based insulin. 
Although many pharmacists can compound bovine PZI insu-
lin, the authors do not recommend its use because the potency 
of compounded insulins varies between bottles.

To replace PZI Vet, a similar formulation based on recom-
binant human insulin (Prozinc) has recently been developed 
by Idexx. Limited data exist evaluating its efficacy and safety 
in diabetic cats, and no published pharmacodynamic studies 
of Prozinc in cats are available. One study compared glycemic 
control achieved with Prozinc with that of PZI Vet in diabetic 
cats. Fifty cats with stable glycemic control on PZI Vet were 
switched to Prozinc on day 0. Serum fructosamine concentra-
tions, body weight, and insulin dose were measured on days 0, 
15, and 30. On day 30, the cats were switched back to PZI Vet. 
Owners’ subjective assessments of their cats’ glycemic control 
were obtained at all time points. There were 47 cats complet-
ing the study; three were removed because of diabetic remis-
sion (n = 1), hypoglycemia (n = 1), and fractious behavior 
(n = 1). In the cats that completed the study, no difference in 
glycemic control between the insulin types was detected. The 
only adverse event reported was hypoglycemia in one cat.126 A 
second study evaluated Prozinc in 126 newly diagnosed and 
13 poorly controlled diabetic cats.127 Control was assessed on 
days 7, 14, 30, and 45 by evaluating clinical response, body 
weight, serum fructosamine, and serial blood glucose con-
centrations over a 9-hour blood glucose curve. Based on the 
measured parameters, 84% of cats were judged to have good 
glycemic control by day 45. Thus Prozinc appeared safe and 
efficacious in diabetic cats. Prozinc has gained FDA approval 
for use in diabetic cats.

Isophane (NPH) insulin, developed as a compromise 
between short-acting regular insulin and slow-acting PZI, is 
made by manipulating the ratio between insulin and prot-
amine. Isophane insulin is more potent and faster-acting than 
PZI but shorter in duration. For NPH administered subcuta-
neously, onset of action occurs in 0.5 to 3 hours and maximum 
effects occur at 2 to 8 hours. Duration of action is as little as 
6 to as long as 12 hours in cats and 18 hours in dogs. Twice-
daily administration is usually necessary for adequate diabetic 
control.

Lente insulin does not incorporate protamine but contains 
insulin and high concentrations of zinc (10 times greater than 
that in regular insulin) in an acetate rather than a phosphate 
buffer. Adjustment of pH causes insoluble precipitates to form 

that are longer-acting (i.e., ultralente) compared with soluble, 
shorter-acting (i.e., semilente) preparations. Lente insulin is a 
mixture of approximately 70% ultralente and 30% semilente, 
and its effects begin immediately. In dogs, time to maximum 
effect is 2 to 10 hours and duration is 8 to 20 hours. In diabetic 
cats, time to maximum effect for lente is 2 to 5 hours and dura-
tion of effects is 8 to 12 hours.128 Human recombinant forms 
of lente and ultralente insulins are no longer available. The 
only veterinary preparation of lente insulin is Vetsulin (Inter-
vet), which is porcine in origin. Vetsulin is currently approved 
in the United States by the Food and Drug Administration for 
use in both dogs and cats; it has been available for many years 
in other countries under the name Caninsulin. It is the only 
insulin approved for use in dogs. Currently, ultralente is not 
formulated as a veterinary preparation.

Lastly, “designer” recombinant insulins are made in which 
the amino acid structure of the protein has been altered slightly 
in order to change the pharmacokinetic profile. One of these 
products, glargine (Lantus), is used in veterinary medicine. 
Glargine differs from human insulin in that glycine is substi-
tuted for asparagine at position 21 in the α chain of insulin and 
by addition of two arginine residues to the βchain. Glargine 
is a clear aqueous solution with a pH of 4. The interaction of 
the acidic insulin and the relatively neutral pH of subcutane-
ous tissues causes microprecipitates to form and thus gives 
a relatively constant systemic absorption profile. As forma-
tion of microprecipitates depend on the solution’s acidity, 
glargine cannot be mixed or diluted.129 Although marketed as 
a “peakless” insulin in humans, it does have peaks and nadirs 
in healthy cats. In nondiabetic cats given 0.5 U/kg glargine 
insulin once daily, the mean time to the glucose nadir was 14 
hours.130 It is long-acting, with blood glucose concentrations 
suppressed below baseline at 24 hours in approximately half 
the cats studied, whether given once daily (0.5 U/kg) or twice 
daily (0.25 U/kg).130,131 Another long-acting insulin analog, 
detemir, has lower within-subject variability compared with 
NPH and glargine in human type 1 or type 2 diabetics.132,133 
In one study of detemir using healthy cats, the findings sug-
gest that glargine may have a more rapid onset then detemir, 
but the peak effect of detemir may be more predictable. It also 
appears that detemir may have a longer duration of action than 
glargine.134 There are no published studies evaluating detemir 
insulin in diabetic cats or dogs at this time.

The species of origin of insulin products potentially plays 
a role in therapeutic efficacy. Canine and porcine insulin 
have identical amino acid sequences, so porcine insulin is less 
immunogenic in dogs.135 Reduced antigenicity may, however, 
be undesirable (discussed later). Porcine insulin has a shorter 
duration of action than does beef insulin in dogs; human insu-
lin appears more potent than beef–pork insulin in cats, thus 
requiring lower (25%) dosing.

Commercial insulins are available in concentrations of 40 
(U-40), 100 (U-100), and 500 (U-500) U/mL. One unit of insu-
lin is equal to 36 μg. Syringes are available for the corresponding 
insulin concentration. Accurate dosing requires that the appro-
priate syringe be used. For U-100 insulin, low-dose syringes are 
highly recommended for patients requiring low doses.
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Insulin should be mixed before administration by gently 
rolling the bottle between the palms of one’s hands; aggressive 
shaking may denature the product. Although refrigeration is 
not necessary, extreme sunlight and heat can destroy insulin. 
Refrigeration can protect the insulin.

Insulin Therapy
Individual response to insulin varies greatly. In cats, differences 
in required doses probably reflect, at least in part, availability 
of endogenous insulin. Both dose and frequency of adminis-
tration should be designed for an individual patient; it may be 
necessary to base frequency on a compromise between meet-
ing client needs and minimizing fluctuations in blood glu-
cose. Although long-acting preparations can initially be tried 
every 24 hours, a 12-hour interval usually proves necessary; 
the authors prefer starting with twice-daily dosing to achieve 
control sooner. In one study 94% of dogs required twice-daily 
dosing regardless of insulin type used for adequate control.136

Regular insulin can be given by intravenous, intramuscu-
lar, or subcutaneous routes, but all other preparations should 
be given subcutaneously. Injection should occur in the lateral, 
not dorsal, thoracic or lumbar areas. The dorsum can be poorly 
vascularized, especially between the shoulder blades, and drug 
absorption can be erratic. Although some authors recommend 
a starting dose of 0.25 U/kg twice daily,95 others recommend 
using 0.5 U/kg if the blood glucose is greater than 360 mg/dL 
and 0.25 U/kg if it is less than 360 mg/dL.137 Dogs should be 
fed 50% of their daily food immediately before each injection 
to ensure appropriate caloric intake before administration of a 
full dose of insulin. Semimoist foods are discouraged.

The type of insulin to use is a matter of personal opin-
ion and experience. For dogs, therapy should begin with an 
intermediate-acting insulin (e.g., NPH, lente). In one study, 53 
dogs with uncomplicated diabetes were treated with Vetsulin 
for 60 days after a variable initial dose determination period. 
Therapy started once daily and was changed to twice daily as 
needed. The starting dose was 1 U/kg, with a supplemental 
dose depending on body weight (dogs below 10 kg received 1 
U supplement, 10-11 kg 2 U, 12-20 kg 3 U, and above 20 kg 4 
U), as formerly recommended in the package insert. (Note that 
the dosing scheme was based on the package insert at the time 
of the study, but recommendations are now different.) Efficacy 
and safety were evaluated at the end of the dose determination 
period (time 0) and 30 (time 1) and 60 days (time 2) later. At 
times 0, 1, and 2, 100%, 66%, and 75% of the dogs, respec-
tively, were judged to be adequately controlled based on blood 
glucose concentrations and clinical signs. By day 60 66% were 
receiving twice-daily injections. The median number of days 
required to achieve adequate glycemic control was 35 (range 
5-151). No unexpected side effects were observed, but 22 dogs 
had signs at some time that could have been caused by hypogly-
cemia and two died of presumed hypoglycemia. The owners of 
seven dogs reported swelling or pain (or both) at the injection 
site, but neither symptom was noted by the investigators.138

In cats, good options are glargine, PZI, and lente insulins. 
Ultralente is no longer available. Prozinc currently is an accept-
able insulin choice for cats; detemir (discussed previously) 

may be a good option for the treatment of diabetic cats in the 
future, but because of the lack of availability and limited data, 
it cannot be recommended at this time.

One study evaluated use of PZI in 67 diabetic cats. Initial 
PZI dosage ranged from 0.2 to 0.6 U/kg twice daily. After 45 
days, the mean dose was 0.9 U/kg (range 0.2 to 1.8). Mean 
blood glucose nadir occurred approximately 5 to 7 hours after 
insulin injection but ranged from 1 to 9 hours.139 Overall, 90% 
of owners believed their cat improved. Clinical hypoglyce-
mia occurred in five cats, and hypoglycemia without clinical 
signs occurred in another 21 (31%). Ten cats were not con-
trolled by day 45. Whether longer treatment and more dos-
age adjustments would have achieved control is unknown. In 
general, cats with newly diagnosed DM had a better response 
than those with previously treated DM; perhaps the cats that 
failed previous treatment had an underlying cause of insulin 
resistance. Most diabetic cats will require PZI twice daily for 
adequate control, but once-daily injections may suffice in up 
to 25%. Initial PZI dosage should be low (e.g., 1 U/injection) 
to prevent hypoglycemia.139 The initial reports on Prozinc also 
support initial low doses with this insulin. In one study one 
cat was removed because of documented hypoglycemia, and 
in another study 160 of 690 serial blood glucose curve val-
ues documented hypoglycemia in 87 of 139 diabetic cats. The 
reports do not state whether any episodes of hypoglycemia 
were clinically apparent.126,127

In diabetic cats, the use of glargine appears extremely 
promising. Glargine has a long duration of action and pre-
dictable blood glucose–lowering effects. In eight newly diag-
nosed cats treated with a high-protein, low-carbohydrate 
diet, the DM resolved in all cats within 4 months.140 Glargine 
appears to be appropriate for use in any cat, providing con-
trol of blood glucose concentrations throughout most of the 
day. Long-term diabetic cats have been switched to and treated 
with glargine insulin as well with excellent results;141 remis-
sion is less likely after long-term treatment with another insu-
lin, but it may still occur.120 In a study evaluating remission 
rates in diabetic cats initially treated with insulin, 55 diabetic 
cats were evaluated whose owners followed a highly intensive 
monitoring and blood glucose regulation (blood glucose con-
centrations maintained between 50-100mg/dL) protocol using 
insulin glargine and fed a low-carbohydrate diet. A total of 35 
cats (64%) achieved remission. Cats that received glucocorti-
coid treatment within 6 months before diagnosis of DM, that 
required a lower maximum insulin dose, or that were inten-
sively managed using glargine within 6 months of diagnosis 
were more likely to achieve remission, whereas cats with a 
peripheral neuropathy present at diagnosis (e.g., difficulty 
climbing stairs or a plantigrade stance) were less likely to do 
so. Other factors examined that were not predictors of enter-
ing remission were age at diagnosis, gender, obesity, evidence 
of diabetic ketoacidosis at diagnosis, development of azotemia 
during therapy, concurrent hyperthyroidism, and frequency of 
asymptotic hypoglycemia.142 In the authors’ opinion, glargine 
insulin is the current preferred insulin choice for diabetic cats, 
be they newly diagnosed or long-term diabetics with poor gly-
cemic control on their current insulin regimen. It is also the 
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only commercially available long-acting insulin that has been 
extensively studied in diabetic cats.

Cats should be started at a glargine dose of 0.5 U/kg if the 
blood glucose concentration is above 360 mg/dL or 0.25 U/kg  
if the blood glucose concentration is below 360 mg/dL. In 
either case, twice-daily administration is recommended. 
Compared with other types of insulin, with which dose adjust-
ments are typically made based on the blood glucose nadir, for 
glargine dose adjustments should be made based on the fast-
ing blood glucose value. Because the doses are typically small, 
0.3 mL, low-dose syringes should be used for accurate dosing.

Lente insulin can be used in cats, but because it has a shorter 
duration of action than glargine or PZI, it almost always, if not 
always, must be administered twice daily.128 A recommended 
starting dose is 0.25 U/kg twice daily if the blood glucose con-
centration is 216 to 360 mg/dL or 0.5 U/kg twice daily if the 
blood glucose concentration is above 360 mg/dL.143 Alterna-
tively, a dose of 1 U/cat twice daily for cats weighing less than 
4 kg and 1.5 to 2 U/cat twice daily for cats weighing more than 
4 kg can be used to initiate therapy.144

A multicenter study recently assessed the efficacy and 
safety of porcine lente insulin in 46 diabetic cats.102 Therapy 
was initiated twice daily at a dose of 0.25 U/kg if the blood 
glucose concentration was 270 to 360 mg/dL and 0.5 U/kg if 
the blood glucose concentration was above 360 mg/dL. All 
cats were followed for a stabilization period of approximately 
16 weeks, and 23 cats were followed for an additional variable 
period of up to 49 weeks. Diabetic remission was achieved in 
15%; all were newly diagnosed diabetics, and time to remis-
sion ranged from 2 to 56 weeks. The mean insulin dose both at 
the end of the stabilization period (week 16) and the end of the 
study (week 49) was 2 U per cat twice daily. The authors con-
cluded that lente insulin was safe and effective in diabetic cats; 
achieving diabetic stability with lente may take 3 to 4 months; 
cats were more likely to go into remission if they were newly 
diagnosed, compared with previously diagnosed, diabetics; 
and it could take as long as 56 weeks to achieve remission.

Long-term response to insulin was assessed in 54 diabetic 
cats that were evaluated numerous times over a minimum of 
3 months.145 Insulins used included beef/pork PZI (n = 14), 
beef/pork ultralente (n = 26), and beef/pork lente (n = 14). 
Response was based on resolution of clinical signs and mean 
blood glucose, with good, mediocre, and poor response consid-
ered to be a blood glucose concentration less than 200 mg/dL,  
between 200 and 300 mg/dL, and greater than 300 mg/dL, 
respectively. No difference was found among the types of insu-
lin regarding therapeutic success, although this may reflect the 
small number of animals studied rather than variability of the 
outcomes.145

Interestingly, the percentage of cats that were judged to 
have responded was different depending on which criteria 
were used: clinical signs versus mean blood glucose concen-
tration. For PZI and ultralente, 14% and 15% of cats achieved 
good control based on mean blood glucose, whereas no ani-
mals were considered well controlled for lente. If using clinical 
signs as the means to assess control, the percentage of good 
responders was greater for all treatment groups: 50% for PZI 

and ultralente and 79% for lente. Improvements in mean blood 
glucose were considered mediocre in 64% of the PZI group 
and 50% each for ultralente and lente, whereas improvements 
in clinical signs were considered mediocre in 50%, 42%, and 
21% of the PZI, ultralente, and lente groups, respectively. Gly-
cemic control was significantly better in the cats without con-
current disease compared with cats that did have it. Survival 
was evaluated in a total of 104 cats. Mean and median survival 
times in cats with good glycemic control (on the basis of mean 
blood glucose) for all treatment groups were 24 and 16 months 
compared with 17 and 20 months for cats with mediocre con-
trol, respectively.145

Monitoring of Therapy and Alteration of Insulin 
Dose
Marked variation in insulin kinetics—particularly in cats—
makes monitoring diabetic control crucial. Options include 
performance of serial glucose curves either in a hospital or at 
home, measurement of serum glycosylated protein concentra-
tions, monitoring of presence and degree of glycosuria, and 
assessment of the presence or absence of clinical signs of DM.

Performance of in-hospital blood glucose curves has long 
been the gold standard for assessing diabetic control. Glucose 
curves should establish the insulin effectiveness, time to peak 
effect, duration of effect, glucose nadir, and degree of fluctua-
tion in blood glucose concentration and identify the Somogyi 
phenomenon (discussed later), if present. To construct a curve, 
blood glucose concentration is measured in general every 2 
hours for one interval between injections (i.e., for 12 hours if 
insulin is administered twice daily or for 24 hours if insulin is 
given once daily). When blood glucose concentration is below 
125 mg/dL, the concentration should be measured hourly.  
A normal insulin and feeding schedule must be maintained as 
much as possible. If a patient does not eat the normal amount 
of the normal food at the usual time, the serial glucose curve 
should probably not be performed. The patient should be fed 
its standard diet at the usual time and the insulin given by the 
owner at home or, if possible, in the hospital so a veterinarian 
or veterinary technician can assess the owner’s injection tech-
nique. Obtaining a fasting blood sample for measurement of 
blood glucose concentration before insulin injection can aid 
in appraisal of glycemic control, but this may not be possible 
for the morning value if normal feeding time occurs before the 
hospital opens. Clearly, cooperation between client and vet-
erinarian is necessary to maximize the information obtained 
with minimal disturbance to routine.

A curve should be performed the first day insulin ther-
apy is initiated or changed. Glucose concentrations may be 
lower than expected after the first 24 to 48 hours of insulin 
therapy, especially in cats as stress hyperglycemia resolves.146 
The first curve is done solely to ensure that hypoglycemia 
does not occur. If hypoglycemia is found, the insulin dose 
should be decreased 25% and another curve done the follow-
ing day to check for hypoglycemia. The insulin dose should 
not be increased based on the first day’s curve. A patient 
requires 5 to 7 days on a dose of insulin to equilibrate and 
reach maximal effect. Another blood glucose curve should be 
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performed 7 to 10 days after discharge. Based on assessment 
of the curve, the insulin dose can be increased or decreased 
as necessary.

The pattern of insulin effect should be used to determine 
dose, interval, and feeding schedule. Ideally, glucose con-
centrations should reach a nadir (i.e., the lowest point) of 80 
to 150 mg/dL. The highest glucose concentration should be 
close to 200 to 250 g/dL in dogs or 300 mg/dL in cats. The 
actual nadir and peak concentrations in a patient will prob-
ably be lower or higher, respectively, than measured because 
the exact timing of nadir and peak effects of insulin are not 
known and can change day to day; therefore blood glucose 
concentration is not often measured exactly at those times. 
Changes in insulin dose can usually be made without affect-
ing true (as compared to apparent) duration of effect. The glu-
cose differential is the difference between the nadir and the 
blood glucose concentration before the next dose and can be 
a measure of insulin effectiveness.147 If the curve is relatively 
flat (e.g., differential of 50 to 100 mg/dL), the insulin may 
not be having a desired effect. However, the glucose differ-
ential should be interpreted in conjunction with the abso-
lute blood glucose concentrations obtained from the curve. 
If all blood glucose concentrations are less than 200 mg/dL,  
then the insulin is very effective. However, if all blood glucose 
concentrations are between 350 and 400 mg/dL, then the insu-
lin is ineffective or stress hyperglycemia is present.

When assessing a glucose curve, whether it is the first curve 
performed on a patient or the last of many, the clinician should 
ask three basic questions. First, has the insulin succeeded in 
lowering the blood glucose? Second, if the insulin has lowered 
the blood glucose, what was the lowest blood glucose value? 
Third, how long has the insulin lasted? By answering these 
questions, logical changes in dosing regimen can be made if 
necessary. Results of a serial glucose curve should always be 
interpreted in light of clinical signs. Curves vary from day to 
day in dogs148 and cats.149 Stress hyperglycemia can falsely 
elevate results, and a patient’s refusal to eat while hospitalized 
can falsely decrease results.150 If a patient is not polyphagic or 
polydipsic and polyuric and body weight is stable or increas-
ing, diabetic control is likely good.

The first aim in regulating a diabetic is to achieve an accept-
able nadir, with blood glucose concentrations ideally falling 
between 80 and 150 mg/dL. In general, if an acceptable nadir 
is not achieved, the insulin dosage should be adjusted depend-
ing on the size of the animal and the degree of hypoglycemia 
or hyperglycemia. Usually, changes of approximately 10% are 
appropriate. Hypoglycemia should always be avoided. No 
matter what other blood glucose concentrations are during 
the day, if the nadir blood glucose concentration is below 80 
mg/dL, decrease the dose by 25%. Blood glucose concentra-
tions should be reevaluated 7 to 10 days after an insulin dose 
adjustment is made if hyperglycemia was the issue. If a dose 
is lowered because of the presence of hypoglycemia, a curve 
should be performed the next day to ensure that hypoglycemia 
does not recur.

Once an acceptable nadir exists, duration of action can be 
determined by a blood glucose curve. Duration of action is 

the time from the insulin injection through the lowest glucose 
concentration until the blood glucose concentration exceeds 
200 to 250 mg/dL. If the insulin dose is inadequate and the 
target glucose nadir has not yet been achieved, the dose must 
be increased until the nadir is acceptable before duration of 
effect of the insulin can be determined.

If insulin with too short a duration of activity is used, 
obtainment of an acceptable glucose nadir may not be possi-
ble. In these patients, blood glucose concentration is typically 
quite high in the morning because control has been inad-
equate for most of the previous day. A blood glucose curve in 
this situation shows a noticeable but brief decrease in serum 
glucose concentration after the insulin injection. Increasing 
dosing frequency from once to twice a day or changing to a 
longer-lasting insulin type is indicated.

Based on duration of action, the following general recom-
mendations can be made. If the duration is 22 to 24 hours, 
once-daily therapy is adequate. If the duration is 16 to 20 hours, 
a shorter-acting insulin should be used twice daily. If the dura-
tion is 13 to 16 hours, twice-daily insulin therapy can be tried, 
but the evening dose should be lower than the morning dose. 
If the duration is 10 to 12 hours, the patient should receive 
insulin twice daily. If the duration appears to be less than 8 
hours, a blood glucose nadir higher than 80 mg/dL must be 
ensured. If blood glucose drops below 60 mg/dL at any time, 
the Somogyi phenomenon can occur. The Somogyi phenom-
enon or overswing, also called hypoglycemia-induced hypergly-
cemia, refers to a period of hypoglycemia followed by marked 
hyperglycemia. The phenomenon results from a normal physi-
ologic response when blood glucose concentrations decline to 
less than 60 mg/dL in response to an insulin dose that is too 
high or when blood glucose concentration decreases rapidly 
regardless of the nadir.95 In either case a number of reflexes 
are triggered that act to increase blood glucose. Counterregu-
latory hormones such as epinephrine, cortisol, glucagon, and 
growth hormone (GH) are secreted. The net effect of these 
hormones is to increase hepatic glycogenolysis and gluconeo-
genesis and to decrease peripheral tissue glucose utilization. 
Hyperglycemia usually occurs rapidly, thus preventing a hypo-
glycemic seizure. Insulin secretion does not occur in response 
to the rise in glucose, however, as would occur in normal 
dogs and cats, and diabetics become extremely hyperglycemic  
(400 to 800 mg/dL). If the Somogyi phenomenon is observed, 
the insulin dosage should be decreased so the nadir is above  
80 mg/dL; counterregulatory hormones will no longer inter-
fere with the action of the exogenous insulin, and the true 
duration of effect will become apparent. If the duration of 
insulin action is truly less than 8 hours, adequate therapy with 
that type of insulin requires injections more frequently than 
twice daily, which is impractical for most owners. A switch 
between different types of intermediate-acting insulin can also 
be beneficial. For example, a dog or cat may metabolize NPH 
insulin quickly, resulting in too short an effect, but lente insu-
lin may have a longer duration.

Once control has been achieved, blood glucose curves 
should be performed every 3 to 6 months to assess adequacy 
of glycemic control or earlier if clinical signs suggest that 
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control has been lost. The more precarious the control, the 
more frequently rechecks should be done. As during the initial 
curves, if the nadir is unacceptable, the insulin dose must be 
lowered or raised accordingly. If duration of action appears to 
have changed, then the same modifications as previously dis-
cussed can be made.

If using glargine insulin in cats, interpretation of blood 
glucose curves and dose adjustment is different than for other 
insulin types. For the first 3 days, 12-hour blood glucose curves 
should be performed (i.e., the curve should be performed for 
the interval between the morning and evening dose). The pur-
pose of the blood glucose curve is to detect hypoglycemia, 
if present, and lower the glargine dose as needed. Many cats 
require dose reduction within the first 3 days. It is important 
to note that the insulin dose should not be increased regard-
less of the appearance of the curves. After the first 3 days, the 
cat should be sent home and then return for a curve 7 days 
later. Subsequent blood glucose curves should be performed 
at 1, 2, and 4 weeks and then as required.

Recommendations for dose adjustments are based on the 
pre-insulin blood glucose concentration, compared with other 
insulins for which dose is altered on the basis of the nadir. If at 
recheck the pre-insulin blood glucose concentration is higher 
than 290 mg/dL, the glargine dose should be increased by  
1 U per cat. The dose should not be changed if the pre-insulin 
blood glucose concentration is 220 to 290 mg/dL. In either of 
these first two scenarios, a curve should be done to ensure that 
hypoglycemia does not occur. The dose should be decreased 
0.5 to 1 U/cat if the pre-insulin blood glucose concentration 
is 80 to 180 mg/dL. If biochemical hypoglycemia is present 
(i.e., blood glucose concentration is below 80 mg/dL but no 
clinical signs of hypoglycemia are present), the dose should be 
decreased by 1 U per cat. If clinical signs of hypoglycemia are 
present, the glargine dose should be decreased 50%. Adminis-
tration of glargine should not be discontinued within 2 weeks 
of starting treatment even if euglycemia is present; the clini-
cian should decrease the dose if needed but should not stop 
the insulin.151

To determine if a cat is in remission, insulin administration 
should be continued until the cat is receiving 1 U twice daily. 
Then, if the pre-insulin blood glucose concentration is below 
180 mg/dL, once-daily administration is appropriate. If the 
next day the pre-insulin blood glucose concentration is still 
below 180 mg/dL, the clinician should not administer insulin 
and should do a complete curve. If the pre-insulin blood glu-
cose concentration is above 180 mg/dL when the cat is receiv-
ing once-daily insulin, the clinician can go back to twice-daily 
administration. An attempt to wean the cat can again be made 
in a couple weeks. Diabetic cats in remission should stay on a 
low-carbohydrate diet.

If performance of a curve is impossible because of the cat’s 
temperament or the owner’s financial constraints, the clinician 
may start glargine at 0.25 U/kg (with a maximum dose of 2 
U/cat) subcutaneously twice daily and have the owner moni-
tor urine glucose concentration or water intake. A cat well 
regulated on glargine should have trace urine glucose at most, 
and urine glucose should be negative most of the time. If after 

2 weeks of receiving glargine, urine glucose is greater than 
trace, the dose should be increased 1 U per cat weekly until 
urine glucose is negative or water intake is below 20 mL/kg 
in a 24-hour period if the cat is eating canned food and below  
60 mL/kg in a 24-hour period if the cat is eating dry food. At 
this point, the cat should be kept on the same dose for 2 weeks, 
and then the clinician can start decreasing the dose by 1 U 
per cat weekly until urine glucose is positive or the insulin has 
been discontinued.152

Performance of blood glucose curves has become contro-
versial, insofar as they are certainly not perfect. Blood glucose 
curves can be affected by the stress of hospitalization, espe-
cially in cats, and deviation from normal routine, and they 
vary day to day. In one study, glucose curves were performed 
in diabetic dogs on 2 consecutive days, with all conditions 
being identical on both days (e.g., type and dose of insulin, 
amount and type of diet). Parameters such as minimum, 
maximum, and mean blood glucose concentration; fasting 
blood glucose concentration before the morning or evening 
injection (all dogs were treated twice daily); and time from 
insulin injection to nadir were significantly different between 
the two curves. In some dogs, the curve showed better control 
on day 1, whereas others showed better control on day 2. To 
examine the clinical implications of day-to-day variability of 
the curves, a theoretical recommendation for adjustment of 
the dog’s insulin dose was based on the results of each curve. 
The researchers assessed 30 sets of paired 12-hour curves. 
Opposite theoretical recommendations for adjustment of a 
dog’s insulin dose were made on day 2 compared with day 
1 in 27% of occasions. For 17% of the curves, a different but 
not opposite recommendation resulted. The same dosage 
adjustment recommendation was made on both days in 57%. 
Given this variation, predicting the timing of a diabetic’s nadir 
based on previous serial blood glucose curves and obtain-
ing a single sample at that time is unlikely to give a reliable 
result—in other words, spot-checking does not provide help-
ful information.148

To avoid some of the problems associated with in-hospital 
curves, performance of glucose curves at home has taken on 
new importance. For glucose curves it is not necessary for 
venous blood to be collected. Capillary blood is suitable,153 
with the ear being the best site for blood collection. Two types 
of lancing device are available. If conventional automatic 
devices designed for pricking human fingertips are used, a 
device with a variable needle depth should be chosen and the 
appropriate depth for each patient used.154 Warming of the ear 
with a hair dryer or a warm, wet washcloth inside a plastic bag 
may be necessary but not well tolerated, and it may take up to 
2 minutes to obtain an adequate sample depending on the size 
of the drop required.154 A device that creates a vacuum after 
the skin is lanced (e.g., Microlet Vaculance, Bayer) does not 
require warming of the ear and generates an adequate drop of 
blood within approximately 30 seconds,154 but mastery may 
be a bit difficult and require repeated instruction.155 Glucom-
eters that require minimal amounts of blood as well as those 
that “sip” the blood into the strip are desirable. Studies support 
that owners are both willing and able to generate home serial 
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glucose curves, although some owners may require additional 
demonstrations.156-158

Unfortunately, home-generated curves have not elimi-
nated all the problems associated with serial glucose curves, 
because variability remains a problem. Interestingly, a study 
of diabetic cats compared four serial blood glucose curves 
generated at home and in the clinic.158 Owners obtained a 
12-hour glucose curve once monthly for 4 months. Within a 
week of obtaining the at-home curve, the cats were brought 
to the clinic, where the curve was repeated. The mean glu-
cose concentrations tended to be lower in the clinic than at 
home. The mean glucose concentrations for each of the four 
clinic curves compared with the home-generated curves were  
336 mg/dL versus 363 mg/dL, 316 mg/dL versus 381 mg/dL, 235 
mg/dL versus 307 mg/dL, and 235 mg/dL versus 345 mg/dL. 
One explanation put forth for these findings was that the cats 
commonly refused to eat while in clinic. Theoretical treatment 
recommendations based on nadir glucose concentrations of 
the home-generated and in-clinic curves were compared, and 
decisions differed in 38% (14 of 37). In three of these instances, 
treatment decisions would have been completely contrary.158 
Additionally, day-to-day variability in curves persists, even if 
home-generated. In seven diabetic cats, paired glucose curves 
were generated on 2 consecutive days at home or in the clinic. 
Considerable day-to-day variability existed in both, with no 
greater agreement between home curves and clinic curves.156 
These findings augment the recommendation that changes in 
insulin dose be made on the basis of biochemical indicators of 
glycemic control (e.g., glucose concentration, fructosamine) as 
well as clinical support of glycemic control (e.g., weight gain, 
absence of polyuria or polydipsia).

Continuous monitoring of glucose concentrations has 
also received attention of late.149,159,160 The CGMS (Continu-
ous Glucose Monitoring System, MiniMed) is a device that 
can be strapped onto a patient and a small needle inserted 
into the subcutaneous tissue. Interstitial glucose concentra-
tions are sampled every 5 minutes for up to 72 hours. Using 
such a device gives many more data points for evaluation and 
avoids the stress of multiple venipunctures or catheteriza-
tion. Furthermore, a patient could wear the device at home 
if necessary.

The device has been assessed in normal and diabetic dogs 
and cats. Interstitial and blood glucose concentrations were 
highly correlated overall.149,159,160 However, postprandial 
increases in blood glucose concentration may not be detected 
in the interstitial fluid.160 Accuracy varied between patients, 
and the difference between blood and interstitial glucose con-
centrations was more marked in some patients than others. 
The greatest discrepancies occurred at higher glucose con-
centrations.160 The working range of the CGMS is approxi-
mately 40 to 400 mg/dL—that is, blood glucose concentrations 
outside the range cannot be measured. In fact, if the device 
repeatedly detects values outside the range, it is interpreted as 
a machine error and the device shuts off. No irritation resulted 
from sensor placement.149,159,160 Preliminary results suggest 
that the CGMS is useful for clinical management of insulin 
therapy.

Measurement of urine glucose concentration at home can 
aid in monitoring. First, urine glucose levels can be deter-
mined as needed to aid in assessment of glycemic control, 
especially when other data are conflicting. Consistently nega-
tive readings on urine glucose may indicate that insulin dos-
ages are either adequate or excessive. A serial glucose curve 
will differentiate between adequate insulin therapy and use of 
excessive doses that could result in hypoglycemia. Uniformly 
high urine glucose readings coupled with unresolved clinical 
signs indicate that the insulin dose may be inappropriate. Neg-
ative urine glucose concentrations in the afternoon, followed 
by high urine glucose readings the following morning, may be 
indicative of the Somogyi phenomenon; however, documen-
tation of the Somogyi phenomenon requires performance of 
a glucose curve. Second, urine glucose concentrations can be 
determined regularly (at least weekly) to help in the assess-
ment of ongoing control. Changes in urine glucose levels may 
alert the owner and clinician to loss of glycemic control and 
the need for reevaluation. If a cat’s urine cannot be collected, 
use of Glucotest (Purina), a product that is sprinkled in a litter 
box and changes color to reflect the urinary glucose concen-
tration, may help.161

Monitoring of GHb or fructosamine may be helpful. Mea-
surement of glycated proteins alone is probably not adequate 
for assessment of overall control, but looking at trends can 
be illuminating. Concentration of either glycated protein 
should be measured when a diabetic is first diagnosed, and 
then reassessed with every recheck examination. In general, if 
the concentration is increasing, control is deteriorating, and if 
the concentration is decreasing, control is improving. A study 
of healthy cats infused with intravenous glucose to maintain 
moderate or marked hyperglycemia (mean glucose 306 mg/dL  
and 522 mg/dL, respectively) found considerable overlap 
in fructosamine concentrations between the two groups.105 
Although elevated in the cats with marked hyperglycemia, 
fructosamine concentrations only intermittently exceeded 
the reference range in cats with moderate hyperglycemia.105 
Finally, to attribute a change in fructosamine concentration 
over time to altered glycemic control in the patient and not 
just inherent variability in the test, a critical difference of 
more than 33 μmol/L was identified.105 Thus trends of suffi-
cient magnitude in fructosamine concentrations of individual 
patients may be the best use of this tool to monitor glycemic 
control in diabetic patients.

Lastly, home monitoring of clinical signs has been advo-
cated as a useful adjuvant tool in assessing glycemic control. 
(It should be emphasized, however, that home monitoring of 
clinical signs alone is not an appropriate means of monitor-
ing a diabetic animal but should be one of several monitoring 
modalities employed. This is discussed later in this chapter.) 
One study evaluated the usefulness of a variety of different 
clinical and biochemical measurements in 23 cats treated 
with lente insulin.162 The investigators compared subjec-
tive clinical control and water intake to biochemical markers 
of glycemic control (i.e., serial blood glucose, fructosamine, 
beta- hydroxybutyrate, cholesterol, triglycerides, glycerol, and 
urine glucose concentrations). No single measurement best 
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correlated with the level of clinical control identified. The 
amount of water drunk over 24 hours, maximum blood glu-
cose concentration, mean blood glucose concentration, and 
urine glucose were the most useful practical indicators of clin-
ical control. Owners were often happy with the level of control 
in their cats despite not having laboratory evidence of tight 
glycemic control, emphasizing the importance that the long-
term aim of treatment in diabetic cats is to control the clinical 
signs associated with hyperglycemia.

In one study of 53 dogs, control was judged to be good or 
poor based on clinical signs, physical examination findings, 
and body weight. Then, clinical determination of good or 
poor control was compared with fasting blood glucose, serial 
glucose curve, and serum fructosamine and GHb concentra-
tions. Although all parameters of glucose control were signifi-
cantly lower in dogs with good control, considerable overlap 
existed between the two groups for all. All blood glucose mea-
surements and fructosamine and GHb concentrations were 
consistent with good glycemic control in 60% of dogs judged 
to have good clinical control or with poor control in only 39% 
of dogs judged to have poor clinical control. The initial fast-
ing blood glucose was 100 to 300 mg/dL in 80% of dogs with 
good clinical control and in 21% of dogs with poor clinical 
control.163

Although the importance of home monitoring of clinical 
signs cannot be overemphasized, these authors believe that 
glucose curves should be performed periodically in all dia-
betic patients (for aggressive animals or those who experi-
ence stress hyperglycemia in the hospital, the curves are most 
appropriately performed at home, if possible). If diabetic con-
trol appears inadequate based on clinical signs, the only way 
to know how to adjust the dose is by performing a curve. Fur-
thermore, hypoglycemia can be clinically nondetectable until 
a crisis is reached (e.g., the patient begins to have seizures). 
Performance of curves can demonstrate occurrence of hypo-
glycemia, and the insulin dose can be changed before clinical 
signs occur.

Complications of Insulin Therapy
Periods of hyperglycemia in otherwise well-controlled diabet-
ics are difficult to avoid. Evaluation is indicated if hyperglyce-
mia is present most of the time or clinical signs exist. Owner 
compliance regarding storage, mixing, and administration of 
insulin should be re-examined first in such a scenario, as well 
as patient management (e.g., diet, exercise). After these causes 
of poor control have been eliminated, a glucose curve should 
be performed to identify causes of poor control such as the 
Somogyi phenomenon (discussed previously), short duration 
of insulin action, or insulin resistance.

Interestingly, not every hypoglycemic event triggers the 
Somogyi phenomenon. The precise reason is not known, but it 
may have to do with how quickly the blood glucose concentra-
tion drops; the Somogyi phenomenon may be more likely to 
occur with a more rapid decline. Cats, in general, may be less 
likely to have a Somogyi phenomenon than dogs. In a recent 
study that evaluated intensive blood glucose control using 
glargine in 55 diabetic cats,164 asymptomatic hypoglycemia 

(blood glucose concentration <50 mg/dL) was measured in 
most (93%) cats at least once. However, symptomatic hypo-
glycemia was rare, with only a single event in one cat that 
had mild signs of restlessness.164 Despite the high number of 
hypoglycemic periods, only four single documented Somogyi 
events occurred in four cats.165

The Somogyi phenomenon can occur in dogs or cats receiv-
ing any insulin dose, but it should be particularly considered 
as a possibility in patients receiving more than 2.2 U/kg  
of insulin per dose in the face of persistent glycosuria (>1 g/dL)  
and clinical signs indicative of poor control (i.e., polyuria, 
polydipsia, and polyphagia). In addition, it may occur par-
ticularly when insulin dose adjustments are made based 
on early-morning urine glucose concentrations. Diagno-
sis of the phenomenon is based on documenting nadir and 
peak glucose concentrations of below 65 mg/dL and above  
300 mg/dL, respectively, within a single dosing interval or a 
rapid decrease in blood glucose concentration followed by a 
rapid rise and a marked hyperglycemia, regardless of whether 
hypoglycemia occurred. Because the timing of the blood glu-
cose nadir varies day to day,148 the presence of the Somogyi 
phenomenon cannot be documented by measuring blood glu-
cose concentration at a single time point.

Documenting the presence of the Somogyi phenomenon 
can be challenging. The hormones secreted (e.g., GH, corti-
sol) may induce insulin resistance that lasts for as long as 72 
hours after a hypoglycemic episode. Depending on when a 
glucose curve is performed, the overswing may be seen; alter-
natively, if a curve is done on the day after the overswing, 
only consistently high blood glucose concentrations may be 
measured. If the presence of glucosuria is monitored, it may 
be absent or quite elevated, depending on when a sample is 
collected.

If a Somogyi overswing is present, the daily insulin dose 
should be decreased by at least 25% and by 50% if clini-
cal signs of hypoglycemia are noted. A glucose curve should 
be performed immediately after the reduced insulin dose is 
administered to ensure that hypoglycemia is no longer occur-
ring. Once hypoglycemia has been eliminated, another curve 
should be performed in approximately 5 to 7 days and the dose 
adjusted further if necessary. If the cause of the overswing is 
rapid lowering of blood glucose concentration and not hypo-
glycemia, a change in insulin type is required.

Rapid metabolism of insulin can result in a clinical situa-
tion that looks similar to the Somogyi overswing. With rapid 
insulin metabolism, the patient may become markedly hyper-
glycemic before the next insulin dose, but the hyperglycemia 
is not preceded by hypoglycemia or a rapid decline in blood 
glucose concentration, as with the Somogyi phenomenon. 
Morning urine glucose concentrations will be high, and clini-
cal signs of DM generally persist. Increasing the insulin dose 
will only cause a lower nadir, not prolong duration of action, 
and hypoglycemia may result. The syndrome can be diagnosed 
only through construction of a curve. Treatment involves 
changing to a longer-acting insulin or increasing injection fre-
quency. The vast majority of diabetic dogs require twice-daily 
insulin therapy for adequate control.136 Evaluation of glycemic 
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control should be done approximately 5 to 7 days after initiat-
ing a new insulin dose, and further dose adjustments made as 
needed.

Hypoglycemia. Hypoglycemia is the most common compli-
cation of insulin therapy in dogs and cats. Insulin overdose, 
failure to eat, presence of vomiting, and increased exercise 
raise the risk of hypoglycemia. Humans can suffer from hypo-
glycemic unawareness, a condition associated with poorly 
controlled DM, in which mild hypoglycemia is not sensed and 
clinical signs of hypoglycemia do not develop until the blood 
glucose concentration is quite low. Although not documented, 
the same may occur in dogs and cats.

Clinical signs of hypoglycemia are neurologic, and tissues 
with the highest metabolic activity are impaired first. Cortical 
signs include disorientation, weakness, and hunger followed 
by lethargy and ataxia. Seizures and coma ensue if hypoglyce-
mia persists. Blindness may be a permanent sequela. Death can 
occur as a result of central respiratory and cardiac depression.

In a retrospective study, the most common clinical signs 
of hypoglycemia in diabetic dogs were seizures, ataxia, and 
weakness, occurring at a median of 3 months after initiation 
of insulin therapy; in cats seizures, recumbency, anorexia, 
shaking, vomiting, ataxia, and dullness occurred after a 
median duration of 8 months of therapy. Other clinical signs 
noted in dogs were anorexia, diarrhea, restlessness, pacing, 
blindness, and coma; in cats amaurosis, vocalization, circling, 
lethargy, weakness, diarrhea, urination, stupor, and coma 
were noted. Obese cats were considered at greater risk for 
overdosage.166

The development of hypoglycemia in a previously well- 
controlled animal suggests that a change has occurred either 
exogenously (e.g., use of an incorrect syringe, overly concen-
trated insulin because of improper mixing) or endogenously 
(e.g., DM was transient, patient is vomiting or anorectic, 
patient has developed maldigestion or malabsorption). Over-
lap of action of injections should also be considered (i.e., one 
injection is given when blood glucose concentration is still low 
from the previous injection).

Treatment of hypoglycemia varies according to the severity 
of signs. Mild hypoglycemia can be treated by feeding a nor-
mal meal; moderate signs may require treatment with sugar 
or syrup (e.g., Karo syrup) being fed to the animal or rubbed 
on the buccal membranes. Convulsions require intravenous 
administration of 50% dextrose. A slow intravenous bolus of 
50% dextrose (0.5 g/kg diluted 1:4) should be administered, 
followed by a continuous-rate infusion of 5% dextrose until the 
patient can be fed. A single dose of dextrose may not be ade-
quate. Dextrose doses from 0.25 to 19.2 g/kg and 0.2 to 6.3 g/kg  
were required in dogs and cats, respectively, to attain euglyce-
mia after an insulin overdose, and continuaton of a dextrose 
drip may be necessary for up to 4 days to maintain normal 
blood glucose concentrations.166 Insulin therapy should be 
discontinued until hyperglycemia is documented. Once the 
animal is sufficiently conscious, food can be offered.

Insulin resistance. Insulin resistance should be suspected 
in any pet in which marked hyperglycemia persists through-
out the day despite insulin doses of more than 1.5 U/kg per 

injection or when large doses of insulin (i.e. >2.2 U/kg per 
injection) are needed to maintain adequate glycemic control. 
However, use of these doses does not mean that insulin resis-
tance is present. The problem could lie with owner technique 
of insulin administration, patient management (e.g., exercise, 
diet), or insulin choice. Lack of response to high doses of one 
insulin type does not mean all insulins will be ineffective; for 
example, 20% of cats did not respond to high doses of ultra-
lente insulin but could be effectively managed by twice-daily 
lente.167 In addition, longer-acting insulin (PZI) will be more 
slowly absorbed and less bioavailable than shorter-acting 
insulin; thus slightly more than 2.2 U/kg of long-acting insu-
lin may be required.

Before a thorough and costly workup for insulin resistance 
is initiated, factors that mimic insulin resistance should be 
ruled out. The owner’s technique and insulin handling should 
always be evaluated first. Possible causes for an unsatisfac-
tory response to insulin include inadequate mixing of insu-
lin before withdrawal into the syringe; use of the incorrect 
syringe (e.g., using a U100 syringe with U40 insulin); mis-
understanding of how to read the insulin syringe; problems 
with insulin injection technique; inactivation of insulin as a 
result of improper handling; and, if diluted insulin is being 
used, improper dilution. A bottle of insulin should be dis-
carded after 2 to 3 months of use because activity may begin 
to decrease. If owner issues are suspected, a glucose curve 
should be performed after the owner administers insulin 
using a new, undiluted bottle and while being observed. 
Second, the owner should be questioned to ensure consis-
tent and appropriate diet and exercise. If hyperglycemia is 
believed to be due to a postprandial surge from feeding a 
meal when the insulin’s effects are waning, timing of meals 
should be adjusted. Alternatively, addition of an oral hypo-
glycemic agent such as acarbose can be considered. Third, 
if no response is seen to one type of insulin, then another 
should be tried to see if it might be effective. Fourth, absorp-
tion of insulin can vary among subcutaneous sites, so another 
injection site should be used; the lateral thorax or abdomen is 
recommended. Lastly, a glucose curve should be performed 
to eliminate other possible mimics of insulin resistance, such 
as the Somogyi phenomenon and inadequate duration of 
insulin action.

Once true insulin resistance has been documented, the fol-
lowing differential diagnoses should be considered.

Insulin antibodies are a commonly discussed cause of 
insulin resistance. The clinical significance of anti-insulin 
antibodies (AIAs) remains unclear at this time. Although anti-
bodies may form against exogenous insulin, associated clinical 
insulin resistance appears rare. AIAs were measured in dia-
betic subjects after starting therapy with porcine lente insulin 
(n=100), bovine lente insulin (n=100), or bovine protamine 
zinc insulin (n=20); 12%, 56%, and 90%, respectively, devel-
oped AIA. No association was detected between AIA concen-
tration and insulin dose or fructosamine concentrations.135 If 
AIAs are believed to be a cause of resistance, a commercial 
assay for measurement of AIAs now exists. Alternatively, 
in pursuing this diagnosis for insulin resistance, use of a 
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radioimmunoassay (RIA) for insulin may be helpful.168 Cir-
culating AIAs can interfere with measurement of serum insu-
lin by RIA, causing spuriously high insulin concentrations, 
and the artifact can provide evidence of antibody presence. 
Typically, 24 hours after the last insulin injection in a diabetic 
pet, serum insulin concentration should be less than 50 μU/
mL. In comparison, apparent serum insulin concentration is 
above 400 μU/mL if AIAs are present.168 If AIAs are believed 
to be causing insulin resistance, the insulin source should be 
switched to a different one. Glycemic control should improve 
within 2 weeks of changing the species of insulin if insulin-
binding antibodies are causing resistance.168

Infection, ketoacidosis, and concurrent illness can cause 
insulin resistance. The urinary tract and oral cavities are com-
mon sites of infection; a urinalysis and urine culture, regard-
less of urinalysis finding,169 and complete oral examination 
should always be performed. Renal disease, hepatic insuf-
ficiency, cardiac insufficiency, pancreatitis, and starvation 
should be considered as possible causes of insulin resistance. 
Malnutrition can lead to insulin resistance and diminished 
insulin secretion. Obesity has been linked to glucose intoler-
ance and abnormal insulin secretion in cats and dogs, but its 
role in creating insulin resistance is unclear insofar as obese 
diabetic pets generally remain insulin responsive. Hyper-
thyroidism, hypothyroidism, and hyperadrenocorticism can 
cause insulin resistance through diverse mechanisms.

Based on data from several recent studies, acromegaly 
may be a more common cause of insulin resistance in cats 
than previously recognized, and several reliable methods 
exist by which a diagnosis may be obtained, especially when 
the tests are used together. Computed tomography (CT) has 
proved useful in demonstrating the presence of a mass lesion 
in the region of the pituitary gland in insulin-resistant dia-
betic cats suspected of having acromegaly or hyperadreno-
corticism, with a mass visualized on CT in all 16 such cats 
in one study.170 In another study designed to screen diabetic 
cats for the presence of acromegaly, serum IGF-1 concen-
trations were measured in 184 variably controlled diabetic 
cats. Of the 184 cats screened, 59 had increased serum 
insulin-like growth factor I (IGF-I) concentrations—that 
is, greater than 1000ng/mL (reference range 208-443 ng/
mL). Eighteen of the 59 cats underwent further examina-
tion, including intracranial CT, contrast-enhanced CT, or 
magnetic resonance imaging (MRI), and acromegaly was 
confirmed in 17. Contrast-enhanced CT allowed detec-
tion of most, but not all, pituitary masses, and one cat with 
a postmortem examination diagnosis of acromegaly did not 
have a visible mass on CT or MRI.171 In another recent study, 
diabetic cats were screened for concurrent acromegaly by 
measuring plasma GH and IGF-1 concentrations and exam-
ining the pituitary fossa using MRI.172 Of the 16 cats in the 
study, six required an insulin dosage at or above 1.5 U/kg  
per injection and had an enlarged pituitary gland on MRI; 
one cat receiving less than 1.5 U/kg of insulin per injection 
had an enlarged pituitary gland. Five of the six cats were diag-
nosed with acromegaly based on the enlarged pituitary gland 
on MRI and elevated plasma GH concentrations. Finally, a 

study evaluating the usefulness of IGF-I concentrations as a 
screening test for the diagnosis of acromegaly in diabetic cats 
found that 25.6% (19 of 74) of all diabetic cats and 47.5% (19 
of 40) of poorly controlled diabetics had acromegaly.173 Cur-
rently, no one test appears to be completely effective in diag-
nosing feline acromegaly, but a combination of serum IGF-1 
concentrations, feline GH concentrations where available, 
and contrast-enhanced CT or MRI are options (see also the 
section on GH later in this chapter).

Certain drugs can cause insulin resistance, most notably 
progestogens and glucocorticoids. Although cats are resis-
tant to development of many of the common adverse effects 
of glucocorticoids, such as polyuria and polydipsia, they may 
develop glucocorticoid-associated glucose intolerance readily. 
If possible, use of these medications should be slowly discon-
tinued in diabetic patients. Otherwise, the patients may need 
to be treated as insulin-resistant. Neoplasia has been associ-
ated with insulin resistance in 5% to 10% of diabetic cats and 
dogs.95 Hyperlipidemia should be considered as a possible 
cause of insulin resistance.

When a cause for insulin resistance is sought, the easiest 
causes to rule out and the most likely should be eliminated 
first, proceeding through to the least likely. The following 
order, in general, has been recommended in cats: concurrent 
drugs, obesity, concurrent disease (including infection and 
ketoacidosis), hyperthyroidism, acromegaly, hyperadreno-
corticism, and insulin antibodies. The order to use in dogs, in 
general, is as follows: concurrent drugs, diestrus/acromegaly, 
obesity, concurrent disease (including infection and ketoaci-
dosis), hyperadrenocorticism, hypothyroidism, hyperlipid-
emia, and insulin antibodies.174 This order is not absolute. If 
strong evidence exists for a differential diagnosis lower in the 
order, that possibility should be ruled out first.

Management of insulin resistance requires correcting the 
underlying disorder, if possible. For causes such as a simple 
bacterial infection or concurrent administration of diabeto-
genic medications, eliminating the underlying problem can 
be relatively easy; other problems, such as acromegaly, may be 
more difficult to correct. If insulin antibodies are suspected, 
the insulin can be switched to a less antigenic form.

If the cause cannot be determined or eliminated, the fol-
lowing guidelines are suggested:174 (1) Administer insulin at 
least twice daily. (2) Avoid long-acting insulins, unless regu-
lar insulin is added. Intermediate-acting insulins are more 
effective in overcoming insulin resistance and lowering blood 
glucose concentrations. (3) Consider using mixtures of short-
acting and longer-acting insulins. (4) Administer insulin 
shortly before or at the time of feeding to help control post-
prandial hyperglycemia. Large insulin doses may be required, 
but it will be necessary to determine the actual dosage using 
serial blood glucose curves, as for any diabetic.

Oral Antidiabetic Agents
Oral antidiabetic agents, including the sulfonylureas (e.g., 
glipizide), biguanides (e.g., metformin), α-glucosidase inhibi-
tors (e.g., acarbose), and the thiazolidinediones (e.g., dar-
glitazone), are commonly used to treat human patients with 
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NIDDM. Mechanisms of action vary and, with the exception 
of acarbose, are directed toward the underlying abnormalities 
of type 2 diabetics (Figure 21-5).

Sulfonylureas stimulate pancreatic beta cells to secrete insu-
lin and have been among the most popular oral antidiabetic 
agents in human medicine. Extrapancreatic effects include 
decreased hepatic gluconeogenesis and increased tissue sen-
sitivity to insulin. Hypoglycemia is the main adverse effect 
of sulfonylureas in humans, although it may be least likely to 
occur with glipizide.175

Mechanisms of action of metformin, a biguanide, include 
decreased hepatic gluconeogenesis (perhaps the primary 
mechanism) and increased insulin sensitivity by hepatic and 
peripheral tissues.175 Metformin appears more effective than 
glipizide in humans in resolving disorders associated with 
insulin resistance. Side effects occur in up to 20% of human 
patients and include diarrhea, abdominal discomfort, nausea, 
and anorexia. Lactic acidosis is a potentially severe adverse 
effect of biguanide antidiabetic agents in general but occurs 
rarely with metformin.175 Among the oral hypoglycemic drugs, 
metformin is recommended as initial therapy in obese human 
diabetic patients because it may ameliorate insulin resistance 
and is less likely to be associated with weight gain.175 As with 
glipizide, the initial dose of metformin in humans is low and 
is progressively increased on the basis of glucose monitoring. 
Both glipizide and metformin are given with meals in human 
diabetics.

The alpha-glucosidase inhibitors such as acarbose are com-
plex oligosaccharides of bacterial origin that competitively 
inhibit small intestinal enzymes responsible for degradation of 
complex carbohydrates into absorbable monosaccharides.175 
Some of the antihyperglycemic effects of acarbose may be 
mediated through its effect on thyroid hormones.176 When 
acarbose is ingested, the postprandial glucose concentration 
surge is delayed and diminished. The drug is not absorbed, 
so systemic effects are uncommon. Flatulence, soft stools, 

and diarrhea, however, occur because of the osmotic effect 
and bacterial fermentation of nondigested carbohydrates. The 
adverse effects appear to be transient, however, and are mini-
mized in humans by starting therapy at a low dose. Acarbose 
is used in humans primarily to reduce postprandial glucose 
fluctuations and to improve glycemic stability when response 
to traditional oral antidiabetic agents is insufficient.177

The thiazolidinediones (e.g., rosiglitazone, darglitazone) 
bind to a novel receptor called the peroxisome proliferator-
activated receptor-γ (PPAR-γ) and enhance insulin action 
and promote tissue glucose utilization. They are referred to 
as insulin sensitizers because they stimulate nuclear receptors 
that enhance the expression of proteins involved in glucose 
and lipid metabolism. Like metformin, troglitazone may tar-
get disorders associated with insulin resistance.

Clinical Use
Therapy of any disease is ideally aimed toward the underly-
ing abnormality. In type 1 DM, insulin is lacking, so treatment 
provides an exogenous source. Type 1 diabetic patients do not 
have the metabolic abnormalities present in type 2 DM that 
are addressed by oral hypoglycemic agents (i.e., insulin resis-
tance, dysfunctional β cells, and increased hepatic gluconeo-
genesis). Consequently, administration of these agents to type 
1 diabetics is inappropriate, with the exception of acarbose. 
For type 2 DM, oral hypoglycemic drugs can be used initially, 
but as type 2 DM progresses, exogenous insulin injections will 
be required.

Because knowing the type of DM is helpful when choosing 
therapy, distinguishing between types 1 and 2 in cats and dogs 
would be extremely helpful. As dogs are mainly type 1 dia-
betics, oral hypoglycemics have not been used widely in this 
species. Cats are believed to be mainly type 2, at least initially. 
However, patients with advanced type 2 DM and glucose tox-
icity, a population likely to represent the majority of diabetic 
cats, will have totally lost insulin secretory ability. Accordingly, 
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Figure 21-5 Diagram of main metabolic abnormalities underlying type 2 diabetes mellitus and the way they are targeted by the 
oral hypoglycemic agents. The abnormalities are shown in red, along with their accompanying minor abnormalities and conse-
quences. The oral hypoglycemics are noted in blue, and the blue arrows show which of the main metabolic abnormalities they 
target.
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some diabetic cats will respond to oral hypoglycemic agents, 
but most will require insulin therapy.

The most studied and used oral hypoglycemic agent in cats 
is the sulfonylurea glipizide. Because of the mechanism of 
action, the ability of sulfonylureas to further the progression 
of DM remains controversial. Beta cells normally co-secrete 
the hormone amylin with insulin. Amyloid deposits can be 
found in the pancreatic islets of more than 90% of human 
patients with type 2 DM and in 65% of diabetic cats, and in 
diabetic cats the deposits are associated with significant loss of 
islet beta cells.178 Amylin is the precursor of the islet amyloid. 
Although the mechanisms underlying the transformation of 
amylin into amyloid fibrils are largely unknown, findings in 
one recent study support the hypothesis that islet amyloidosis 
results from prolonged beta cell stimulation. In this study, DM 
was induced in eight healthy domestic cats by a partial pan-
createctomy, followed by induction of insulin resistance with 
corticosteroid and GH treatment. The cats were then treated 
with either glipizide (n = 4) or insulin (n = 4) for 18 months. 
All cats were negative for the presence of islet amyloid at the 
time of pancreatectomy. At the end of the study, all of the glip-
izide-treated cats and one of the four insulin-treated cats had 
pancreatic islet amyloid deposits. The glipizide-treated cats 
had threefold higher basal and fivefold higher glucose-stimu-
lated plasma amylin concentrations than insulin-treated cats, 
suggesting an association between elevated amylin secretion 
and islet amyloidosis.179 Whether this is a positive association 
between glipizide treatment and development of islet amy-
loidosis or a negative association between insulin treatment 
and the development of islet amyloidosis or whether similar 
events would occur in naturally occurring feline DM remains 
uncertain.

The long-term success rate with glipizide is estimated to be 
approximately 35%,100,145 but which cats will respond cannot 
be predicted. The ideal patient for treatment with glipizide 
is a stable, nonketotic diabetic cat of optimal to obese body 
weight that has mild clinical signs with no complicating dis-
eases. Patients that are emaciated, dehydrated, or debilitated 
or that have recently lost 10% or more of their body weight or 
have concomitant disease are not good candidates. Addition-
ally, glipizide can be tried in any cat whose owners refuse to 
give injections.

Adverse effects are minimal. Vomiting is most common 
(approximately 15%).99,100 Increased liver enzymes and icterus 
develop within 4 weeks of initiating therapy in approximately 
10%. Hypoglycemia occurs in approximately 12% to 15% of 
responder cats; usually these cats are transient diabetics. Most 
cats that respond without continued adverse effects can be 
treated with glipizide for life, but glipizide loses effectiveness 
in at least 5% to 10%. The period from initiation of therapy 
until failure is unpredictable, ranging from weeks to more 
than 3 years.121

Glipizide therapy should be instituted at a dosage of 
2.5 mg/cat orally twice daily with food, and the cat should 
be examined after 1 and 2 weeks. A history, complete physi-
cal examination, body weight, blood glucose concentration, 
and urine glucose and ketones test should be evaluated. If no 

problems occurred during the first 2 weeks, the dosage should 
be increased to 5 mg/cat twice daily. If ketonuria is found, the 
medication should be discontinued and insulin therapy initi-
ated. If vomiting or icterus is present, the drug should be dis-
continued until the problem resolves. Most cats will tolerate the 
medication if started at a lower dosage and gradually increased. 
If hepatic enzyme elevation or icterus occurred, liver enzymes 
and serum bilirubin concentration should be checked periodi-
cally after reinitiation. If problems recur, drug administration 
should be stopped and the cat placed on insulin.

Once a dosage of 5 mg twice daily has been given for 2 
weeks, the previously mentioned parameters and a 10- to 
12-hour glucose curve should be checked every 4 weeks.121 
Response to therapy is demonstrated by resolution of clini-
cal signs, blood glucose concentrations during the curve at or 
below 200 to 300 mg/dL, and lack of glycosuria. Time until 
response varies, so therapy at the full dosage should continue 
for 12 weeks unless a contraindication develops.121

If a cat becomes hypoglycemic while on glipizide therapy, 
discontinue drug administration and reevaluate the cat, poten-
tially with a glucose curve, to assess if continued glipizide 
therapy is needed. If the cat becomes hyperglycemic after dis-
continuation of glipizide treatment, restart therapy with a 50% 
dose reduction and continue to monitor as described above.

If no response is seen after 12 weeks, glipizide administra-
tion should be stopped and insulin therapy instituted. If clinical 
signs and glycosuria resolve and blood glucose concentrations 
are at or below 200 mg/dL, glipizide therapy should be stopped 
and the blood glucose concentration reevaluated in 1 week. If 
hyperglycemia is present then, glipizide should be reinitiated. 
If euglycemia is present, no medication is warranted. Glipi-
zide can be used again, however, at any time if hyperglycemia 
recurs. The patient should be rechecked every 3 months to 
ensure ongoing control.

Cats that have resolution of clinical signs according to the 
owner, stable body weight, and normal physical examinations 
but serial blood glucoses at or above 300 mg/dL present a clin-
ical dilemma. Either the clinical signs have not truly resolved 
or the hyperglycemia is due to stress. Such cats should ideally 
be monitored by serum glycated protein concentrations and 
urine glucose concentrations to determine overall glycemic 
control. If glycosuria is absent and glycated protein concentra-
tions are at a level or downward trend, glipizide therapy can 
proceed. If glycosuria is present or glycated protein levels are 
trending upward, insulin should be used instead.

Biguanides. Metformin doses of 25 to 50 mg/cat twice daily 
should attain plasma concentrations used for treating human 
DM,180,181 but the use of the drug in diabetic cats is not promis-
ing.180 In the single published study evaluating metformin use 
in diabetic cats, five newly diagnosed cats received metformin 
at a gradually increasing dosage, and only one achieved gly-
cemic control after 8 weeks of therapy. In one nonresponder, 
serum alanine aminotransferase activity was within the refer-
ence range at the start of the study but had increased to 1440 
U/L at week 7; 3 weeks after discontinuation of the medica-
tion, serum alanine aminotransferase activity was 95 U/L. One 
cat was found dead after 2 weeks, and no response was seen 
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after 7 to 8 weeks in four cats. The responding cat was treated 
with 10 mg metformin daily for 1 week, then 10 mg twice daily 
for 2 weeks, followed by 25 mg twice daily for 5 weeks. Sub-
sequently, the dose was increased to 50 mg twice daily, and 
3 weeks later the owner reported resolution of clinical signs 
of DM. Metformin was used successfully for 4 months until 
pancreatitis developed, at which time therapy was changed to 
insulin. The serum insulin concentration was within or greater 
than the reference range in the responder diabetic cat and was 
undetectable or at the low end of the reference range in the 
nonresponders, suggesting that metformin may be beneficial 
only in diabetic cats with detectable serum insulin concentra-
tion at the time treatment is initiated. Adverse effects are com-
mon and include inappetence, weight loss, and vomiting. The 
size of pills commercially available is not amenable to cats, and 
use of this drug for felines requires compounding.180

Alpha-glucosidase inhibitors. In five dogs, a combination of 
acarbose and insulin provided better glycemic control over 
insulin alone. However, the final conclusion was that because 
of the expense and adverse effects, acarbose is primarily indi-
cated for poorly controlled diabetic dogs in which the cause 
for the poor control cannot be identified.182 Acarbose, in con-
junction with a low-carbohydrate diet, was an effective means 
of decreasing exogenous insulin dependence and improving 
glycemic control in one group of diabetic cats,118 but how 
much of the dose reduction in insulin was due to the diet and 
how much to acarbose is unclear. Acarbose may be helpful in 
cats with renal disease that cannot be placed on a low-carbo-
hydrate diet because of the high protein content of these diets. 
Acarbose may be administered at a dosage of 25 to 200 mg/
dog or 12.5 to 25 mg/cat twice daily with meals. Side effects 
include flatulence, semiformed stools, or diarrhea.

Thiazolidinediones. Although recent work suggests that dar-
glitazone has beneficial effects in obese nondiabetic cats to 
decrease insulin secretion and glucose concentrations in a glu-
cose tolerance test,183 no work has been done in diabetic cats.

Transition metals. Transition metals are insulin mimetic. In 
healthy nonobese cats, dietary chromium supplementation 
causes a small but statistically significant, dose-dependent 
improvement in glucose tolerance.184 The most commonly 
reported side effects are mild GI upset. Unfortunately, how-
ever, large clinical studies on the effect of vanadium or chro-
mium in diabetic cats are lacking. In one study, chromium had 
no effect in concert with insulin treatment in diabetic dogs.185

Acute Metabolic Complications
Diabetic Ketoacidosis
Diabetic ketoacidosis (DKA) is a complex catabolic disorder 
caused by either relative or absolute insulin deficiency. Diabe-
togenic hormones (e.g., cortisol, progesterone, GH), probably 
contribute to its development. Thus any disease that increases 
the secretion of these stress hormones can predispose diabetic 
patients to the development of ketoacidosis, and insulin ther-
apy may become ineffective.

Glycogen, protein, and fat, rather than glucose, are used by 
the body for energy in the absence of insulin. Glycogen is bro-
ken down into glucose. As a physiologic survival mechanism 

during starvation (insulin deficiency is perceived by the body 
as a state of starvation because glucose is not available for use 
by most cells), fatty acids formed from fat breakdown are trans-
ported into mitochondria and metabolized to ketone bodies 
to be used as a fuel source. The ketone bodies are acetone, 
acetoacetate, and β-hydroxybutyrate. The last is formed from 
acetoacetate and hydrogen ions. A lack of insulin decreases tis-
sue utilization of ketone bodies. As ketones accumulate, the 
body’s buffering systems become overwhelmed, and metabolic 
acidosis develops. Glucose formation continues unchecked 
and even accelerates. Glycosuria that accompanies hypergly-
cemia causes an osmotic diuresis with subsequent depletion 
of sodium, chloride, and potassium. If an animal is unable to 
ingest sufficient water to keep up with ongoing losses, dehy-
dration and prerenal azotemia develop. Severe hyperosmolar-
ity may result. Ketoacidosis can cause vomiting and diarrhea, 
further complicating acid–base and electrolyte disorders. Pro-
duction of glucose counterregulatory hormones increases in 
response to the stress of illness, but the hormones antagonize 
insulin and worsen the hyperglycemia and ketonemia. Patients 
with DKA usually are ill when they are brought to the veteri-
narian, and 6% to 12% are dehydrated. Blood glucose concen-
tration is generally greater than 300 mg/dL, and the patient 
may be severely acidotic (arterial bicarbonate <11 mEq/L).

Hypokalemia, hypophosphatemia, and hypomagnesemia 
may accompany DKA. Hypokalemia may develop because of 
decreased food intake or increased renal loss associated with 
osmotic diuresis. However, acidosis may cause intracellular 
potassium ions to shift extracellularly, thus masking total body 
potassium depletion. Rehydration, correction of acidosis, and 
insulin therapy may further decrease serum potassium concen-
trations. The risk of hypophosphatemia is similarly increased 
by diminished intake, urinary losses, fluid therapy, and trans-
location after insulin therapy. Energy (adenosine triphosphate 
[ATP]) depletion becomes evident in high-energy use cells 
such as skeletal muscle, brain, and red blood cells. Hemolytic 
anemia is the most common and serious sequela to hypophos-
phatemia but does not usually occur until serum phosphorus 
concentration is at or below 1 mg/dL.186 Neuromuscular signs 
include weakness, ataxia, and seizures as well as anorexia and 
vomiting secondary to intestinal ileus. Lastly, osmotic diuresis 
may cause hypomagnesemia, and because of acid–base imbal-
ances, magnesium may shift intracellularly. Clinical signs of 
hypomagnesemia (e.g., lethargy, anorexia, muscle weakness 
[including dysphagia and dyspnea], muscle fasciculations, sei-
zures, ataxia, and coma) do not usually occur until serum total 
magnesium concentration is below 1 mg/dL.186

Diagnosis of DKA includes documentation of the presence 
of DM, ketone bodies, and acidosis. The existence of ketonu-
ria establishes a diagnosis of ketosis; acidosis must be docu-
mented to differentiate ketosis from ketoacidosis. Urine test 
strips and nitroprusside reagents (e.g., Ketostix) do not detect 
β-hydroxybutyrate, which can be the predominant ketone 
present in the acidotic state. If ketoacidosis is suspected but 
a urine dipstick is negative, other means for detecting ketone 
bodies, such as Acetest tablets (Ames Division, Miles Laborato-
ries, Elkhart, Ind.) should be used, if available. A commercially 
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available hand-held ketone meter (PrecisionXtra, Abbott, 
Alameda, Calif.) will detect plasma β-hydroxybutyrate and 
can be used to aid in the diagnosis of DKA in dogs and cats if 
urine strips are negative for ketone bodies or urine cannot be 
obtained.187

Treatment of ill ketoacidotic patients should be aggressive, 
with the treatment goals being to restore water and electrolyte 
imbalances, provide sufficient insulin to begin normalization 
of metabolism, correct acidosis, identify precipitating fac-
tors for the DKA, and provide a carbohydrate substrate when 
required by the insulin treatment.186 Care should be taken not 
to return blood glucose concentrations to normal too rapidly, 
because biochemical and osmotic problems could be created 
by overly aggressive therapy, as described in human “fragile” 
DKA patients that experience rapid changes in serum tonicity 
and develop cerebral edema. Cerebral cells of diabetic patients 
may accumulate sorbitol, an osmotically active polyol formed 
in response to excessive blood glucose concentrations. Thus 
as a hypertonic patient achieves normal tonicity and euglyce-
mia with treatment, water may move into neurons that have 
become hypertonic relative to extracellular fluid.

The common use of isotonic, sodium-containing fluids 
may minimize large osmotic shifts by maintaining serum 
sodium concentrations as glucose concentrations decrease,188 
so development of cerebral edema may be uncommon, at least 
in diabetic cats. A recent retrospective study evaluated 13 dia-
betic ketotic cats treated in an intensive care unit and similarly 
managed with intravenous constant-rate infusions of regular 
insulin and 0.9% saline. The median change in glucose con-
centration was 122% (range 1% to 1230%). In cats with abnor-
mal sodium concentrations, the median change in sodium 
(irrespective of direction) was 5.4% (range 1.3% to 11.6%). 
The median percentage change in serum tonicity (irrespec-
tive of direction) was only 2.9% (range 1.4% to 5.7%). At all 
time points examined, sodium was the major determinant of 
serum tonicity, with only minimal contributions from glu-
cose. If sodium levels had not increased during treatment, the 
total decrease in serum tonicity owing to glucose alone would 
have been 13%. The minimal fluctuations in serum tonicity 
likely explain the low incidence of osmotic-mediated neuro-
logic complications seen during treatment of diabetic cats.188 
Caution should still be exercised in treatment, especially of 
hyperglycemic, hyperosmolar, nonketotic diabetic patients. 
Blood glucose concentrations in hyperglycemic, hyperosmo-
lar diabetics patients may be elevated to the point that they are 
a major determinant of serum tonicity; alternatively, a diabetic 
patient not managed with isotonic sodium-containing fluids 
may be lacking the sodium concentrations needed to buffer 
the changes  in serum tonicity once measures are initiated to 
reduce the hyperglycemia. In either case, complications from 
too rapid a decrease in blood glucose concentrations could 
occur.

The first step in treating DKA should always be to initiate 
replacement and maintenance fluid therapy to enhance renal 
blood flow, promote urinary glucose excretion, and decrease 
the effects of diabetogenic hormones. Sodium chloride (0.9% 
saline) containing appropriate potassium supplementation 

is the fluid of choice. Because of the possible risk of cerebral 
edema formation, rapid fluid administration is indicated only 
in life-threatening situations. Fluid administration should 
be directed at gradually replacing hydration deficits over 24 
hours while supplying maintenance fluid needs and matching 
ongoing losses. Once out of the critical phase, fluid replace-
ment should be decreased in an effort to correct fluid imbal-
ances in a slow but steady manner.186 When serum sodium 
concentration is 140 to 155 mEq/L, Ringer’s solution should 
be used; if serum sodium concentration increases to more 
than 155 mEq/L, 0.45% saline should be administered.

Ideally, potassium supplementation should be based on 
actual measurement of serum potassium concentration. If 
measurement is not available, 40 mEq potassium should be 
added to each liter of intravenous fluids.186 Potassium supple-
mentation should be adjusted every 6 to 8 hours, again ideally 
based on actual measurements, until the patient is stable and 
serum electrolytes are within the reference range. Total hourly 
potassium administration should not exceed 0.5 mEq/kg body 
weight. If the serum potassium concentration is greater than 
5, 4 to 5.5, 3.5 to 4., 3 to 3.5, 2.5 to 3, 2 to 2.5, or less than  
2 mEq/L, then no potassium, 20 to 30, 30 to 40, 40 to 50, 50 to 
60, 60 to 80, and 80 mEq of potassium should be added to each 
liter of fluids administered, respectively.186

Phosphate therapy is indicated if clinical signs of hypo-
phosphatemia or hemolysis are identified or if the serum 
phosphorus concentration is below 1.5 mg/dL. An intrave-
nous constant-rate infusion of potassium phosphate (the 
solution contains 4.4 mEq/mL of potassium and 3 mM/mL 
of phosphate) should be a given at a rate of 0.03 to 0.12 mM 
phosphate/kg/hour. Administration of potassium must be 
taken into account when giving potassium phosphate for cor-
rection of hypophosphatemia.189 Serum phosphate concentra-
tion must be measured to assess response and adjust the dose. 
Because adverse effects of phosphate administration include 
hypocalcemia, serum calcium concentration, preferably ion-
ized calcium concentration, should also be monitored.

Whether magnesium supplementation is required is con-
troversial. Hypomagnesemia is usually not treated unless 
persistent lethargy, anorexia, weakness, or refractory hypoka-
lemia or hypocalcemia are encountered after 24 to 48 hours of 
therapy and another cause for the problem cannot be identi-
fied.186 The initial intravenous dose for the first day is 0.75 to 
1 mEq/kg administered by constant-rate infusion in 5% dex-
trose in water. The supplementation can be continued at half 
the initial dose for an additional 3 to 5 days if necessary. The 
dose should be decreased 50% to 75% in azotemic animals. 
Parenteral magnesium therapy can cause hypocalcemia, car-
diac arrhythmias, hypotension, and respiratory depression.186

Bicarbonate therapy in the management of patients with 
DKA is contentious. Proponents point to potential deleterious 
effects of acidosis on cardiac hemodynamics, whereas oppo-
nents are concerned by possible creation of paradoxical central 
nervous system acidosis or a shift in the oxygen-hemoglobin 
dissociation curve resulting in tissue hypoxia. A prospective 
trial of human DKA patients with moderate to severe acido-
sis (pH 6.9 to 7.1) found no difference in outcome in patients 
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treated with bicarbonate and those who were not.190 Clinical 
presentation in conjunction with acid–base status should be 
used to determine the need. If plasma bicarbonate concentra-
tion is above 12 mEq/L, bicarbonate therapy is not indicated, 
especially if the patient is alert;186 correction of dehydration 
and insulin administration usually eliminates acidosis. When 
plasma bicarbonate concentration is below 11 Eq/L (total 
venous CO2 <12 mEq/L), specific therapy should be initiated. 
The amount of bicarbonate needed to correct acidosis to 12 
mEq/L over 6 hours is calculated as

mEq bicarbonate needed  =  Body weight(kg) ×
                0.4  ×  (12− patient’s bicarbonate)  ×  0.5

The factor 0.4 corrects for the extracellular fluid space in 
which bicarbonate is distributed (i.e., 40% of body weight). 
Using the factor 0.5 means that 50% of the full bicarbonate 
dose is infused, so a conservative dose is given. The bicarbon-
ate should be infused intravenously over 6 hours (never as a 
bolus), then the serum bicarbonate concentration reassessed 
and a new dosage calculated and administered, if needed.186

Recommendations regarding insulin doses and routes vary 
for ketoacidotic patients, but authors agree that therapy should 
begin with low doses. Insulin therapy should be delayed at 
least 1 to 2 hours after the start of intravenous fluid therapy. At 
that time serum electrolytes should be measured; if hypokale-
mia is present, insulin therapy can be delayed an additional 1 
to 2 hours to allow fluid therapy to replenish potassium.

The goal of insulin therapy is to lower the blood glucose 
concentration to 200 to 250 mg/dL over 6 to 10 hours. Regular 
insulin is used because it is short-acting and more easily regu-
lated compared with longer-acting insulins. Blood glucose 
concentrations should be monitored hourly. The major risks 
associated with insulin therapy are hypoglycemia, hypokale-
mia, and hypophosphatemia.

The three techniques used are hourly intramuscular,191 
continuous low-dose intravenous infusion,192 and intermit-
tent intramuscular/subcutaneous.193 An intermittent intra-
venous regimen is discouraged because the biologic effects of 
regular insulin administered intravenously last only 20 min-
utes. For the hourly intramuscular technique, an initial load-
ing dose of 0.2 U/kg of regular insulin is given, followed by 
0.1 U/kg every 1 to 2 hours. Lower doses can be used at first 
if hypokalemia is a concern. The rear legs are recommended 
sites for administration. If the blood glucose concentration 
declines at a rate greater than 75 mg/dL/hr, the dose should 
be decreased to 0.05 U/kg/hr. If the decrease is less than  
50 mg/dL/hr, the dose should be increased to 0.2 U/kg/hr. 
When the blood glucose concentration is below 300 mg/dL, 
regular insulin can be given subcutaneously (0.1 to 0.3 U/kg, 
every 6 to 8 hours) and the dose altered as required. In addi-
tion, when blood glucose concentration is 250 to 300 mg/dL, 
100 mL of 50% dextrose should be added to each liter of fluid 
to achieve a 5% dextrose solution. Blood glucose concentra-
tion should be maintained between 150 and 300 mg/dL until 
the patient is stable and eating. When the patient is no longer 
receiving fluids, is eating and drinking, has stopped vomiting, 

and is no longer ketoacidotic, maintenance insulin therapy 
with longer-acting insulin can be instituted.

For the constant-rate low-dose infusion technique, regular 
crystalline insulin (2.2 U/kg for dogs and 1.1 U/kg for cats) is 
added to 250 mL of 0.9% saline and initially administered at 
10 mL/hr in a line separate from that used for fluid administra-
tion.192 The first 50 mL of an insulin–electrolyte mixture run 
through intravenous tubing should be discarded because of 
adsorption of insulin to glassware and plastic. An intravenous 
infusion pump should be used to ensure a constant adminis-
tration rate. The infusion rate can be slowed for 2 to 3 hours 
if hypokalemia is a concern and should be altered as needed 
so that blood glucose concentrations decline by approximately 
50 mg/dL/hr. Once the blood glucose concentration reaches 
250 mg/dL, the fluid should be changed to 0.45% saline with 
2.5% dextrose. The insulin infusion can then be discontinued 
and regular insulin given every 6 to 8 hours, as previously 
described. Alternatively, the infusion rate can be slowed to 
maintain blood glucose concentrations between 150 and 300 
mg/dL until the patient is stable enough to institute mainte-
nance insulin therapy. If infusion is used, insulin should be 
added to the new fluid at the same concentration.

For the intermittent, intramuscular/subcutaneous insulin 
technique, the initial regular insulin dose is 0.25 U/kg intra-
muscularly every 4 hours. Once the patient is rehydrated, 
subcutaneous administration is substituted. Dose is adjusted 
based on serum glucose concentrations. This technique is not 
recommended, however. Blood glucose concentrations decrease 
rapidly, and the risk for hypoglycemia is great.

Hyperglycemic, Hyperosmolar, Nonketotic 
Syndrome
The true incidence of hyperglycemic, hyperosmolar nonketotic 
syndrome (HHNS) in the canine and feline diabetic pet popu-
lation is unknown, but the condition is relatively uncommon. 
In one retrospective study of diabetic cats, HHNS constituted 
6.4% of emergency room visits of diabetic cats.194 However, it 
is associated with a high mortality rate in both humans with 
type 2 DM and feline diabetics.194,195

The pathogenesis of HHNS is not fully understood but 
may be a result of decreased insulin activity rather than a 
complete absence. Insulin deficiency causes excess glucagon 
secretion and decreased glucose use by peripheral tissues. As 
with DKA, decreased glucose utilization causes muscle and fat 
breakdown, thus supplying precursors needed for hepatic glu-
coneogenesis. Insulin deficiency in combination with excess 
glucagon promotes hepatic gluconeogenesis, and profound 
hyperglycemia develops. The insulin activity present prevents 
ketone bodies from forming.

Why some animals develop DKA and others HHNS is 
unclear. In both disorders patients commonly have concur-
rent diseases, so insulin resistance is likely to be important in 
both.194 Interestingly, certain types of diseases may be more 
common in HHNS compared with DKA. In one study of cats 
with HHNS or DKA, overall presence of concurrent disease 
did not differ between the two groups but presence of specific 
diseases did. Chronic renal disease occurred in 58.8% of cats 
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with HHNS but only 12.5% of those with DKA, and congestive 
heart failure was present in 29.4% of the HHNS cats but only 
3% of cats with DKA.194 Thus the presence of certain diseases 
may predispose one syndrome to develop over another, but 
this remains to be proven.

The diagnostic criteria for HHNS in veterinary medicine 
are the presence of severe hyperglycemia (>600 mg/dL) and 
serum hyperosmolarity (>350 mOsm/L). Severe dehydration 
causes hyperosmolarity, which leads to the central nervous sys-
tem abnormalities such as dullness, circling, pacing, or unre-
sponsiveness common with this disorder. Ketones are usually 
not present, but lactic acidosis often is.194 The therapeutic goal 
is to correct the extreme volume depletion and hyperosmolar-
ity. Despite the hyperosmolarity, the initial fluid of choice is 
isotonic (0.9%) saline.186 Half the estimated dehydration defi-
cit plus maintenance requirements should be replaced in the 
first 12 hours and the remainder in the following 24 hours. 
Potassium and phosphorus supplementation should occur as 
for patients with DKA. Insulin therapy should be delayed 4 to 
6 hours until the positive benefits of fluid therapy are docu-
mented (e.g., correction of dehydration, stabilization of blood 
pressure, and improvement in urine production).186 Insulin 
can be administered as for DKA, but the dosages should be 
decreased by 50% to dampen the decrease in blood glucose 
concentration and prevent a rapid decrease in extracellular 
fluid osmolarity.

Prognosis. To some degree, prognosis for a diabetic dog or 
cat depends on its owner’s desire to treat, the presence and 
severity of underlying disorders, and how well the animal 
responds to therapy. One must also bear in mind that DM is 
most commonly diagnosed in the geriatric pet population. The 
mean survival time for diabetic dogs has been stated to be 3 
years after diagnosis, with the highest mortality within the first 
6 months.95 A recent study assessing the incidence, survival, 
and breed distribution of insured dogs in the United Kingdom 
diagnosed with DM supports this estimation. Median survival 
time for 686 dogs was 57 days after the first insurance claim; 
if 223 dogs that survived less than 1 day were excluded from 
the analysis, median survival was 2 years. For dogs surviving 
at least 30 days (n=347), the median survival time was not 
reached by the end of the study.196 Median survival times in 
newly diagnosed diabetic cats is reported to be 17 months,145 
and the life expectancy of diabetic cats that survive the first 
6 months after diagnosis has been estimated to be 5 years.121

DISEASES OF THE ADRENAL GLANDS

Hypoadrenocorticism
Pathophysiology
Which hormones are deficient in hypoadrenocorticism (Addi-
son’s disease) varies according to the underlying pathophysi-
ology. The most common form of hypoadrenocorticism is 
primary adrenal failure. Glucocorticoids (e.g., cortisol) alone 
or both glucocorticoids and mineralocorticoids (e.g., aldo-
sterone) may be deficient, depending on which adrenocorti-
cal zones have been destroyed. Primary hypoadrenocorticism 
can be spontaneous or iatrogenic as a result of mitotane, 

ketoconazole, or trilostane administration. Secondary hypo-
adrenocorticism is due to pituitary failure to secrete adreno-
corticotropic hormone (ACTH). Because ACTH has minimal 
effects on aldosterone secretion, ACTH deficiency causes iso-
lated glucocorticoid insufficiency. ACTH deficiency can be 
idiopathic, caused by head trauma or neoplasia, or iatrogenic, 
secondary to chronic suppression of ACTH caused by admin-
istration of glucocorticoids197 or progestins.198,199 Exogenous 
glucocorticoids of any form, even topical, can feed back and 
turn off ACTH secretion. With chronic ACTH deficiency, 
adrenocortical atrophy occurs and cortisol secretion falls. 
Even though cats are considered to be relatively resistant to 
most side effects of glucocorticoids, they are just as susceptible 
as dogs to the adrenal suppressive effects. Administration of 
megestrol acetate (Ovaban) or other progestins to cats200 can 
also suppress ACTH secretion. Certain breeds of dogs (e.g., 
Nova Scotia Duck Tolling retrievers, Standard Poodles, and 
Bearded Collies) can have a genetic component to develop-
ment of hypoadrenocorticism.201-203

Hypoadrenocorticism can be a life-threatening condition 
requiring immediate life-saving therapeutic intervention. The 
acute life-threatening effects generally reflect mineralocorti-
coid deficiency and, less commonly, glucocorticoid deficiency. 
Glucocorticoids affect almost every tissue; many effects are 
critical to normal homeostasis and become more critical in 
stressed patients. Glucocorticoids stimulate gluconeogenesis 
and glycogenolysis by direct hepatic effects and by stimulat-
ing protein and fat catabolism peripherally. They also have a 
permissive effect on adrenergic receptors, enhancing tissue 
response to alpha- and beta-receptor stimulation. Mineralo-
corticoids are crucial to maintaining sodium, potassium, and 
water balance.

Lack of cortisol secretion may cause depression, lethargy, 
anorexia, vomiting, abdominal pain, shaking or shivering, and 
weight loss. In severe cases cardiovascular collapse may result. 
Clinical signs indicative of mineralocorticoid deficiency 
include collapse and bradyarrhythmias. On routine blood 
work in patients with mineralocorticoid deficiency, hypona-
tremia, hyperkalemia, and hypochloremia are usually present. 
Hypoadrenocorticoid patients often are azotemic. Hypoglyce-
mia will be present due to glucocorticoid deficiency in a small 
percentage of cases. Hypercalcemia occurs in about 25% of 
patients. Mild to moderate metabolic acidosis may be present, 
particularly if mineralocorticoid secretion is impaired.

Diagnosis
Diagnosis of hypoadrenocorticism can be suspected or ruled 
out on the basis of a baseline cortisol but must be confirmed by 
performance of an ACTH stimulation test. In one study dogs 
with basal cortisol concentrations above 55 nmol/L (2 μg/dL) 
that were not receiving corticosteroids, mitotane, or ketocon-
azole were highly unlikely to have hypoadrenocorticism; how-
ever, if the basal cortisol concentration was less than 55 nmol/L, 
an ACTH stimulation test was needed for further evalua-
tion.204 Likely, the same applies to dogs receiving progestins or 
trilostane. The protocol for performance of an ACTH stimula-
tion test is the same as for diagnosis of hypoadrenocorticism 
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(discussed below). In patients with primary or secondary 
hypoadrenocorticism, baseline cortisol concentration will be 
low, with minimal to no response to ACTH stimulation. The 
test does not distinguish spontaneous from iatrogenic disease 
and only confirms cortisol insufficiency. In a cortisol-deficient 
patient, if moderate to marked hyponatremia or hyperkale-
mia are present, aldosterone is assumed to be lacking as well. 
Serum aldosterone concentrations can be measured, but this is 
often not necessary and interpretation can be problematic.205

To differentiate primary from secondary hypoadreno-
corticism, plasma endogenous ACTH concentration can be 
measured, as described below (see section on hyperadrenocor-
ticism). In primary hypoadrenocorticism, negative feedback 
on the pituitary is lost and endogenous ACTH concentrations 
will be greatly increased; secondary hypoadrenocorticism, 
by comparison, is, by definition, a lack of ACTH. Evalua-
tion of endogenous ACTH concentration can be considered 
if a patient has glucocorticoid deficiency only. If aldosterone 
secretory ability is impaired, the disease must be primary to 
the adrenal glands. Distinguishing primary from secondary 
disease in patients with spontaneous isolated glucocorticoid 
deficiency can be prognostic. If the disease is primary, aldo-
sterone secretion is likely to be lost in the future and serum 
electrolyte concentrations should be monitored regularly; 
if the hypoadrenocorticism is secondary, mineralocorticoid 
secretion will remain normal.

Therapy
Therapy for hypoadrenocorticism focuses first on acute man-
agement of a hypoadrenal crisis, if present, and then on long-
term maintenance therapy. The goals of therapy for treatment 
of a crisis are to replace fluid volume and the needed hor-
mones, correct cardiovascular collapse, and rectify electrolyte 
and acid–base imbalances. Once the acute crisis is resolved, 
patients with hypoadrenocorticism can lead normal lives as 
long as medication is used appropriately.

Before therapy is initiated, if hypoadrenocorticism is sus-
pected and patient status permits, an ACTH stimulation test 
should be performed for diagnosis. If emergency care that 
includes glucocorticoid administration is required, dexa-
methasone is the first choice to use. Exogenous glucocorticoid 
administration can affect ACTH stimulation testing in two 
ways. First, certain glucocorticoids—prednisone, predniso-
lone, methylprednisolone, and hydrocortisone—cross-react 
on cortisol assays and, if present, will artificially elevate appar-
ent cortisol concentrations. If any of these four glucocorti-
coids are administered, an ACTH stimulation test should not 
be performed for 12 hours, whereas if dexamethasone is given, 
an ACTH stimulation test can still be performed immediately. 
(If methylprednisolone acetate [e.g., Depo-Medrol] is admin-
istered, testing may need to be delayed much longer.) Second, 
any glucocorticoid can feed back and suppress ACTH and 
cortisol secretion. The degree of suppression and the length 
of duration depends on which glucocorticoid was adminis-
tered, as well as the route, dose, and duration. For example, 
depending on the dose, a single dexamethasone injection 
given to treat an Addisonian crisis may, within a few days, 

completely suppress basal cortisol concentration and suppress 
post-ACTH cortisol concentrations up to 33%. However, such 
suppression is easily distinguishable from spontaneous hypo-
adrenocorticism in which serum cortisol concentration is 
nondetectable before and after administration of ACTH. Thus, 
if after a single dexamethasone injection, post-ACTH serum 
cortisol concentration is nondetectable, a diagnosis of hypo-
adrenocorticism is made; if the post-ACTH serum cortisol 
concentration is just below the reference range, the patient’s 
suppressed adrenal function is likely due to administration of 
an exogenous glucocorticoid, not to hypoadrenocorticism.

For treatment of an Addisonian crisis, fluid therapy is 
paramount and the primary priority. Although use of 0.9% 
saline was once advocated, rapid correction of hyponatremia 
has now been recognized to lead to central nervous system 
dysfunction.206,207 During chronic hyponatremia, the brain 
adapts to prevent cerebral edema. With rapid correction of 
serum sodium concentration, osmotic shifts and cerebral 
dehydration occur, with a possible resultant pontine myeli-
nosis and neurologic signs such as disorientation, dysphagia, 
weakness, and quadriparesis. Thus, although balanced solu-
tions such as Normosol-R or lactated Ringer’s solution con-
tain potassium, they are currently the fluid of choice, with the 
latter possibly being the best insofar as the sodium is the low-
est. Hypertonic saline administration is contraindicated. For 
treatment of an Addisonian crisis, shock doses of fluids should 
be given initially and then rehydration corrected over 6 to 24 
hours, depending on patient stability. Fluid therapy should 
be adjusted to increase serum sodium concentration at a rate 
of 0.5 mEq/L/hr. Frequent measurement of serum sodium 
concentration is important to ensure that the rate of correc-
tion of hyponatremia is appropriate. Fluid type and rate can 
be adjusted accordingly. If hypoglycemia is present, dextrose 
should be added to the fluids to make a 5% solution.

A rapid-acting glucocorticoid such as prednisolone sodium 
succinate (1 to 2 mg/kg over 2 to 4 minutes; can be repeated 
in 2 to 6 hours), dexamethasone or dexamethasone sodium 
phosphate (0.5 to 2 mg/kg intravenously, every 2 to 6 hours), 
or hydrocortisone hemisuccinate or hydrocortisone phosphate 
(2-4 mg/kg intravenously over 2 to 4 minutes, every 8 hours) 
should be administered. Alternatively, hydrocortisone sodium 
succinate can be infused at a rate of 0.5 to 0.625 mg/kg/hr intra-
venously. Although dexamethasone can be used to replace glu-
cocorticoid deficiency, mineralocorticoid deficiency will not 
be affected; thus prednisolone, which has some mineralocor-
ticoid activity, might be preferred, at least initially. However, 
the effect of glucocorticoid administration on diagnostic test-
ing should also be considered (discussed previously). Miner-
alocorticoid therapy is needed only if aldosterone is deficient 
and is not recommended until serum sodium concentration 
is in the reference range or slightly below. Mineralocorticoid 
administration can correct serum sodium concentration fairly 
rapidly.

Dilutional effects and increased GFR secondary to fluid 
administration will begin to correct life-threatening hyperka-
lemia. Very rarely does hyperkalemia fail to respond rapidly to 
volume replacement. In such instances, or if the hyperkalemia 
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is immediately life-threatening, 10% (100 mg/mL) calcium 
gluconate (0.5-1 mg/kg) can be given intravenously slowly. 
The calcium protects the myocardium from the effects of the 
potassium. An electrocardiogram must be monitored during 
calcium infusion and treatment stopped if new arrhythmias 
occur or bradycardia worsens. Alternatively, regular insu-
lin (0.06-0.125 U/kg, plus 20 mL of a 10% glucose solution 
for every unit of insulin given) can be administered. Insulin 
causes glucose to move intracellularly, and potassium will fol-
low. Glucose is infused in an attempt to prevent hypoglycemia. 
However, given the abnormal glucose metabolism in hypoad-
renocorticism, hypoglycemia still often results. If a patient 
is already hypoglycemic, just giving dextrose alone is much 
safer and will also cause intracellular movement of potas-
sium. Lastly, bicarbonate can be given to address acidosis but 
is rarely required because the other treatments usually resolve 
the acidosis.

Response to initial therapy of hypoadrenocorticism should 
occur in 1 or 2 hours in patients suffering from hypoadre-
nocorticism. In general, cats take longer to respond than 
dogs. Because sodium deficiency may result in a washout of 
the medullary interstitium, renal function may not return to 
normal quickly, and the patient may be diuresing for several 
days. Care must be taken to balance fluid input with excessive 
output.

Mineralocorticoid replacement therapy. Maintenance ther-
apy for hypoadrenocorticism begins when vomiting, diarrhea, 
weakness, and depression have resolved. Mineralocorticoid 
replacement is needed only for patients that are aldosterone 
deficient and is available in oral or depot preparations. The 
initial recommended dose of fludrocortisone in dogs is 0.01 
to 0.02 mg/kg orally daily208 and in cats 0.1 mg/cat daily,200,209 
much higher doses than required in humans. Dosage adjust-
ments, if necessary, are made on the basis of serum electro-
lyte concentrations. Ideally, sodium and potassium should 
be within reference ranges. Sodium and potassium should be 
monitored every 1 to 2 weeks after initiating therapy until a 
patient is stable. In dogs the daily dosage is adjusted by 0.05 to 
0.1 mg increments. Once electrolyte concentrations have sta-
bilized, a patient should be reevaluated monthly for the first 3 
to 6 months and every 3 to 6 months thereafter, as long as no 
clinical signs are apparent. In cats timing of monitoring is the 
same, and adjustments are made in 0.05-mg increments. In 
the authors’ experience, however, fludrocortisone fails to nor-
malize sodium in a number of patients no matter how high 
the dose.

In dogs the final required fludrocortisone dose varies greatly 
between patients; in one study the median final required dose 
was 0.023 mg/kg/day (range approximately 0.008 to 0.75 mg/kg  
daily).210 Required doses often increase over the initial 6 to 
18 months of therapy,205,210 possibly as a result of ongoing 
destruction of the adrenal cortex or changes in drug absorp-
tion or metabolism.

Overall, fludrocortisone therapy is effective. In 33 dogs, 
the response to treatment was considered good to excellent 
in 78.8%, fair in 9.1%, and poor in 12.1%.211 The most com-
mon side effects are polyuria and polydipsia, but polyphagia, 

hair loss, and weight gain may be seen. Most of the adverse 
effects occur when prednisone and fludrocortisone are admin-
istered concurrently and resolve when glucocorticoid therapy 
is discontinued, but polyuria and polydipsia can be seen with 
fludrocortisone alone.205,210,211 Although fasting hypercho-
lesterolemia and hypertriglyceridemia have been noted with 
fludrocortisone administration,211 the significance of these 
changes remain unknown.

The recommended starting dose of desoxycorticosterone 
pivalate (DOCP; Percorten, Novartis) for dogs is 2.2 mg/kg 
intramuscularly every 25 days. For cats the dose of DOCP is 10 
to 12.5 mg/cat intramuscularly monthly.209 The subcutaneous 
route, however, can be used, at least in dogs.212 For the major-
ity of dogs, the dosing regimen will be effective. Although one 
study initiated before a manufacturer’s recommended dose 
was chosen found that some dogs did not need that high a 
dose, starting at 2.2 mg/kg is safe.213,214

To decrease cost, it may not be necessary to administer 
DOCP at the full label dose. With DOCP, clinicians typically 
assume a 28-day interval and start at a dose of 2.2 mg/kg. Elec-
trolytes should be measured on days 14 and 28, and if they are 
within the reference range on day 28, the DOCP dose can be 
decreased 10%. When a dose is found that no longer maintains 
serum sodium and potassium concentrations in the reference 
range for the full 28 days, the lowest DOCP dose that lasted 
28 days can be used. An alternative is to administer 2.2 mg/
kg DOCP, lengthen the interval by 3 days with each injection 
until the interval is too long, and then use the longest inter-
val during which serum electrolyte concentrations were in the 
reference range. However, it is probably harder for owners to 
remember the injections on a long interval, and the authors 
prefer lowering the dose and maintaining a 28-day interval 
instead.

A small percentage of dogs, however, do require either 
injections more frequently than every 25 days or more than 
2.2 mg/kg to keep a 25-day or longer interval.210,215 If the 
patient is hyponatremic or hyperkalemic at day 14, the next 
dose should be increased by 10%. If the electrolytes are normal 
on day 14 but abnormal on day 28, the interval between injec-
tions should be decreased by 2 days205 or the dose increased 
10%. In dogs that require DOCP more frequently than every 
28 days, clinical signs of Addison’s disease may recur before 
the recheck on day 28. If return of the hypoadrenal state is 
suspected, the dog should be seen immediately and serum 
electrolytes measured. If hyponatremia and hyperkalemia are 
documented, the DOCP injection can be given at that time. 
If the dosing interval is shortened, the timing of monitoring 
should be changed accordingly for the next treatment period. 
Two rechecks should be performed during each dosing inter-
val until good control of the Addison’s disease on the last day 
of the dosing interval is demonstrated.

DOCP is a highly efficacious treatment for hypoadreno-
corticism with minimal side effects. Adverse effects reported 
include depression, polyuria, polydipsia, anorexia, skin and 
coat changes, diarrhea, vomiting, weakness, weight loss, 
incontinence, and pain on injection, but all are uncommon. 
Some of the adverse effects, such as polyuria and polydipsia, 
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are more likely caused by concurrent glucocorticoid admin-
istration than by DOCP itself. Treatment failures also occur 
rarely.

Any recheck, whether monitoring fludrocortisone or 
DOCP therapy, should include a full physical exam, complete 
history, and determination of BUN concentration, as well 
as measurement of electrolytes. If at any recheck the serum 
electrolyte concentrations are within the reference range but 
problems, sometimes quite vague, such as anorexia, vomiting, 
diarrhea, or unwillingness to play exist, glucocorticoid defi-
ciency is the likely cause, and the prednisone dose should be 
adjusted accordingly. An elevated BUN concentration can be a 
sign of dehydration caused by insufficient therapy.

Advantages and disadvantages exist with the use of either 
fludrocortisone or DOCP. For fludrocortisone the major 
advantage is the ease of diagnosing and adjusting an incor-
rect dosage because daily administration is easily altered. 
Daily therapy also constantly reminds owners that their pet 
is afflicted with a life-threatening disease and needs constant 
therapy and monitoring. Lastly, the medication is readily 
available at most pharmacies. However, fludrocortisone can 
be quite expensive despite the availability of a generic prod-
uct, especially if higher doses are required; some patients may 
not be adequately controlled and side effects may occur, even 
when used without concomitant glucocorticoid therapy. If 
expense, existence of side effects, or lack of efficacy necessi-
tates discontinuation of fludrocortisone, DOCP becomes the 
only choice.

For DOCP advantages include a low incidence of adverse 
effects if used alone, less common treatment failures than with 
fludrocortisone therapy, and need for infrequent adminis-
tration. A subcutaneous injection can be given by owners if 
trained properly, but great care should be taken in selection of 
owners for this task. Missing an injection or giving one inap-
propriately and not realizing the mistake could be fatal for the 
patient. Apparent failures may be due to the owner’s difficulty 
in providing injections; improper technique should always be 
ruled out. If a patient truly does not respond to DOCP, fludro-
cortisone therapy should be instituted.

Glucocorticoid replacement therapy. For all dogs and cats 
that have either iatrogenic or spontaneous secondary hypoad-
renocorticism or primary Addison’s disease without mineralo-
corticoid deficiency, only glucocorticoid replacement therapy 
is required. It should be remembered, however, that the dis-
ease of animals with primary glucocorticoid deficiency may 
progress to include mineralocorticoid insufficiency as well, 
and therapy must be adjusted accordingly. For an animal lack-
ing both types of adrenocortical hormones, the need for daily 
maintenance glucocorticoid replacement therapy depends in 
part on which mineralocorticoid supplement is being admin-
istered. (For animals with hypoadrenocorticism under stress, 
excess glucocorticoids are always recommended; this is dis-
cussed later at more length.). Fludrocortisone has both gluco-
corticoid and mineralocorticoid activity, whereas DOCP has 
only mineralocorticoid properties. Thus approximately 50% 
of dogs receiving fludorocortisone may not require concomi-
tant exogenous glucocorticoid administration.205,208 Although 

some dogs on DOCP have not received glucocorticoid ther-
apy,211,215 this practice is not recommended205 insofar as the 
patient will be glucocorticoid deficient on a daily basis.

All animals beginning maintenance therapy for sponta-
neous hypoadrenocorticism should receive prednisone or 
prednisolone at a “physiologic” dose of 0.1 to 0.22 mg/kg 
once daily; prednisolone may be the preferred form in cats. 
If the animal is on fludrocortisone, once a dose that main-
tains serum electrolyte concentrations within the reference 
range has been determined, the glucocorticoid can be tapered 
to alternate days and then discontinued to see whether con-
tinued glucocorticoid therapy will be required.208 If the dog 
or cat is lethargic, dull, or unwilling to exercise or play or if 
clinical signs of hypocortisolism such as weakness, anorexia, 
vomiting, and diarrhea are apparent, glucocorticoids should 
be reinstituted at the lowest dosage that does not produce glu-
cocorticoid-associated adverse effects and keeps the patient 
free of clinical signs. Patients receiving DOCP should always 
receive daily glucocorticoid replacement therapy, similarly at 
the lowest dosage possible. In cats methylprednisolone acetate 
(Depo-Medrol, 10 mg/month intramuscularly) can be admin-
istered if giving them pills is difficult,209 but complications 
of glucocorticoid therapy such as DM may be more likely.200 
Depo-Medrol is not recommended for use in dogs.

In non-Addisonian patients receiving exogenous glucocor-
ticoids chronically, every-other-day administration is recom-
mended to minimize resultant adrenal atrophy. As patients 
with spontaneous hypoadrenocorticism already have signifi-
cant adrenocortical destruction or atrophy, atrophy secondary 
to glucocorticoids is not a concern. Therefore, if a patient with 
spontaneous hypoadrenocorticism is deemed to need physi-
ologic glucocorticoid replacement therapy, the medication 
should be given daily to make sure the patient is never gluco-
corticoid deficient.

During adverse periods such as illness, surgery or trauma, 
glucocorticoid requirements increase and additional gluco-
corticoid supplementation at 2 to 10 times the physiologic lev-
els should be administered;208 if the patient does not receive 
daily glucocorticoid supplementation, it should be given dur-
ing such times. Working dogs such as hunters and field trial 
participants should be allowed to complete their usual activi-
ties, but owners must be instructed to monitor their pets more 
closely than normal and discontinue activity if a dog appears 
unduly fatigued. On days of planned increased exercise or 
stress, the daily glucocorticoid dose should be doubled,205 or, 
if the animal is not receiving any glucocorticoids, a dose of 0.1 
to 0.2 mg/kg can be given.

If the possibility of complete iatrogenic suppression of 
adrenal glucocorticoid secretion exists in patients receiving 
long-term exogenous glucocorticoids, the ideal way to assess 
adrenal reserve is by performing an ACTH stimulation test. 
If the response to an injection of ACTH is low, the patient 
should be tapered off the glucocorticoid supplementation 
until their adrenal gland function recovers. Once the deci-
sion to end steroid therapy is made, the dose of glucocorticoid 
should be decreased to physiologic doses of prednisone over 
1 to 2 weeks.205 If adrenal suppression is secondary to topical 
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glucocorticoid administration, topical administration should 
be stopped and oral prednisone initiated at physiologic doses. 
If this dose of prednisone is tolerated for a week without clini-
cal signs of cortisol deficiency, the dosage schedule should be 
reduced by administering the drug every other day. After 2 
weeks at this dose, the dosage should be further reduced by 
giving the medication every third day. After 2 to 3 weeks, pred-
nisone most likely can be discontinued.205 Ideally, however, 
before discontinuation, an ACTH stimulation test should be 
performed 12 hours after the last dose of prednisone to ensure 
that the patient has a normal adrenal reserve. Cats should be 
placed on physiologic doses of prednisolone and tapered off 
as are dogs.

In older reference sources, salt supplementation was advo-
cated for treatment of patients with mineralocorticoid defi-
ciency,216 but this may not be necessary for dogs being fed 
a standard diet.205 Salt supplementation may still be helpful, 
however, in an occasional dog that requires large doses of an 
exogenous mineralocorticoid or that remains hyponatremic 
despite being normokalemic on an appropriate dose of min-
eralocorticoid.205,210 If salt is administered, the initial dose 
should be 0.1 mg/kg/day, divided over two or three meals.216 
After initiating salt supplementation, serum sodium and 
potassium concentrations should be measured and the sodium 
chloride dose adjusted accordingly.

Prognosis
Prognosis for patients with Addison’s disease is excellent. 
Median survival is approximately 5 years, and patients typi-
cally die as a result of other diseases. The cause of hypoad-
renocorticism, the mineralocorticoid used for treatment (i.e., 
fludrocortisone versus DOPCP), and signalment do not affect 
survival.210 Owners should be aware, however, that their pet 
has a potentially life-threatening disease when not treated 
appropriately and continuous, lifelong therapy for spontane-
ous hypoadrenocorticism and appropriate monitoring are 
essential. If the disease is iatrogenic, lifelong therapy may not 
be required, depending on the cause, but therapy is nonethe-
less important until adrenal function has recovered.

Hyperadrenocorticism
Pathophysiology
Canine and feline hyperadrenocorticism can be either pitu-
itary or adrenal dependent. The pituitary form is more com-
mon in dogs and cats than the adrenal form, accounting for 
approximately 80% to 85% of cases of hyperadrenocorticism. 
In pituitary-dependent hyperadrenocorticism (PDH), a cor-
ticotroph tumor secretes ACTH. The excess ACTH secre-
tion leads to increased release of cortisol from the adrenal 
glands. In adrenal-dependent hyperadrenocorticism, an 
adrenal tumor (AT) autonomously secretes cortisol. In dogs 
and cats, ACTH-secreting pituitary tumors are almost 100% 
benign, whereas cortisol-secreting ATs are approximately 
50% benign and 50% malignant. In either form of the dis-
ease, the majority of the clinical signs are caused by hyper-
cortisolemia. The pathophysiology leading to the clinical 
sequelae is complex because of the large number of body 

tissues influenced by endogenous glucocorticoids (see chap-
ter on glucocorticoid therapy). Large tumors, either adrenal 
or pituitary, can also lead to clinical signs because of their 
mass-occupying effects.

Diagnosis
Diagnosis of hyperadrenocorticism is made on the basis of 
positive screening test results in patients with the appropri-
ate history, clinical signs, and biochemical test results. Three 
screening tests are designed to help determine whether a patient 
has hyperadrenocorticism: the urinary cortisol:creatinine 
ratio (UCCR), the ACTH stimulation test, and the low-dose 
dexamethasone suppression test (LDDST). Measurement of a 
UCCR is a highly sensitive but very nonspecific test. Almost 
all (>95%) cats and dogs with hyperadrenocorticism have an 
elevated UCCR, but the ratio is very often elevated in dogs 
and cats that do not have hyperadrenocorticism (approxi-
mately 80% to 85%).217 Thus the best use of the UCCR is as 
a means to rule out the diagnosis of hyperadrenocorticism. 
If a patient has a normal UCCR, it is highly unlikely to have 
hyperadrenocorticism; however, because of the very high rate 
of false-positive results, if a UCCR is elevated, another screen-
ing test must be done to confirm the presence of hyperadre-
nocorticism. One advantage of the UCCR is ease of testing:  
A single urine sample is required. As even the stress of being 
in a hospital can elevate a UCCR,218,219 it should be measured 
on a sample collected at home.

The ACTH stimulation test is recommended for patients 
with minimal clinical signs of hyperadrenocorticism, patients 
that are receiving phenobarbital, or patients that have a nonad-
renal illness present (e.g., a diabetic dog that is also suspected 
of having hyperadrenocorticism).217 In addition, the ACTH 
stimulation test is the only screening test that can differentiate 
between spontaneous and iatrogenic hyperadrenocorticism. 
The recommended form of ACTH is cortrosyn (Cosyntropin, 
Amphastar Pharmaceuticals, Rancho Cucamonga, Calif.). To 
perform the test, the clinician injects cortrosyn at a dose in 
dogs of 5 μg/kg intravenously220 or intramuscularly221 or 125 
μg in cats.222 Blood samples are taken before and 1 hour after 
injection. In animals with spontaneous hyperadrenocorti-
cism, the response to ACTH should be greater than in healthy 
patients.

Overall, the ACTH stimulation test will be positive in 
approximately 80% of dogs and cats with hyperadrenocorti-
cism.217,223 If the forms of hyperadrenocorticism are consid-
ered separately in dogs, for PDH the sensitivity is 87%, whereas 
for AT the sensitivity is 61%.217 In PDH false-negative results 
may be attributable to early disease where adrenocortical 
hyperplasia is minimal. In AT the tumor tissue may not have 
ACTH receptors and therefore might not respond to an ACTH 
injection. Nonadrenal illness can affect the ACTH stimulation 
test in dogs and cats.224,225 In one study 14% of dogs with non-
adrenal illness had an ACTH stimulation test consistent with 
hyperadrenocorticismeven although they did not have the 
disease.224 Infrequently, a subnormal ACTH response is seen 
in dogs with AT. A low baseline cortisol concentration with 
little to no response to exogenous ACTH suggests iatrogenic 
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hyperadrenocorticism. The ACTH test also should be used to 
monitor patients receiving mitotane, ketoconazole, or trilo-
stane therapy for treatment of hyperadrenocorticism.

Owing to issues related to the cost and availability of cor-
trosyn, interest has been raised in use of compounded ACTH. 
Two studies have assessed a total of five compounded forms 
in dogs. The gels studied appear to be effective in normal 
dogs.226,227 However, the protocols recommended by the 
manufacturers may not be appropriate, and, if a compounded 
ACTH gel is being used, samples should be taken before injec-
tion and at both 60 and 120 minutes after injection, so the peak 
response is not missed.227 Whether the gels are as effective at 
diagnosing hyperadrenocorticism as is cortrosyn has not been 
rigorously assessed; they may not be.226

In normal animals a low dose of dexamethasone suppresses 
ACTH secretion, and, as a result, blood cortisol concentra-
tion decreases. Patients with pituitary- or adrenal-dependent 
hyperadrenocorticism should continue to secrete cortisol 
despite being given a low dose of dexamethasone, and sup-
pression will not occur. Overall, the LDDST shows inadequate 
suppression (i.e., is positive) in approximately 95% of dogs 
with hyperadrenocorticism.217 In general, the LDDST is rec-
ommended in patients with moderate to severe clinical signs 
consistent with hyperadrenocorticism.217 A disadvantage of 
the LDDST in dogs is that nonadrenal illness can cause the 
test to give false-positive results in a high percentage of dogs. 
As many as 56% of ill dogs that do not have hyperadrenocorti-
cism may have a positive LDDST test result.224 In cats 6 weeks 
of uncontrolled DM does not affect LDDST test results,228 but 
whether longer or more severe illness may do so is unknown.

What is considered a “low-dose” test for screening var-
ies between dogs and cats. In both species dexamethasone is 
administered with blood samples being taken before and 4 and 
8 hours after injection. However, in dogs the dose used is 0.01 
to 0.015 mg/kg, whereas in cats it is 0.1 mg/kg.

Which test is best, the ACTH stimulation test or LDDST, 
for diagnosing hyperadrenocorticism in cats is unknown. In 
one literature review, in cats with hyperadrenocorticism 81% 
of ACTH stimulation tests were positive (n=37), whereas 79% 
of cats (n=28) showed inadequate suppression at 8 hours after 
dexamethasone.223 Interestingly, in three cats, two ACTH stim-
ulation tests were performed, with one being negative and one 
positive. Other reports have not shown as high a sensitivity for 
the ACTH stimulation, and some authors prefer the LDDST.229

Once a diagnosis of hyperadrenocorticism is made, the 
underlying cause—pituitary or adrenal —must be delineated 
because this provides information on prognosis and treatment 
options. The UCCR or ACTH stimulation test can never be 
used to differentiate between PDH and AT. In up to 60% of 
dogs, the LDDST can provide the differentiation as well as the 
diagnosis of hyperadrenocorticism.230 If the 8-hour postdexa-
methasone concentration is not fully suppressed (check with 
the laboratory for their definition of suppression; in most labs 
it is a serum cortisol concentration of less than approximately 
30 nmol/L or 1 to 1.5 μg/dL), the results are consistent with a 
diagnosis of hyperadrenocorticism. If, in addition, the 4-hour 
postdexamethasone concentration is fully suppressed or if one 

or both postdexamethasone concentrations is less than 50% of 
baseline, PDH is present.230 However, if the baseline cortisol is 
already below 30 nmol/L, these guidelines do not apply.231 If 
both postdexamethasone concentrations are above 30 nmol/L 
and neither of these values is less than 50% of baseline, either 
PDH or AT is possible. In rare cases dogs with an AT may meet 
one of these criteria for diagnosing PDH.231 Whether differen-
tiation can be done with the LDDST in cats is not known.

If the LDDST was not done as the screening test or did 
not delineate the form of hyperadrenocorticism present, 
further tests available to differentiate between PDH and AT 
are measurement of plasma endogenous ACTH (eACTH) 
concentration; the high-dose dexamethasone suppression 
test (HDDST); and imaging such as abdominal ultrasound, 
CT, and MRI. An advantage of eACTH measurement is that 
only a single blood sample is required, but special handling is 
needed. Samples should be collected with EDTA and centri-
fuged within 15 minutes, and the plasma separated and placed 
in plastic tubes. Addition of aprotinin facilitates accuracy of 
measurement232 as it prevents eACTH degradation. If apro-
tinin is used, the plasma sample must remain cool only until 
it arrives at a laboratory; if aprotinin is not used, the sample 
must remain frozen until analysis.

In dogs with PDH, eACTH concentration should be nor-
mal to elevated owing to secretion from the pituitary tumor. 
In dogs with an AT, the autonomous secretion of cortisol by 
the tumor will turn off pituitary ACTH secretion so eACTH 
should be below normal. Values to be used for test interpreta-
tion vary with the laboratory and assay used. An advantage of 
this test is that it can confirm the presence of an AT, whereas 
the HDDST can never do so. Unfortunately, nondiagnostic 
values exist. For example, at the Auburn University Endocrine 
Diagnostic Service, a concentration of less than 10 pg/mL is 
consistent with an AT, whereas one greater than 15 pg/mL is 
consistent with PDH. The area between 10 and 15 pg/mL is a 
“gray zone,” in which differentiation is impossible. Although 
other laboratories may have different cutoffs, a similar gray 
zone will exist. Gray zone results occur in approximately 18% 
of canine submissions. However, with repeat testing when the 
initial result is in the gray zone, a definitive differentiation can 
be achieved in approximately 96% of dogs.217 Unfortunately, 
there is no way to predict when a blood concentration will be 
in the diagnostic range.

The basis of the HDDST is that high doses of dexametha-
sone are generally sufficient to cause pituitary gland tumors to 
decrease ACTH secretion, and, as a result, cortisol concentra-
tion falls. In comparison, ATs secrete cortisol autonomously, 
and because eACTH concentrations are already low, dexa-
methasone administration does not suppress serum cortisol 
concentrations. After collection of a baseline cortisol concen-
tration, 0.1 mg/kg dexamethasone is given intravenously in 
dogs and 1 mg/kg in cats, and then samples are collected 4 and 
8 hours later. Suppression is defined as a 4- or 8-hour cortisol 
concentration less than approximately 30 nmol/L or 1.0 μg/dL 
(check with the laboratory for the specific ranges) or less than 
50% of baseline. Because approximately 25% of dogs with 
PDH do not suppress on a HDDST, lack of suppression does 
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not mean a patient has an AT. If the criteria for suppression 
are met, a patient has PDH. If the criteria are not met, a 50/50 
chance still exists that the patient has PDH or AT. Thus the 
HDDST can never confirm the presence of an AT.

Imaging can be helpful in diagnosing hyperadrenocor-
ticism but can never be used as a screening test. Changes 
associated with hyperadrenocorticism that may be seen on 
radiographs include hepatomegaly; a pendulous abdomen; 
calcinosis cutis; osteopenia; and dystrophic mineralization of 
bronchi, the renal pelvis, liver, gastric mucosa, and abdomi-
nal aorta. Abdominal radiography can be helpful in differen-
tiation if an adrenal mass is found. Of 94 ATs in 88 dogs (six 
dogs had bilateral adenomas or carcinomas), 50 ATs (53%) 
were detected because of tumoral calcification (n=40) or visu-
alization of a mass (n=17).217 ATs can often be visualized by 
radiography in cats.223 Both adenomas and carcinomas can 
contain mineral densities or appear as a mass cranial to the 
kidney. Mineralization itself, however, is not definitive for a 
tumor in either species, and as many as one third of normal 
cats can have adrenal calcification.

Ultrasonography may have more application as a differ-
entiating tool than radiography because both adrenal glands 
can be visualized. Small or noncalcified ATs can be detected, 
and bilateral adrenal enlargement can be visualized in dogs 
with PDH. Ultrasonography defines location, size, and organ 
involvement of adrenal masses more precisely than radiog-
raphy alone, but ATs are not always seen. A small degree of 
asymmetry exists normally. In 71 dogs, 68 of 79 (86%) tumors 
were found (eight had bilateral tumors).217 Differentiation 
between an adrenal adenoma and carcinoma is unlikely with 
ultrasound insofar as they can have a similar appearance. Nei-
ther echogenicity nor the presence of mineralization can be 
used. Lesions suggestive of metastasis may be found, especially 
in the liver.233 Evidence of invasion into the vena cava is sug-
gestive of a carcinoma but can be difficult to judge by ultra-
sound. With ATs atrophy of the contralateral gland will not 
always be detectable by ultrasound.

Use of ultrasonography as a screening test for hyperad-
renocorticism is not recommended. First, measurements of 
adrenal gland length and minimum and maximum diameter 
overlap between dogs with PDH and either dogs with non-
endocrine disease or even normal dogs, so ultrasound cannot 
always distinguish between them. Second, the finding of an 
AT is not synonymous with hyperadrenocorticism. Ultra-
sonography cannot distinguish a functional adrenocortical 
tumor from a nonfunctional tumor, a pheochromocytoma, a 
metastatic lesion, or a granuloma.

Abdominal CT is an even more sensitive assessment of 
adrenal gland structure. Standard and dynamic CT can also 
be used for pituitary evaluation. Dynamic CT is more sensi-
tive than conventional contrast-enhanced CT. If hypophysec-
tomy is being considered for therapy, the extra sensitivity of 
dynamic CT may be helpful to ensure that the correct treat-
ment is being provided. In other cases dynamic CT may not be 
warranted. MRI has been used not to differentiate but to assess 
the size of a pituitary mass in known cases of PDH. Biochemi-
cal testing cannot readily differentiate tumor size.

Although radiation therapy is not a great means of con-
trolling hyperadrenocorticism,234,235 radiation done for local 
control of a pituitary mass is more effective and provides a 
better outcome and prognosis the smaller the mass and with 
no or minimal neurologic signs present.234,236 Compared with 
untreated dogs, radiation therapy for a pituitary mass, with or 
without the presence of hyperadrenocorticism or with or with-
out the presence of neurologic signs, significantly increased 
survival. In one study median survival with treatment was not 
reached, but mean survival was 1405 days versus 359 for those 
not treated. Radiation also significantly increased control of 
neurologic signs.237

The true incidence of pituitary macroadenomas is unknown 
but has been estimated to be as high as 25% in dogs. The clini-
cal progression of pituitary tumors is also widely unknown. 
Out of 21 dogs recently diagnosed with but untreated for PDH 
that had no neurologic signs, 11 had a pituitary mass visible 
on MRI.238 At 1 year 13 of the 21 had follow-up imaging. Five 
had no visible tumor originally, whereas eight did of 4- to 
11-mm greatest vertical height. One of the dogs with a visible 
mass had not been treated, whereas the rest had been treated 
with mitotane.239 None of the five dogs with no visible mass 
originally had neurologic signs at follow-up; two had a visible 
pituitary tumor.239 Of the eight dogs that had a visible mass at 
first imaging, four had no apparent change in their tumor size, 
whereas in four the tumor had enlarged. The untreated dog 
was in the latter group. Overall, four developed signs of central 
nervous system dysfunction (19% of the original 21 and 36% 
of the 11 dogs with tumors visible at the first scan). Tumor size 
appeared to correlate with the development of signs, insofar 
as no dog with a mass smaller than 10 mm had neurologic 
dysfunction. There was no apparent correlation between pitu-
itary mass size before treatment and increase in size over the 
year. 239

On the basis of this information, clinical experience, and 
theoretical considerations, recommendations for routine 
imaging of the pituitary in patients with hyperadrenocorti-
cism have recently been formulated. With the recognition 
that the number of dogs studied is small, the suggestions are 
as follows: All dogs with PDH should have CT or MRI scans 
at the time of diagnosis. If no mass is visible, medical treat-
ment should be implemented and no follow-up imaging is 
needed. If a mass 3 to 7 mm in greatest vertical height is seen, 
medical therapy should be implemented, with a repeat scan in 
12 to 18 months. If a mass 8 mm or larger in greatest vertical 
height is seen, radiation therapy should be done and medi-
cal therapy used only if clinical hyperadrenocorticism fails to 
resolve within 3 to 6 months of finishing radiation. No stud-
ies have been performed to date to assess the validity of the 
guidelines.

Therapy for Canine Hyperadrenocorticism
Surgical and medical options exist for treatment of canine and 
feline hyperadrenocorticism. By whatever means, the ultimate 
goal of therapy is to eliminate hypersecretion of cortisol. In 
the United States, medical therapy is most often used for dogs 
with PDH. In Europe hypophysectomy is available and has 
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been successful.240,241 For cats with PDH, owing to the lim-
ited success of medical therapy, bilateral adrenalectomy may 
be the treatment of choice, followed by lifelong therapy for 
hypoadrenocorticism.242 For dogs and cats with ATs, surgery 
is recommended.

Mitotane. Currently, there is no drug therapy that will cure 
PDH. Lifelong therapy should be anticipated. Mitotane, or 
o,p`-DDD (Lysodren) has long been the mainstay of medical 
therapy for canine PDH. A chlorinated hydrocarbon, mito-
tane is adrenocorticolytic, causing selective necrosis of the 
zona fasciculata and zona reticularis, the adrenocortical zones 
that secrete cortisol and sex hormones. The toxin is specific 
for the adrenal glands, particularly hyperplastic glands, with 
one exception. In normal animals mitotane has caused fatty 
degeneration and centrolobular atrophy of the liver, and hepa-
totoxicity secondary to mitotane therapy for hyperadrenocor-
ticism has occurred.243 Although the disposition of mitotane 
has not been well characterized in dogs, safety has been stud-
ied in a small number of animals. Normal animals tolerated 
the drug at 50 mg/kg administered 5 days out of 7 for months 
with no apparent adverse effects. Adrenocortical function was, 
however, impaired.

Therapy for hyperadrenocorticism with mitotane occurs in 
two phases: an induction (loading) phase and a maintenance 
phase. For treatment of PDH, a starting dose of 40 to 50 mg/kg  
divided twice daily (i.e., 20 to 25 mg/kg twice daily) and 
administered orally should be used.244 In smaller dogs divi-
sion may be impossible because of the 500-mg pill size, and 
the drug can be given in one dose. Doses higher than 50 
mg/kg (administered daily) increase the risk of complete 

cortisol deficiency.244 Mitotane should always be given with 
food because this increases the bioavailability of intact tab-
lets.245 Loading should end when appetite decreases, vomiting 
or diarrhea occurs, the patient becomes listless, water intake 
drops to less than 60 mL/kg daily (1 cup = 240 mL and 1 oz 
= 30 mL) or for a maximum of 8 days (Figure 21-6). Feeding 
twice-daily during loading allows better assessment of appe-
tite, which may be the most common early sign that control 
has been achieved. To closely monitor the patient, best judge 
the endpoint, and impress on an owner the seriousness of 
overdosing, the clinician may find it helpful to make daily calls 
to the owner.242 When signs suggest that loading is complete 
or at the end of 8 days if no changes have occurred, adrenal 
reserve is assessed by ACTH stimulation testing. If the signs 
of hyperadrenocorticism have not changed, daily therapy can 
continue until the results of the ACTH stimulation test are 
known; otherwise, mitotane should be discontinued while 
awaiting the laboratory report.242

The goal of the induction phase is to have serum corti-
sol concentrations before and after administration of ACTH 
 stimulation in the normal resting range (e.g., cortisol con-
centration of 30 to 150 nmol/L or 1-5 μg/dL before and after 
ACTH). Dogs with PDH that continue to have responses to 
ACTH in the range for normal dogs (e.g., post-ACTH cor-
tisol concentration of 220 to 560 nmol/L or 8 to 20 μg/dL) 
tend to have ongoing clinical signs. If pre- and post-ACTH 
cortisol concentrations are within the ideal range, mainte-
nance therapy should begin. If cortisol concentrations are 
above the desired range, loading should continue for another 
5 days or until clinical signs occur that suggest loading has 

Lysodren
40-50 mg/kg divided BID

Decreased appetite, vomiting, diarrhea
listlessness or water intake �60 ml/kg/d

Maximum of 8 days

OR

ACTH stimulation test

Response ideal

Begin maintenance
50 mg/kg/week divided

Response above ideal

Continue loading 5-7 days
OR until clinical signs develop

that loading complete
(see above)

Response below ideal

No further Lysodren
Retest in 2-3 weeks

Response below ideal Response ideal

Figure 21-6 Protocol for mitotane induction therapy for canine pituitary-dependent hyperadrenocorticism.
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been completed. The mean time required to achieve adequate 
control is 11 days, but up to 2 months is possible.244 In general, 
smaller dogs (<12.5 kg) and those receiving phenobarbital 
may require greater than average induction times. Approxi-
mately 33% of dogs will have a serum cortisol concentration 
less than ideal (e.g., post-ACTH cortisol concentration <30 
nmol/L) after induction; mitotane therapy should be discon-
tinued and an ACTH stimulation test performed after 2 weeks 
to assess adrenal function. Prednisone should be administered 
at physiologic doses during that time, but none should be 
given in the 12 hours before performing an ACTH stimulation 
test. In most dogs serum cortisol concentrations will rise into 
the ideal range within 2 to 6 weeks, but up to 18 months may 
be required.244

Special consideration should be given to patients with con-
comitant hyperadrenocorticism and DM. If a diabetic has insu-
lin resistance secondary to hyperadrenocorticism and requires 
large doses of insulin for adequate glycemic control, treatment 
with mitotane removes the cause of insulin resistance and can 
lead to a rapid decrease in daily insulin requirement. Conse-
quently, insulin overdosage and hypoglycemia may occur if 
the insulin administration is not adjusted accordingly. To try 
to slow the return to insulin sensitivity and avoid hypoglyce-
mia, the recommended induction dose for dogs with concur-
rent hyperadrenocorticism and DM is 25 mg/kg once daily. 
Furthermore, although administration of prednisone during 
induction therapy for PDH is discouraged in general by some 
authors, prednisone (0.4 mg/kg once daily) should be given 
to diabetics receiving induction phase mitotane, again to help 
avoid hypoglycemia. Even with these precautions, diabetic 
patients should be monitored more closely than usual during 
induction.

Adverse effects of mitotane are generally gastrointestinal 
or neurologic. One or more adverse effects occur in approxi-
mately 25% of dogs with PDH during loading and include 
weakness, vomiting, anorexia, diarrhea, and ataxia.244 These 
develop as serum cortisol concentration falls rapidly and 
typically resolve quickly with appropriate therapy. If adverse 
effects occur, mitotane administration should be discontin-
ued. Prednisone should be administered (0.2 to 0.5 mg/kg) 
until the dog can be examined, an ACTH stimulation test per-
formed, and serum electrolytes measured. Most dogs show a 
clinical response to glucocorticoid administration within 2 to 
3 hours. Persistence of apparent adverse effects may signify the 
presence of another medical problem.

If a dog does not respond to the induction protocol after 14 
days, the following factors that could contribute to mitotane 
resistance should be considered:242 (1) The patient may have 
an AT, which is more resistant to mitotane. (2) The patient may 
be inherently resistant to mitotane; some dogs with PDH have 
required as many as 30 to 60 days of daily therapy or doses of 
100 to 150 mg/kg daily. (3) The induction dose is too low. Dogs 
receiving less than 40 mg/kg daily are less likely to be adequately 
controlled after 10 days. (4) The drug is not being absorbed well. 
Ensure that the medication is being given with food, preferably 
a fatty meal. (5) The diagnosis may be incorrect or the patient 
is suffering from iatrogenic hyperadrenocorticism. Neither 
an animal with iatrogenic hyperadrenocorticism nor one that 
does not have hyperadrenocorticism will respond to mitotane.  
(6) The owner may not be giving the medication as directed.

Maintenance therapy will be necessary for the remainder 
of the animal’s life, although the dose and frequency vary 
among patients and can vary in an individual patient over 
time  (Figure 21-7). In the absence of maintenance therapy, the 

Scheduled routine recheck or if clinical signs of Cushing’s syndrome develop

ACTH stimulation test

Response ideal

Continue therapy as is

Response below ideal

No further Lysodren
Retest in 2-3 weeks

Response below ideal Response ideal

Reinitiate maintenance
therapy

Response above ideal

Post-ACTH mildly
elevated

Increase mitotane
dose 25% and repeat
ACTH stimulation test

in 4 wks

Post-ACTH moderately
or severly elevated

Reinitiate loading therapy
for 5-7 days and

follow induction protocol

When control achieved,
reinstitute maintenance therapy

at a 50% higher dose

Figure 21-7 Protocol for mitotane maintenance therapy for canine pituitary-dependent hyperadrenocorticism.
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adrenal glands will once again become hyperplastic in response 
to continued ACTH secretion from the pituitary gland. The 
maintenance phase uses a much lower overall mitotane dose of 
50 mg/kg/week orally244 given as 2 to 3 smaller fractions over 
the course of the week, if division is possible. Because approxi-
mately 60% of dogs with PDH on maintenance mitotane 
therapy, especially those receiving less than 50 mg/kg weekly, 
relapse within 12 months of starting therapy,244 an ACTH 
stimulation test should be performed 1, 3, and 6 months after 
initiating maintenance therapy and approximately every 3 to 
6 months thereafter to ensure continued control. If the pre- 
and post-ACTH serum cortisol concentrations are in the ideal 
range, therapy can remain as is. If the post-ACTH cortisol 
concentrations is mildly elevated (e.g., 150 to 250 nmol/L or 
4-9 μg/dL), the maintenance dose can be increased by 25%, 
and the dog retested after 1 month to determine if adequate 
control has been achieved. If so, maintenance therapy should 
continue at the new dose. If serum cortisol concentrations 
are still above ideal, reinstitution of daily loading therapy for 
5 to 7 days should be considered. If the post-ACTH cortisol 
concentration is moderately to greatly increased (e.g. greater 
than 250 nmol/L or 9 μg/dL), loading therapy should be rein-
stituted for 5 to 7 days. If induction therapy is reinitiated, the 
decision to end loading should be based on the same clinical 
signs as during the initial induction phase or should be done 
for a maximum of 7 days. Once the serum cortisol levels are 
again within the ideal range, maintenance therapy should be 
reinstituted at a 50% higher mitotane dosage.246

In 184 dogs with PDH treated with mitotane for a mean of 
2 years, the final maintenance dosage required ranged from 27 
to 330 mg/kg weekly, with the two highest doses required by 
dogs also receiving phenobarbital. Median survival time was 
1.7 years (range 10 days to 8.2 years), with the response judged 
as excellent in 83%, fair in 16%, and poor in 0.6%.244

Approximately 33% of dogs on maintenance mitotane ther-
apy will develop adverse effects including anorexia, vomiting, 
weakness, diarrhea, and ataxia, typically shortly after initia-
tion of the maintenance dosage or during periods of relapse 
when daily therapy is reinstituted. If these develop, mitotane 
therapy should be discontinued, physiologic doses of predni-
sone administered, an ACTH stimulation test performed, and 
serum electrolyte concentrations measured. Presence of glu-
cocorticoid deficiency with or without mineralocorticoid defi-
ciency can be documented using these tests and differentiated 
from direct drug toxicity. If the clinical signs are due either to a 
hypoadrenal state or to a direct effect of mitotane, they should 
resolve quickly with prednisone administration. If the signs 
do not abate, presence of a nonadrenal illness should be sus-
pected. If glucocorticoid deficiency is documented (e.g., before 
and after ACTH serum cortisol concentration <30 nmol/L or 
1 μg/dL), mitotane therapy should be discontinued and physi-
ologic prednisone replacement therapy continued until serum 
cortisol concentrations before and after ACTH increase into 
the ideal range, which usually requires 2 to 6 weeks. Com-
plete mineralocorticoid and glucocorticoid deficiency is seen 
in approximately 6% dogs from 1 month to years after initia-
tion of maintenance therapy and is usually permanent.244 If 

mineralocorticoid and glucocorticoid deficiency is present, 
the patient needs to be treated for hypoadrenocorticism. 
Appearance of neurologic signs such as disorientation, dull-
ness, or inappetence may be due to direct drug toxicity or may 
suggest the presence of a pituitary macroadenoma; CT or MRI 
is required to confirm the presence of a large tumor. Mitotane 
dose reduction may be necessary for animals that develop 
adverse reactions or an alternate dosing scheme can be used 
(e.g., the dose may be divided into smaller amounts to be given 
more frequently during the course of the week).

If therapy for hyperadrenocorticism is successful, most 
clinical signs of the disease or its complications resolve over 
time. Polyuria, polydipsia, and polyphagia should resolve as 
soon as cortisol secretion is adequately controlled. Resolution 
of some clinical signs (e.g., skin manifestations, nonhealing 
wounds, anestrus) may take 3 to 6 months or longer; calcino-
sis cutis may never fully resolve. Development of a puppy coat 
or a change in hair color may occur with mitotane treatment. 
Resolution of clinical laboratory changes (i.e., elevated liver 
enzyme activities and serum cholesterol concentration) may 
take up to 18 months.

An alternative protocol for treating PDH is aimed at non-
selective adrenocorticolysis and complete destruction of 
adrenocortical tissue, with substitution therapy for ensuing 
adrenocortical insufficiency. Mitotane is given for 25 days at a 
dosage of 50 to 75 mg/kg daily and up to 100 mg/kg daily for 
toy breeds, divided into 3 or 4 approximately equal and equally 
spaced portions and given with food. Lifelong glucocorticoid 
and mineralocorticoid substitution is begun on the third day 
of mitotane administration. Prednisone should be initiated at 
a temporarily high dose of 1 mg/kg twice daily. Fludrocorti-
sone (0.0125 mg/kg daily) and sodium chloride (0.1 mg/kg/
day, divided over 2 or 3 meals) should also be administered.216

During the first month, owners should report by telephone 
at least weekly and as problems arise and should stop mitotane 
administration if any inappetence develops.216 In this regimen 
appetite change, if seen, is a direct toxic effect of the medi-
cation; mild cortisol deficiency is offset by the glucocorticoid 
replacement therapy and should not cause any adverse effects. 
If mitotane therapy continues despite a diminished appetite, 
a hypoadrenocortical crisis can ensue. Glucocorticoid dosage 
may be increased temporarily if appetite diminishes. Usually, 
mitotane can be resumed after 4 or 5 days when the appetite 
returns without further problem.216

The first follow-up visit should be 1 week after completion 
of mitotane administration. Serum electrolytes should be mea-
sured to ascertain whether the fludrocortisone and salt doses 
are correct.216 Performance of an ACTH stimulation test may 
be wise to ensure adequate control of the Cushing’s syndrome. 
The original protocol recommends that patients be treated for 
hypoadrenocorticism with prednisone (1 mg/kg daily, divided 
either in 2 equal portions or two thirds in the morning and one 
third in the evening), fludrocortisone at a dosage that maintains 
normal serum electrolyte concentrations, and salt.216 However, 
salt may not be necessary; lower prednisone and fludrocorti-
sone doses may be sufficient (discussed later). Furthermore, 
DOCP may be used as an alternative to fludrocortisone.
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The protocol was assessed in 129 dogs.247 In 30% of the 
dogs, mitotane administration had to be stopped temporar-
ily because of the development of anorexia, vomiting, weak-
ness, neurologic abnormalities, depression, and diarrhea, but 
it could be resumed within days (median 7 days, range 1 to 
63). Convincing signs of partial or complete remission of the 
hyperadrenocorticism such as hair regrowth, decreased water 
intake and appetite, and diminished abdominal size were 
noted in 86%. Relapse occurred in 33%; the median disease-
free interval (time until recurrence, death, or last follow-
up) was 450 days from the day therapy began (range 25 to 
1885).247 Adrenal testing (i.e., ACTH stimulation) is recom-
mended only if clinical signs of hyperadrenocorticism recur, 
but routine measurement of serum urea nitrogen and electro-
lyte concentrations is required to ensure adequate control of 
the hypoadrenocorticism. Median survival time was 1.6 years 
(range 1 day to 6.1 years).247 In another study that used a daily 
mitotane dose of 75 to 100 mg/kg daily in 46 dogs, median 
survival was approximately 2 years. Although recurrence rate 
of hyperadrenocorticism was only 29%, perhaps owing to a 
higher mitotane dose, 15 dogs suffered an Addisonian crisis 
at some point during therapy. Overall incidence of side effects 
was 24%.248

Although treatment of hypoadrenocorticism may appear 
easier than that of hyperadrenocorticism, two main disad-
vantages exist for the alternative protocol, and its use has not 
been strongly recommended. First, treatment of an Addiso-
nian dog can be expensive, and mineralocorticoid with or 
without glucocorticoid replacement therapy will be required 
for life. Second, and more important, failure to give medica-
tion to an Addisonian patient can be fatal, whereas missing 
a dose of mitotane will not put a patient in life-threatening 
danger. 242

If an AT is being treated, the mitotane protocol used is dif-
ferent from that for PDH; the goal is complete destruction of 
tumor tissue with serum cortisol concentrations before and 
after ACTH below the normal resting range (e.g., <10 nmol/L 
or 0.3 μg/dL on both samples).249 Although approximately 
20% of dogs with ATs respond to PDH induction protocols, 
higher induction dosages and longer induction times are 
generally required for control of an AT.250,251 The cumula-
tive induction dose of mitotane for PDH is usually 400 to 
500 mg/kg, whereas that for dogs with an AT is often up to 
10 times higher.250Thus initial mitotane induction dosage 
for treatment of an AT is 50 to 75 mg/kg daily. Because the 
goal is complete destruction of glucocorticoid-secreting tis-
sue, physiologic doses of prednisone should be administered  
concurrently.250 The same clinical signs can be used to judge 
the endpoint of induction as when treating PDH, with a maxi-
mum treatment span of 14 days. At the conclusion of a load-
ing period, an ACTH stimulation test should be performed 
(Figure 21-8).

If a partial response is seen but adequate control has not 
been achieved (i.e., pre- and post-ACTH cortisol concen-
tration are lower than before treatment but not in the ideal 
range), mitotane should be continued at the same dosage 
and an ACTH stimulation test repeated every 10 to 14 days 
until serum cortisol concentrations fall within the ideal range. 
If after the initial loading dose the ACTH response is unal-
tered, the daily mitotane dosage should be increased in 50 mg/
kg increments daily every 10 to 14 days as necessary, until an 
ACTH stimulation test demonstrates a response to the medi-
cation or drug intolerance occurs. Therapy is then continued at 
the dosage at which a response was seen or at the highest toler-
ated dosage, and ACTH stimulation testing is again performed 
every 10 to 14 days or if clinical signs suggest an endpoint 

Lysodren @ 50-75 mg/kg divided BID
and

Prednisone @ 0.2 mg/kg/day

Decreased appetite, vomiting, diarrhea,
listlessness or water intake �60 ml/kg/d

Maximum of 14 days

ACTH stimulation test

Response ideal

Begin maintenance
Lysodren: 75-100 mg/kg/wk
Prednisone: 0.2 mg/kg/day

Partial response

Continue Lysodren and prednisone
10-14 days

OR until see signs that
loading complete

No change in ACTH response

Increase Lysodren dose 50 mg/kg/week
Continue prednisone as is

Treat 10-14 days or until see signs
that loading complete

OR

Figure 21-8 Protocol for mitotane induction therapy for canine adrenal-dependent hyperadrenocorticism.
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has been reached. In 31 dogs with an AT, total induction time 
ranged from 10 days to 11 weeks with a mean of 24 days.250

Once cortisol concentrations before and after ACTH 
administration are within the ideal range, maintenance ther-
apy should begin at an initial mitotane dosage of 75-100 mg/
kg/week.250 Daily physiological doses of prednisone should 
also be administered, as these dogs have subnormal basal 
serum cortisol concentrations. An ACTH stimulation test 
should be performed after 1 month of maintenance therapy 
to determine whether serum cortisol concentrations have 
remained adequately suppressed. If pre- or post-ACTH cor-
tisol levels are within the normal resting range (i.e., 10 to 
160 nmol/L or 1 to 4 μg/dL), the mitotane maintenance dose 
should be increased 50% and the dog retested in 1 month. If 
the cortisol levels are still above the resting range at that time, 
induction therapy should be reinstituted; once ideal cortisol 
levels are again achieved, maintenance should be restarted at 
a 50% higher dosage than previously used. An ACTH stimu-
lation test should again be performed 1 month after a dose 
adjustment to assess control (Figure 21-9). Once ongoing 
successful therapy is documented, an ACTH stimulation test 
should be done every 3 to 6 months or if clinical signs recur. 
Relapse occurs during maintenance in approximately 66% of 
cases, usually because of either too low an initial maintenance 
dose or tumor growth.250

As are induction doses, maintenance doses required for 
adequate control of an AT are higher than for PDH. In 32 dogs 
with an AT, the final mean maintenance dose required was 159 
mg/kg weekly, slightly more than double the average mainte-
nance dose required to control PDH. Approximately 25% of 
dogs with ATs require maintenance doses greater than 150 
mg/kg weekly. Adverse effects, as previously described, occur 
in approximately 60% of dogs with ATs treated with mitotane. 
They can develop as long as 16 months after initiation of ther-
apy, are more common during the maintenance rather than 
the induction phase, and are due either to direct toxicity of 
medication or to adrenocortical insufficiency, with the former 
being approximately twice as likely.250

If severe side effects occur, mitotane should be stopped, 
the prednisone dose increased to 0.4 mg/kg daily, and the 
dog reevaluated as soon as possible with an ACTH stimula-
tion test and measurement of serum electrolyte concentra-
tions to determine whether complete mineralocorticoid and 
glucocorticoid deficiency exists. If serum electrolytes are nor-
mal but pre- and post-ACTH serum cortisol concentrations 
are below 10 nmol/L, it is likely that only glucocorticoids are 
deficient. Mitotane therapy should be restarted, and predni-
sone administration continued at a dosage of 0.4 mg/kg daily 
to exclude cortisol deficiency as the cause of the side effects. If 
adverse effects recur when mitotane is reinstituted despite an 
increased glucocorticoid dosage, direct drug toxicity is likely. 
If the adverse effects are due to the mitotane, its administra-
tion can be temporarily discontinued and then reinstituted at a 
25% to 50% lower dosage once signs of toxicosis have resolved. 
If hyponatremia, hyperkalemia, and subnormal cortisol con-
centrations are present, both mineralocorticoids and gluco-
corticoids are deficient. Loss of both types of adrenocortical 
hormones is likely to be permanent. Replacement therapy for 
both hormones should be instituted, and mitotane should not 
be administered until adrenal recovery can be documented by 
an ACTH stimulation test.

Treatment of AT with mitotane can provide good results. 
Of 32 dogs with an AT treated with mitotane, 66%, 28%, and 
6% were judged by their owners to have a good to excellent, 
fair, and poor response, respectively. Mitotane does not appear 
to arrest metastatic tumor growth, and the response in dogs 
without evidence of metastatic disease is better than that in 
dogs with metastases. Mean survival time of dogs with ATs 
treated with mitotane is approximately 16 months, with a 
reported range of 20 days to 5.1 years.250

Ketoconazole. Ketoconazole is a triazole antifungal drug 
widely used for the treatment of disseminated fungal diseases. 
The drug inhibits cytochrome P450 enzymes responsible for 
synthesis of gonadal and adrenal steroids and has been used 
to treat hyperadrenocorticism in people. In addition, ketocon-
azole may antagonize glucocorticoid receptors. In normal dogs 

Scheduled routine recheck or if clinical signs of Cushing’s syndrome develop

ACTH stimulation test

Response within normal
resting range
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at a 50% higher dose

Response ideal

Continue therapy as is

Figure 21-9 Protocol for mitotane maintenance therapy for canine adrenal-dependent hyperadrenocorticism.



830 Drugs Targeting Body Systems SECTION 3

ketoconazole administration decreases serum cortisol and tes-
tosterone, but not mineralocorticoid, concentrations.252,253

Dosing of ketoconazole should be initiated at 5 mg/kg orally 
twice daily for 7 days, a low dosage to allow an evaluation 
period for development of side effects such as gastroenteritis or 
hepatitis. Light feeding may ameliorate gastritis resulting from 
ketoconazole administration. If no ill effects are observed dur-
ing the first week, the dosage should be increased to 10 mg/kg  
orally twice daily for 14 days, after which an ACTH stimu-
lation test should be performed. The ideal ranges for serum 
cortisol concentrations before and after ACTH administration 
are the same as when mitotane is used. If serum cortisol con-
centrations are above ideal, the ketoconazole dosage should 
be increased to 15 mg/kg orally twice daily and the dog moni-
tored every 14 to 60 days.254 Dosages equal to or greater than 
20 mg/kg twice daily may be required.255,256 If no response is 
seen or the disease progresses despite therapy, ketoconazole 
should be discontinued and alternative therapy begun.

The efficacy of ketoconazole may be less than that of 
mitotane. After ketoconazole therapy, basal and post-ACTH 
cortisol concentrations may actually be higher than those pre-
treatment in some dogs.242 Of 132 veterinary internists and 
dermatologists surveyed, specialists likely to treat Cushing’s 
syndrome, 52% considered ketoconazole to be effective in less 
than 25% of cases, 19% reported effectiveness in 25% to 49% of 
cases, and 14% each believed ketoconazole to be efficacious in 
50% to 74% and 75% to 100% of cases.256 A recent report sug-
gested a higher efficacy of 70% in 48 dogs,257 but the follow-
up on treated dogs was inconsistent and the ideal post-ACTH 
cortisol concentration was not as low as recommended by 
most authors. Thus, although ketoconazole may lower serum 
cortisol concentration in dogs with PDH and clinical improve-
ment can be seen,254,257 whether therapy is truly adequate in 
such a high percentage is unclear.

Ketoconazole appears to be relatively safe, with a low inci-
dence of side effects. When seen, adverse effects may include 
anorexia, vomiting, elevated liver enzymes, diarrhea, and 
icterus.256,257 Side effects believed to occur secondary to keto-
conazole administration in a small number of cases include 
depression; weakness; lethargy and trembling; liver failure; 
polyuria and polydipsia; thrombocytopenia; and dermato-
logic changes such as altered coat color, poor coat condition, 
and scaling.256 Lightening of the hair coat may also occur. 
The effect of ketoconazole on reproductive status has not 
been addressed, but it does decrease testosterone synthesis in 
healthy dogs252 and should be used cautiously in male dogs 
intended for breeding.

Despite possibly limited efficacy and high cost compared 
with mitotane, ketoconazole therapy may occasionally be war-
ranted. First, ketoconazole can be used in dogs that cannot 
tolerate mitotane. Second, it may be used as a diagnostic aid 
when the diagnosis of hyperadrenocorticism is unclear. If an 
ACTH stimulation test shows that ketoconazole therapy has 
adequately controlled cortisol secretion, then any clinical signs 
present that were caused by hyperadrenocorticism should 
resolve. If the disease is placed in remission and the diagnosis 
thus confirmed, mitotane treatment can be initiated instead. If 

no resolution of clinical signs is seen, hyperadrenocorticism 
can be ruled out as a diagnosis and ketoconazole discontinued. 
Ketoconazole provides a better alternative to trial therapy than 
mitotane or trilostane because the adrenolytic effects of mito-
tane or trilostane may be irreversible, whereas cortisol levels 
normalize within 24 hours of discontinuing ketoconazole.254 
Third, because ATs may be mitotane-resistant or the high 
doses of mitotane required to treat an AT may cause unac-
ceptable side effects, ketoconazole may be used for medical 
treatment of ATs or before an adrenalectomy to prepare the 
patient for surgery. However, no study has evaluated ketocon-
azole efficacy in a large number of dogs with ATs.

Bromocriptine and selegiline. Dopamine clearly affects 
ACTH secretion from the pituitary; both elevated dopamine 
levels and dopamine agonism suppress ACTH secretion, at 
least from the intermediate lobe of the pituitary. Thus increas-
ing dopamine concentrations or activity may inhibit ACTH 
oversecretion (Figure 21-10) and be useful for treatment of 
PDH. Raising dopamine levels can be effective only for PDH, 
however. Because endogenous ACTH secretion is suppressed 
in patients with an AT, dopamine agonism or alteration of 
dopamine metabolism would have little, if any, further effect 
on ACTH release. Moreover, because ATs function autono-
mously of ACTH, lowering ACTH levels would not alter cor-
tisol secretion.

Bromocriptine, a dopamine agonist, has met with limited 
success for treating PDH. In one study bromocriptine was 
administered to seven dogs with PDH,258 and 40 dogs were 
included in another.259 Vomiting was a limiting side effect and 
cause for treatment discontinuation in a large proportion, and 
only 1 of the 47 responded clinically. Thus bromocriptine is 
not recommended for treatment of canine PDH.

Monoamine oxidase inhibitors, including selegiline 
(l-deprenyl), inhibit degradation of biogenic amines, most 
notably dopamine, and are used to treat dopamine-deficient 
conditions such as human Parkinson’s disease. Unlike other 
monoamine oxidase inhibitors, selegiline is specific for cerebral 
forms (i.e., monoamine oxidase B). An important question in 
treating canine PDH, however, is whether the ACTH-lowering 
effect of dopamine is on the anterior or intermediate lobe of 
the pituitary (or both). If dopamine inhibits only intermediate 
lobe ACTH secretion, as is generally believed, then selegiline 
use would be efficacious only in cases of PDH caused by inter-
mediate lobe tumors (i.e., approximately 20% of canine PDH 
cases). Indeed, one study of 10 dogs suggested a 20% response 
rate.260 Unfortunately, only histopathology can differenti-
ate anterior and pituitary lobe tumors. Furthermore, a more 
recent study found selegiline to be ineffective for treatment of 
PDH.261

If selegiline is used to treat PDH, as with other drugs, 
therapy must be for the lifetime of the animal.262 Treatment 
should begin at 1 mg/kg orally once daily for 30 days. If no 
response is seen, the dose should be doubled for an additional 
30 days. Failure to respond at that time indicates the need for 
an alternative therapy. Selegiline therapy is relatively safe. Side 
effects are uncommon and usually mild, including vomiting, 
diarrhea, and ptyalism.260,261 Severe neurologic disturbances 
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and pancreatitis possibly have been caused by selegiline ther-
apy,260 but the neurologic problems also may have been due 
to the presence of a large pituitary mass. Chronic selegiline 
therapy does not result in glucocorticoid insufficiency263 and, 
based on its mechanism of action, would not be expected to 
affect aldosterone secretion. One disadvantage of selegiline is 
cost. Several generic versions are available, but although the 
bioequivalency of the generic preparations is the same among 
themselves, they are less bioavailable than the original prod-
uct, l-deprenyl (Eldepryl); comparisons with the animal prod-
uct Anipryl are not available. Thus, it may be wise to avoid the 
generic products until studies have established the appropri-
ate canine dose. Another disadvantage of using selegiline for 
treating PDH is that monitoring of efficacy is based solely on 
relatively subjective findings. The results of the ACTH stimu-
lation test do not change while dogs are receiving selegiline. 
Thus other objective measures of effect, such as quantifica-
tion of water intake or measurement of urine specific gravity, 
should be used.

In general, use of selegiline to treat PDH is not recom-
mended because of its low efficacy, but it could be tried in dogs 
with PDH that cannot tolerate mitotane and trilostane or as a 
diagnostic aid, as with ketoconazole. However, trial therapy 
with selegiline would be hard to judge. The sole measure by 

which to judge efficacy of therapy is resolution of clinical signs. 
If an animal does not respond clinically, it would be impos-
sible to tell if the dog did not have hyperadrenocorticism or 
had an AT or l-deprenyl–resistant PDH. With ketoconazole 
therapy the ACTH stimulation test provides an objective mea-
sure of when adequate biochemical control has been achieved. 
If cortisol secretion is suppressed by ketoconazole and clinical 
signs continue, the diagnosis of hyperadrenocorticism can be 
ruled out.

Trilostane. Trilostane (Vetoryl) has been used to treat hyper-
adrenocorticism for a number of years in Europe and is now 
approved by the Food and Drug Administration for treat-
ment of canine hyperadrenocorticism in the United States. 
A synthetic steroid analog that inhibits the adrenal enzyme 
3β-hydroxysteroid dehydrogenase, trilostane suppresses 
production of progesterone and its end products, includ-
ing cortisol and aldosterone. Additional enzymes such as 
11β-hydroxylase and 11β-hydroxysteroid dehydrogenase may 
also be affected.264 Trilostane appears to be highly effective in 
suppressing cortisol secretion and controlling clinical signs 
in the majority of patients.248,265-270 As with mitotane, clinical 
signs of hyperadrenocorticism typically quickly resolve with 
control of cortisol concentrations, but certain ones such as 
dermatologic abnormalities can take up to 3 months. Other 
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Figure 21-10 Diagram of the hypothalamic–pituitary–adrenal axis and its relationship to medications that affect the axis.
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abnormalities such as calcinosis cutis or pseudomyotonia may 
not fully resolve. However, a small proportion of dogs with 
PDH (<10%) are not well controlled with trilostane.267,270,271

Trilostane is available as 10-, 30- and 60-mg capsules in the 
United States and may need to be compounded for smaller 
dogs. In approximately 50% of dogs, dosage adjustments, either 
up or down, will be required during the course of treatment. 
Authors of one study noted that in most dogs an initial sensi-
tivity to the drug existed followed by a need for a dose increase. 
After time, the dose required often hit a plateau.267 Interest-
ingly, the final dose required for control has varied greatly 
between studies. Part of the discrepancy may relate to the dif-
ferences in what was considered the ideal post-ACTH serum 
cortisol concentration. However, in one study the median final 
dose was 6.1 mg/kg,270 and in another study it was 16 to 19 
mg/kg.267 In any case, each dog should be started on the 
recommended dose, and then the dose should be adjusted 
according to ACTH stimulation test results. The duration 
of survival is at least as good as that achieved with mitotane 
therapy.268

Reported adverse effects for the most part are relatively 
mild, including lethargy and vomiting, but fatality has 
occurred.267,270,271 Although some studies found relatively 
low incidence of side effects, one non–peer-reviewed report 
described mild, self-limiting side effects such as diarrhea, 
vomiting, and lethargy in 63% of treated dogs.272 Safety has 
not been evaluated in lactating dogs and males intended for 
breeding. Trilostane should not be given to pregnant females.

As with mitotane therapy, excessive adrenal gland suppres-
sion can occur and warrants discontinuing medication tempo-
rarily (discussed later) and lowering the dose. Trilostane can 
affect aldosterone secretion as well as cortisol, so a hypoadre-
nocortical crisis can occur. Caution should be used in admin-
istering trilostane with an angiotensin-converting enzyme 
inhibitor or an aldosterone antagonist (e.g., spironolactone) 
because the suppressive effect on serum aldosterone concen-
tration may be cumulative.

Although, in theory, the effects of trilostane as an enzyme 
inhibitor should be rapidly reversible (e.g., within a couple 
days), suppression can last weeks to years.266,267,273 One dog 
developed hypocortisolism after only 3 doses of trilostane; 
glucocorticoid replacement therapy was needed for at least 1 
year.273 Surprisingly, adrenal necrosis can occur secondary to 
trilostane administration as well.274 The hypoadrenocorticism 
reported after complete adrenocortical necrosis in one dog 
lasted for at least 3 months but likely would be permanent.274 
How often acute iatrogenic hypoadrenocorticism will occur 
in dogs treated with trilostane is unknown but is likely more 
common than originally believed. In one study four of six dogs 
with PDH and one of one with AT treated with trilostane had 
some degree of adrenal necrosis at necropsy. In two dogs the 
damage was sufficiently severe to cause hypoadrenocorticism. 
Both dogs had received therapy with mitotane before trilo-
stane but had been on trilostane for 15 and 22 months.275 Thus 
the contribution of each drug is unclear. Adrenal rupture, pos-
sibly secondary to adrenal necrosis, may have occurred (see 
Vetoryl package insert).

Current guidelines are for a lower starting dose than pre-
viously recommended. The package insert states that therapy 
should be initiated at 2.2 to 6.7 mg/kg once daily with food. 
These authors recommend starting as close to the low end 
of the range as possible. If minor side effects are seen, drug 
administration should be stopped for 3 to 5 days until side 
effects resolve and then restarted, giving trilostane every 
other day for 1 week before continuing with the initial dosing 
scheme. It is important to differentiate minor adverse effects 
from hypocortisolism, and ACTH stimulation testing may be 
needed.

Postpill timing is crucial for dogs receiving trilostane, and 
the test should be initiated at 4 to 6 hours after the pill was 
administered. Keeping the timing consistent for each patient 
may also be important. The first scheduled recheck should be 
after 10 to 14 days of therapy. Lately, recommendations are 
being made to not increase the trilostane dose for at least 4 
weeks after initiating therapy.  An initial ACTH stimulation 
test should be performed after 10-14 days of therapy to ensure 
hypocortisolemia is not present. If at any time the post-ACTH 
cortisol concentration is below 40 nmol/L (1.45 μg/dL), the tri-
lostane should be suspended and restarted at a decreased dose 
after 3 to 7 days (see package insert) or, ideally in the authors’ 
opinion, after recovery of adrenocortical function has been 
demonstrated. At the 2-week recheck, the dose should only 
be raised in cases where the owner reports that no improve-
ment has been seen, the clinical signs are still striking, and the 
post-ACTH cortisol concentration is markedly above ideal.  
Then, in such cases at 2 weeks or if waiting until the 4-week 
recheck, if the post-ACTH cortisol concentration is 40 to 150 
nmol/L (1.45-5.4 μg/dL), the dose should continue as is. If the 
post-ACTH cortisol is 150 to 250 nmol/L (5.4-9.1 μg/dL), the 
dose can be continued if the dog is doing well clinically; if not, 
twice-daily therapy should be used. The same dose that was 
given once daily should be given twice (e.g., if the regimen 
is 60 mg once daily, it can be doubled to 60 mg twice daily), 
or a lower dose can be given in the evening (e.g., from 60 mg 
once daily to 60 mg in the morning and 30 mg in the evening). 
If the post-ACTH serum cortisol concentration is above 250 
nmol/L (9.1 μg/dL), the trilostane dose should be increased. 
An ACTH stimulation test should be performed 10 to 14 days 
after every dose adjustment. Once the clinical condition of 
the dog and the dose have stabilized, an ACTH stimulation 
test should be performed 30 and 90 days later and then every 
3 months thereafter. Size of dosage adjustment, either up or 
down, will likely be dictated by available capsule size but ide-
ally should be approximately 25%.

Despite recommendations in the package insert for once-
daily dosing, trilostane may begin to lose effectiveness 8 to 
10 hours after the pill is given.265,276,277 Indeed, trilostane has 
been administered twice daily.248,265,266 In one study of 44 dogs 
with PDH, the initial dose of trilostane was 15 mg orally twice 
daily for dogs less than 5 kg, 30 mg twice daily for dogs 5 to 20 
kg, 60 mg in the morning and 30 mg in the evening for dogs 
20 to 40 kg, and 60 mg twice daily for dogs larger than 40 kg. 
At the first recheck (day 7), an ACTH stimulation test was per-
formed starting at 4 to 6 hours after the pill was given. Good 
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control was judged on the basis of clinical signs and a serum 
cortisol concentration before and after ACTH administration 
of 30 to 110 nmol/L. Dose was adjusted in 25% to 50% incre-
ments. On further rechecks, the ACTH stimulation test was 
initiated 8 to 12 hours after the pill was given. Good control 
was believed to be a post-ACTH cortisol concentration of 30 
to 250 nmol/L.266

Mean initial dose of trilostane was 6.2 mg/kg (range 2.4 to 
15) divided into twice-daily doses. The dose was not changed 
over the course of the study in 10 dogs, increased in 19, reduced 
in 5, and both increased and reduced at different times in 
10. At all rechecks the mean dose was between 6 and 8 mg/
kg divided into twice-daily doses, but the range was approxi-
mately 2 to 20. Adverse reactions were seen in 25% of cases 
related to low cortisol concentration. In 11% trilostane therapy 
was discontinued because of prolonged suppression of serum 
cortisol concentration. In four dogs adrenal function returned 
to normal and no further treatment was needed; one dog was 
treated as an Addisonian.266Another study using the same 
protocol found high efficacy with relatively few side effects, 
and survival times were longer compared with those of dogs 
treated with a nonselective adrenocorticolytic protocol.248

Special consideration should be given to twice-daily dos-
ing in dogs in which breaks in control of the hyperadreno-
corticism could be detrimental (e.g., in dogs with concurrent 
DM or dogs with pulmonary thromboembolism secondary 
to hyperadrenocorticism). The recommended starting dose 
is 1 mg/kg twice-daily.  If using twice-daily therapy, although 
one study recommended performing an ACTH stimulation 
test 8-12 hrs post-pill,266 such timing has not been critically 
evaluated.

An early paper suggested that monitoring of the urine 
cortisol:creatinine ratio (UCCR) before a trilostane dose 
could be an indication of duration of action.261  However, two 
studies yielded conflicting results.  In 22 dogs with HAC, a 
morning UCCR pre-dose was lower in dogs with good control 
compared to those with poor control (14.8 vs. 47.5); however, 
overlap existed between the 2 groups.265 On the other hand, in 
18 PDH dogs, the UCCR was measured in samples collected 
before or 6 hours after trilostane administration; a pair of urine 
samples was collected once weekly for 4 weeks. Although basal 
UCCRs were significantly higher than the 6-hour values, nei-
ther the basal nor the 6-hour samples were significantly dif-
ferent between dogs with adequate vs. inadequate control.  
Post-ACTH cortisol concentrations did not correlate with 
UCCR.  Basal UCCRs in 13 dogs and 6 hours post-trilostane 
UCCRs in 12 were still above the reference range 8 weeks after 
the dose was judged to be optimal.265a

Interestingly, in one study, of 6 dogs that had UCCRs 
within the reference range most of the times, three developed 
hypocortisolism and in three hypocortisolism was suspected 
based on clinical signs but was not confirmed.  The hypocorti-
solism was documented or suspected between 16 weeks and 21 
months after the trilostane dose was judged to be optimal.265a

How best to switch a dog from mitotane to trilostane is 
unknown. According to the Vetoryl package insert, a post-
ACTH cortisol concentration should be above 250 nmol/L 

(9.1 μg/dL) before giving trilostane. It may be ideal to wait at 
least 30 days after discontinuing mitotane, but if the clinical 
signs of hyperadrenocorticism are severe, trilostane can be 
started sooner as long as the post-ACTH cortisol concentra-
tion is high enough. Dogs previously treated with mitotane 
may have greater response to trilostane, so careful monitoring 
of adrenal function is required.

Trilostane has been used to treat five dogs with ATs.278-280 
Insufficient information is available to ascertain whether the 
treatment protocol or efficacy varies if treating dogs with PDH 
versus those with an AT. One dog did receive a maximum dose 
of 17.2 mg/kg.280 Clinical signs were controlled, at least tran-
siently, and survival prolonged. Survival in one dog was only 
117 days.278 In the other four dogs survival was at least 10 to 
18 months; interestingly, in three trilostane therapy was initi-
ated when an AT accompanied by pulmonary metastases was 
identified.279,280 Response of ATs to trilostane, at least in these 
five dogs, compares favorably to that achieved with mitotane. 
However, in dogs with ATs mitotane theoretically may be the 
preferred treatment. Mitotane is truly a chemotherapeutic 
drug in this instance, killing primary neoplastic cells and, per-
haps, metastatic cells as well. Trilostane simply would control 
tumoral secretion, not growth. In fact, in dogs with PDH and 
in one dog with an AT treated with trilostane, the size of the 
adrenal glands increased.275,281

Retinoic acid. 9-cis Retinoic acid has been used to treat a total 
of 27 dogs with PDH in two studies. Unfortunately, endogenous 
ACTH and α-melanocyte-stimulating hormone concentra-
tions and UCCR were used to evaluate treatment, which makes 
the results difficult to interpret insofar as these tests are not 
typically used to monitor therapy. Interestingly, pituitary tumor 
size significantly decreased in 14 dogs that were treated for 180 
days.282,283 Although results were promising, much more work 
is necessary before retinoic acid therapy can be recommended, 
especially when proven therapies such as mitotane or trilostane 
are available. In addition, retinoic acid at the doses used in the 
study would likely be cost prohibitive to most owners.

Therapy for Feline Hyperadrenocorticism
Hypercortisolism. Medical therapy for feline classic hyper-

adrenocorticism (i.e., excessive cortisol as compared to excess 
of other adrenocortical hormones), appears not to be as suc-
cessful as in dogs; however, very little information has been 
published. Unilateral adrenalectomy is the treatment of choice 
for an AT. Given the limited success of medical therapy, some 
authors believe bilateral adrenalectomy with subsequent life-
long therapy for hypoadrenocorticism is the treatment of 
choice for feline PDH. However, cats with severe hyperadre-
nocorticism may not be good surgical candidates because of 
the debilitating effects of the disease (e.g., thin skin, immu-
nosuppression, poor wound healing), and medical control 
for stabilization before surgery would be ideal. Although not 
available in the United States, transsphenoidal hypophysec-
tomy has been reported for treatment of PDH in seven cats.284 
Radiation therapy may be effective for aiding in the control of 
feline PDH.285 (See also the section on acromegaly later in this 
chapter.)
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Early reports suggested mitotane was not highly effective in 
cats at doses of 25 mg/kg or 50 mg/kg for up to 90 days,286-288 
but one case report suggested that mitotane therapy may be 
successful with higher doses and longer induction periods.  
A cat was treated with mitotane at 25 mg/kg once daily for 18 
days with little effect. At 69 days, after a dose increase to 37.5 
mg/kg once daily, there was still minimal effect, but by day 111 
the hyperadrenocorticism was controlled.289

In one cat with an adrenocortical carcinoma, ketoconazole 
caused transient (3.5 months) resolution of polyuria and poly-
dipsia and a reduction in the insulin dose required to control 
concurrent DM. Interestingly, although basal serum cortisol 
concentrations decreased during treatment, adrenocorti-
cal response to ACTH stimulation was not altered.290 Other 
mechanisms of action of ketoconazole, such as antagonism of 
glucocorticoid receptors, may account for the clinical improve-
ment, or it may have been coincidental. In four other cats with 
hyperadrenocorticism, two responded to ketoconazole doses 
of 5 mg/kg twice daily for 7 days, followed by 10 mg/kg twice 
daily indefinitely; one had no response after 2 months; and one 
developed severe thrombocytopenia after 7 days of treatment, 
necessitating withdrawal of therapy.291

Metyrapone affects cortisol synthesis by inhibiting the 
adrenal enzyme 11-β-hydroxylase. Clinical response with-
out side effects other than hypoglycemia has been achieved 
in six cats using 30 to 70 mg/kg twice daily.288,292,293 In two 
cats treated with an unknown dose, one had a slight clinical 
improvement (partial hair regrowth and slight resolution of 
polyuria and polydipsia) after 6 months, whereas the other 
showed no improvement after 1 month.294 Although doses as 
high as 65 mg/kg three times daily have been used, a maxi-
mum of 70 mg/kg twice daily has been recommended to avoid 
gastrointestinal complications.288 The ACTH stimulation test 
should be used to ensure adequate control of cortisol secretion 
with the same goal as for dogs treated with mitotane for PDH. 
Interestingly, however, one cat had clinical improvement with-
out marked reduction in cortisol concentrations.292 However, 
the availability of metyrapone varies.

In a total of six cats with PDH, trilostane administration 
reduced clinical signs and improved endocrine test results, but 
all continued to have some signs of hypercortisolemia, espe-
cially dermal changes.295,296 In cats with PDH and DM treated 
by other means, the DM resolved in about 50% of cases;223 
however, insulin requirements did not change in four cats with 
PDH and DM treated with trilostane.295,296 Thus trilostane 
ameliorates clinical signs of feline hyperadrenocorticism, 
but more research is needed before it can be recommended 
for treatment. Whether a higher dosage or longer duration of 
therapy will improve efficacy remains unclear.295Additionally, 
the ideal ranges for basal and post-ACTH serum cortisol con-
centrations and testing time (i.e., performance of ACTH stim-
ulation tests beginning 4 to 6 hours after administration of the 
pill) for dogs were used. The pharmacokinetics and pharma-
codynamics of trilostane are unknown in cats, and it may be 
necessary to optimize the testing protocols for cats.

Sex hormone excess. Progesterone-secreting adrenal masses 
have been reported in three cats.288,297,298 Clinical signs are 

as those for hypercortisolism. With such a mass, the cortisol 
response to an ACTH stimulation test is blunted, suggestive of 
iatrogenic hypoadrenocorticism despite a lack of a history of 
exogenous glucocorticoid administration. Suppression is due 
to the ability of progestins to feed back on the pituitary and 
inhibit ACTH secretion as do glucocorticoids.199 Measurement 
of sex steroids before and after ACTH stimulation should reveal 
marked hyperprogesteronemia. Abdominal ultrasonography 
may reveal an adrenal mass. Treatment of choice is unilateral 
adrenalectomy. Two cats with progesterone-secreting adrenal 
tumors were treated with aminoglutethimide, an inhibitor of 
adrenocortical steroid synthesis, preoperatively. One cat showed 
improvement at 2 weeks, but the response had diminished by 
week 6.298 The second cat improved dramatically at first, but 
significant mammary gland enlargement ensued and aminoglu-
tethimide administration was discontinued; the rapid decrease 
in progesterone potentially stimulated prolactin secretion.288

One spayed female cat with an AT secreting estradiol and 
testosterone has been identified, with the most notable clini-
cal signs being aggression and male-type behavior, malodor-
ous urine, and vulvar hyperplasia. Therapy with trilostane (30 
mg once daily) was effective in reducing clinical signs; partial 
improvement was seen by day 28 and almost complete reso-
lution by day 84. Interestingly, basal concentrations of both 
hormones as well as that of 17-hydroxyprogesterone and 
progesterone increased with therapy. Clinical signs returned 
by day 174 despite continued therapy. The reason for clinical 
improvement in the face of increased measured hormone con-
centrations is unknown.299 Possibilities include a placebo effect 
(believed unlikely by the authors of the case report), false eleva-
tions of the apparent concentrations of the measured hormones 
by hormones that cross-react on the assays used,299 or another 
nonmeasured hormone that did decrease in response to ther-
apy and was responsible for causing the clinical signs. Although 
unlikely, the sex hormone elevations may have been false-pos-
itive test results for a state of excessive sex hormone secretion.

Hyperaldosteronism. Primary hyperaldosteronism can 
occur in cats from an aldosterone-secreting tumor or from 
idiopathic non-tumorous secretion of excess aldosterone. 
Although aldosterone-secreting AT were previously believed 
to be rare, the incidence may be increasing.300 Affected cats 
are middle-aged to older, with no sex or breed predisposition. 
Clinical symptoms of hyperaldosteronism are typically non-
specific and result from potassium depletion, mainly causing 
hypokalemic myopathy. Historical complaints and physical 
examination findings include polyuria and polydipsia, noc-
turia, generalized weakness, collapse, anorexia, weight loss, a 
pendulous abdomen, and blindness.300-303 One cat presented 
with respiratory distress; the respiratory failure was believed 
to be a manifestation of hypokalemic polymyopathy.304 Some 
cats have bilateral retinal detachments and hypertension.300,301 
Adrenocortical tumors secreting more than one hormone 
(e.g., aldosterone and progesterone) have been reported,305 
and clinical signs associated with the other hormone (i.e., 
hyperprogesteronism) may also be present.

The hallmark of primary hyperaldosteronism is hypokale-
mia with an elevated serum aldosterone concentration but a 
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normal or subnormal plasma renin activity. Measurement of 
an elevated serum aldosterone concentration alone is not truly 
adequate, but a feline plasma renin activity assay is not cur-
rently commercially available. In humans serum aldosterone 
concentration is measured after dietary intake of a specific 
sodium amount. Whether such standardization is necessary 
in veterinary medicine is unknown, making diagnosis of pri-
mary hyperaldosteronism more difficult. The presence of renal 
failure presents a particular dilemma, insofar as renal failure 
in and of itself can lead to hypokalemia and hyperaldostero-
nemia. The magnitude of aldosterone elevation may be the 
key. With primary hyperaldosteronism, serum concentra-
tions were approximately 3000 pg/mL in two cats,301 whereas 
it was a maximum of 518 pg/mL in azotemic cats.306 Identi-
fication of an AT by radiography or ultrasonography in cats 
with appropriate clinical signs and laboratory results would 
also be highly suggestive of primary hyperaldosteronism. 
Until a feline plasma renin assay is available, diagnosis of pri-
mary hyperaldosteronism requires that all secondary causes 
of hyperaldosteronism (e.g., states associated with peripheral 
edema or liver failure) be ruled out.

Initial treatment of primary hyperaldosteronism is directed 
at controlling hypokalemia or hypertension (or both). Potas-
sium supplementation using oral potassium gluconate at doses 
of 2 to 6 mmols twice daily has been used, and intravenous 
potassium chloride may be required in more severely hypo-
kalemic cases. Amlodipine besylate (0.625 to 1.25 mg per cat 
once daily) is the initial treatment of choice for hypertension 
while test results are pending.307 Spironolactone, a competi-
tive aldosterone receptor antagonist, is also recommended  
(2 to 4 mg/kg once daily), assisting in the control of both 
hypokalemia and hypertension. Severe facial dermatitis has 
been reported in Maine Coon cats receiving spironolactone 
for management of hypertrophic cardiomyopathy.308 Medical 
management may not be successful long-term or for normal-
ization of serum potassium concentration. The role of anti-
neoplastic chemotherapy has yet to be determined.

Treatment of choice for an AT is adrenalectomy. Given 
that these tumors are malignant in approximately 50% of 
cases, surgery may not be curative. In addition, the proce-
dure has been associated with high perioperative mortality; 
approximately 33% of reported cases died intraoperatively or 
postoperatively, most commonly as a result of severe acute 
hemorrhage from the caudal vena cava.307 Medical therapy 
preoperatively to stabilize a patient is ideal, especially if the 
tumor is secreting another hormone such as cortisol or pro-
gesterone that can create complications such as poor wound 
healing. A detailed description of perioperative and intraop-
erative management of an aldosterone-secreting adrenocorti-
cal carcinoma with attached caval thrombus has been recently 
reported.309 Approximately 5% of human patients develop 
postoperative hyperkalemia, requiring transient administra-
tion of fludrocortisone; although not reported in the literature, 
the same may occur in cats.307

With medical management with combinations of potassium 
supplementation, amlodipine, and spironolactone, reported 
survival times in four of five cats with aldosterone-secreting 

AT ranged from 7 months to 984 days, with cats most com-
monly succumbing to chronic renal failure or a thromboem-
bolic episode.307 Poor response in the fifth cat may have been 
due to owner compliance issues. In some cases hypertension 
becomes refractory to medical management. For cases that 
undergo adrenalectomy and survive the immediate periopera-
tive and postoperative periods, the prognosis is good; 8 of 17 
adrenalectomized cats survived for at least 1 year, and two cats 
were alive 3.5 and 5 years postoperatively.300 Cats with malig-
nant tumors can do well; one cat with a carcinoma survived 
1045 days after adrenalectomy.

An alternate form of hyperaldosteronism now recognized 
in cats is similar to the idiopathic or bilateral hyperplasia form 
in humans.310 Clinical presentation is similar to the tumorous 
form with respect to signalment and presenting complaints, 
but retinal detachment and blindness, perhaps due to the 
presence of higher blood pressures in general, is more com-
mon with idiopathic hyperaldosteronism. Ultrasonography or 
CT examination of the adrenal glands reveals no changes or 
only subtle abnormalities such as an increase in adrenal echo-
genicity or areas of calcification and thickening or rounding 
of one pole of one or both adrenal glands. Therapy consists of 
medical management (as discussed previously), and affected 
cats tend to respond well.307

DISORDERS OF THE PITUITARY GLAND

Disorders of Growth Hormone
Normal Physiology
The primary function of GH is promotion of linear growth. 
The growth-promoting effects of GH are mediated by IGF-1 
or somatomedin C. Growth hormone also stimulates protein 
synthesis. On the other hand, GH tends to decrease protein 
catabolism by directly promoting lipolysis and antagonizing 
the effects of insulin. In excess, GH decreases carbohydrate 
utilization and impairs cellular glucose uptake. The net effect 
is promotion of hyperglycemia; carbohydrate intolerance; and, 
with sustained increases in plasma GH, development of DM, 
which quickly becomes resistant to insulin treatment.311

Secretion of GH from the pituitary gland is controlled by 
releasing (GH-releasing hormone) and inhibiting (soma-
tostatin) factors secreted by the hypothalamus in response to 
complex neurohumoral regulatory mechanisms. Other stimu-
lators of GH release include the following: other hormones 
such as ghrelin;312 neurogenic stimuli, including α-adrenergic, 
dopaminergic, and cholinergic factors such as clonidine and 
xylazine; and metabolic factors such as the presence of cer-
tain nutrient metabolites and hypoglycemia. Secretion of GH 
results in feedback inhibition to and subsequent release of 
somatostatin from the pituitary gland.

Hyposomatotropism
Conditions associated with GH deficiency include pituitary 
dwarfism and GH-responsive dermatosis. Congenital GH 
deficiency in dogs is most often encountered in German Shep-
herd dogs but has also been reported in cats and other canine 
breeds. In German Shepherd dogs, the defect is inherited 
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through a simple autosomal recessive pattern, but the gene has 
yet to be identified.313

Clinical signs. Clinical signs of congenital GH deficiency 
include abnormal growth (i.e., proportional dwarfism), bilat-
erally symmetric truncal alopecia, and severe cutaneous 
hyperpigmentation. In adults with acquired hyposomatotro-
pism, manifestations are purely dermatologic.

Diagnosis. Diagnosis of congenital pituitary dwarfism is 
made on the basis of signalment, history, physical examina-
tion, endocrine testing, and ruling out of other causes of 
small stature. Measurement of changes in GH concentrations 
in response to stimulation (e.g., administration of xylazine, 
clonidine, or ghrelin) can be used to diagnose disorders of 
GH secretion and would be ideal. In German Shepherd dogs, 
ghrelin-induced plasma GH concentrations above 5 μg/L 
likely exclude a GH deficiency. However, false-negative results 
may be encountered,312 and validated GH assays are not com-
mercially available in the United States. An alternative method 
of diagnosis of congenital GH deficiency is measurement of 
serum IGF-1 concentration, which should be low. Interpreta-
tion of results, however, must take into account the size of the 
breed, because smaller dogs have lower normal IGF-1 con-
centrations than larger breeds. Pituitary dwarves may also be 
hypothyroid, so appropriate testing should be undertaken.

Clinical manifestations of adult-onset GH deficiency are 
typically confined to the skin, causing bilaterally symmet-
ric alopecia and hyperpigmentation. Hyposomatotropism 
may develop in adults in rare cases owing to pituitary gland 
destruction by inflammatory, traumatic, vascular, or neo-
plastic disorders.311 An idiopathic form of acquired hyposo-
matotropism termed adult-onset, GH-responsive dermatosis 
was previously believed to occur in dogs, but its existence 
is now questioned. Dogs previously receiving this diagnosis 
likely had an idiopathic condition currently called Alopecia X. 
In addition, many other disorders can cause a similar clinical 
appearance (e.g., hyperadrenocorticism, Sertoli cell neoplasia, 
castration-responsive dermatosis, hyperestrogenism of intact 
female dogs, estrogen-responsive dermatosis of spayed female 
dogs, testosterone-responsive dermatosis, and telogen deflux-
ion) and should be ruled out before a diagnosis of GH defi-
ciency is sought in an alopecic dog. Although hair regrowth 
may occur with exogenous GH therapy, it is likely a nonspe-
cific pharmacologic effect, and response to therapy does not 
prove a GH deficiency existed.

Therapy. Therapy for pituitary dwarfism relies on obtaining 
adequate serum GH concentrations, but no effective exoge-
nous GH product is readily available for use in dogs. Recom-
binant human GH is expensive and can induce antibody 
formation that interferes with its effectiveness.314 Although 
porcine and canine GH are structurally identical, the availabil-
ity of porcine GH is variable. If obtainable, the recommended 
initial dose of porcine GH is 0.1 IU/kg subcutaneously 3 times 
weekly. Subsequent adjustments in dosage and administration 
frequency should be based on clinical response and plasma 
IGF-1 concentrations. The therapeutic goal is to maintain 
plasma IGF-1 concentration within the reference range for the 
breed. Hypersensitivity reactions, carbohydrate intolerance, 

and DM are the primary adverse effects; DM may become 
permanent if not detected early and the GH administration 
discontinued.311

Because progestins can cause mammary gland produc-
tion and secretion of GH in dogs,315,316 their administration 
is a potential therapy for canine GH deficiency. Two pituitary 
dwarves treated with medroxyprogesterone acetate (2.5 to  
5 mg/kg initially at 3-week intervals and then at 6-week inter-
vals) had an increased body size and growth of a complete 
adult hair coat. However, pruritic pyoderma, cystic endo-
metrial hyperplasia with mucometra, and signs of acromeg-
aly were noted in one or both dogs. The dogs were alive and 
healthy for at least 3 years after starting therapy.317 Another 
three dogs were treated with proligestone (10 mg/kg subcu-
taneously every 3 weeks) and growth, increased IGF-1 levels, 
and improvement in hair coat were seen, but complications 
included development of clinical features of acromegaly, 
mammary development, and vulvar discharge in one intact 
female.318 The dose of progestin used to treat GH deficiency 
must be altered to avoid side effects while maintaining a clini-
cal response. Progestins can cause DM, however, as can GH, so 
appropriate monitoring must be done.

If treating GH-responsive dermatosis, if porcine GH is 
available, the recommended dose is 0.1 IU (0.05 mg)/kg sub-
cutaneously 3 times per week for 4 to 6 weeks. Hypersensitiv-
ity reactions, carbohydrate intolerance, and overt DM are the 
primary adverse reactions. Hair regrowth and thickening of 
the skin are measures used to assess therapeutic response. The 
hair coat should improve within 4 to 6 weeks of the start of 
therapy. The hair that grows back consists primarily of sec-
ondary hairs, with variable regrowth of primary, or guard, 
hairs.311 Duration of clinical remission in dogs that respond 
to therapy varies but may be up to 3 years. A 1-week course 
of GH treatment should be given if clinical signs begin to 
recur.311 Some dogs with suspected GH-responsive dermato-
sis fail to respond adequately to GH treatment. A misdiagno-
sis, inactive GH, or the presence of GH antibodies should be 
considered.311

Hypersomatotropism
Acromegaly is caused by excessive GH secretion. Canine acro-
megaly is almost exclusively seen in intact bitches or in dogs 
receiving progestin therapy. In dogs progestins can induce GH 
production in foci of hyperplastic ductular mammary gland  
epithelium.315,316 The progestin-induced mammary gland–
derived protein is identical to GH from the pituitary gland 
and is biologically active.315 In dogs a single case each of a 
GH-secreting pituitary tumor319 and elevated serum GH 
concentrations secondary to an astrocytoma in a young dog 
have been reported.320 Progestins do not cause GH secretion 
in cats. Feline acromegaly is due to GH-secreting pituitary 
tumors, predominantly in older, male castrated cats.

Clinical signs. Clinical signs of acromegaly reflect either 
anabolic or catabolic abnormalities. The most common in 
dogs is inspiratory stridor (due to soft tissue accumulation in 
the pharynx) and its accompanying sequelae. Increased body 
size can also be seen as a result of proliferation of connective 
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tissues and flat-bone growth, particularly of the feet, head, and 
abdomen. Organomegaly is often present. Thickening of the 
skin and widening of interdental spaces may occur. In cats 
the most common observed clinical signs are organomegaly, 
prognathia inferior, broad facial features, and respiratory stri-
dor, although some cats may not grossly appear to have any 
abnormalities.171 Catabolic effects cause insulin antagonism; 
indeed, the presence of DM may be the first clinical problem 
noted. Cardiovascular abnormalities associated with acro-
megaly include the presence of systolic murmurs or gallop 
rhythms; radiographic evidence of cardiomegaly; echocar-
diographic changes such as left ventricular wall hypertrophy, 
intraventricular wall hypertrophy, and left or right (or both) 
atrial enlargement, and systolic anterior motion of the mitral 
valve;and, late in the course of the disease, congestive heart 
failure.311,321 Lastly, in cases of acromegaly due to a pituitary 
tumor, neurologic signs may be observed.

Diagnosis. The diagnosis of acromegaly can be made on the 
basis of signalment, history, physical examination, and mea-
surement of serum IGF-1 or GH concentrations. In dogs the 
vast majority of cases are due to progestin exposure, so they 
occur in middle-aged to older intact females or dogs receiv-
ing exogenous progestin therapy. In most cats the diagnosis 
is ultimately based on identification of conformational altera-
tions (e.g., increased body size, large head, prognathia inferior, 
organomegaly) in a cat with insulin-resistant DM, a persistent 
increase rather than decrease in body weight in the face of 
poorly controlled DM, an increase in serum IGF-1 concentra-
tion in the face of insulin-resistant DM, and documentation 
of a pituitary mass by CT or MRI. Although nonacromegalic 
diabetic cats can have elevated IGF-1 concentrations,322,323 
measurement of IGF-1 is still helpful in diagnosis. The IGF-
1assay is performed at only one laboratory in the United States 
(Michigan State University). The reference range for feline 
serum IGF-1 concentration is 5 to 70 nmol/L. An IGF-1 con-
centration above 100 nmol/L is consistent with acromegaly in 
cats with the appropriate clinical features; a concentration of 
70 to 100 nmol/L is nondiagnostic. However, measurements 
repeated in 3 to 6 months are usually diagnostic as acrome-
galic or not.311 An ovine GH assay was recently validated for 
measurement of feline GH, but it is not currently commer-
cially available in the United States. Concentrations of GH 
ranged from 1.87 to 6.33 μg/L in healthy cats and from 8.45 to 
33.2 μg/L in acromegalic cats.324 Also, most cats have a tumor 
visible on CT or MRI at the time acromegaly is tentatively 
diagnosed.311

Therapy. Treatment for acromegaly caused by a pituitary 
tumor is aimed at decreasing tumor size as well as diminish-
ing GH secretion. Transsphenoidal cryohypophysectomy has 
been described.325 An effective medical option has not been 
reported; neither octreotide321 nor l-deprenyl326 has been suc-
cessful in decreasing GH secretion or improving insulin sen-
sitivity.

Radiation therapy is currently considered the best treat-
ment option for feline acromegaly. In one study, eight cats with 
pituitary tumors were treated with radiation therapy.327 Four 
cats had hyperadrenocorticism, three had acromegaly, and one 

tumor was nonsecretory. In six cats no acute adverse effects 
developed; in two cats transient early-delayed brain effects 
occurred in one and acute aural effects in the other. Reported 
late adverse effects included suspected radiation-induced 
hearing loss in two cats (mild in one, complete in another), 
bilateral cataracts 13 months after therapy in one, blindness in 
another (not clearly related to the radiation), and pharyngeal 
squamous cell carcinoma 16 months after radiation therapy in 
one. Other side effects of radiation therapy comprised tran-
sient, mild epilation and hair depigmentation in the treatment 
field. Clinical signs improved in all cats, but endocrine testing 
normalized in only one.327 In another study of 14 acromegalic 
cats, adverse effects included personality change and seizures 
in one each and weight loss in two.328

Radiation therapy can help decrease insulin doses and 
improve insulin sensitivity. In six cats treated with radiation, 
three each with acromegaly and PDH, all had insulin-resis-
tant DM before radiation therapy and became insulin sensi-
tive after therapy. However, five required exogenous insulin 
administration for the rest of their lives.327 In two cats with 
acromegaly, one had a slight reduction in insulin dose, and in 
the other the dose decreased 50%.329 In 14 cats with acromeg-
aly, 13 had improved diabetic control after radiation therapy 
that was sustained for variable, unpredictable lengths of time 
up to 60 months. Seven cats responded while still receiving 
radiation, but the mean time until improved control occurred 
was 5 weeks after therapy. Remission was achieved in six 
cats, at a mean of 3.6 months after therapy; three cats did not 
require insulin for at least 32 months, and three relapsed after 
3, 17, and 24 months. In two cats, DM began to progress after 
19 and 21 months. Interestingly, changes in IGF-1 concentra-
tions did not appear to correlate with glycemic control.328

Of eight cats treated with radiation therapy, median sur-
vival time for all cats, those with an adenoma (n=6), and those 
with a carcinoma (n = 2) were 523, 587, and 252 days, respec-
tively. For those with an adenoma, six were alive at 1 year and 
three at 2 years. In 14 cats, median survival was 28 months 
(approximately 840 days).328 Euthanasia or death is often not 
related to the pituitary tumor, but in a few cases poor diabetic 
control can be a contributing factor.327-329

If acromegaly is due to progestin therapy in a dog, admin-
istration should be discontinued. Intact bitches should be 
spayed. With elimination of the endogenous or exogenous 
progestin exposure, the anabolically induced clinical signs 
(e.g., increased soft tissue mass) should resolve when GH con-
centrations return to normal.311 On the other hand, if βcell 
activity of the pancreas has become impaired, DM may be 
permanent.

Despite lack of treatment options, prognosis is still good, 
given that GH-secreting tumors typically grows slowly. The 
concomitant DM, however, is ultimately very difficult to con-
trol because GH causes profound insulin resistance.

Diabetes Insipidus
Normally, vasopressin (antidiuretic hormone [ADH]) is 
secreted, along with oxytocin, from the posterior pituitary. 
The major stimuli for vasopressin release are an increase in 
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plasma osmolality (≥2%) and volume depletion, but other 
stimuli such as nausea, pain, and hypoglycemia will stimulate 
its release.330 Vasopressin has both pressor and antidiuretic 
effects. Arginine vasopressin is the predominant hormone in 
most animals (lysine vasopressin exists in pigs) and is asso-
ciated with strong pressor actions. Vasopressin binds to the 
V2 receptor on the basolateral surface of the principal cell of 
distal renal nephrons, causing increased water reabsorption. 
The binding leads to an increase in intracellular cAMP and 
activation of a cAMP-dependent protein kinase. The protein 
kinase phosphorylates a serine residue on vesicles contain-
ing water channels (aquaporins [AQPs]), beneath the lumi-
nal membrane. Ultimately, the AQPs fuse with the luminal 
membrane and increase tubular water permeability, allowing 
water and solutes to follow the concentration gradient into 
the hyperosmotic renal medullary concentrating gradient 
surrounding the ducts.330,331 Up to 90% of the fluid filtered by 
the glomerulus that is not absorbed in the proximal nephron 
will be reabsorbed in the distal tubules under the presence 
of ADH. In the absence of ADH, the distal and collecting 
tubules become impermeable to movement of water or sol-
utes (most notably urea). The hypotonic filtrate formed in 
the proximal nephron is eliminated unchanged, resulting in a 
water diuresis that is characterized by a large volume of urine 
with a low osmolality.

Diabetes insipidus results from either a complete or partial 
deficiency in ADH secretion (i.e., central diabetes insipidus 
[CDI]), or ADH interaction with its target receptors in the 
distal and collecting renal tubules (i.e., nephrogenic diabetes 
insipidus [NDI]). Causes of CDI include trauma, neoplasia, 
and hypothalamic–pituitary malformations or it may be idio-
pathic. Additionally, CDI is reported as a potential complica-
tion of transsphenoidal hypophysectomy in dogs.241 NDI may 
be congenital or secondary to an acquired disease. In humans 
congenital NDI is most often secondary to an X-linked genetic 
mutation in a V2 receptor gene that results in a mutation in 
the receptor.332 Congenital NDI is rare in veterinary medicine 
and is not known to be a heritable defect. There are few pub-
lished case reports of NDI in young dogs;333,334 it has never 
been reported in cats. Documented causes of acquired NDI 
include drugs, such as amphotericin B; infections such as pyo-
metra, neoplasia, hypercalcemia, and hypokalemia; endocrine 
disorders such as hyperadrenocorticism and hyperthyroid-
ism; renal failure; and pregnancy.335-337 Aging, in humans and 
rodents, is a cause of acquired NDI, likely mediated through 
interference with the aquaporin-2 water channels of the renal 
collecting ducts.338,339

Clinical signs. Polyuria and polydipsia are the clinical signs 
that tend to catch the attention of pet owners. Polyuria and 
polydipsia can also lead to worsening of urinary incontinence 
in dogs that are already are or predisposed to be incontinent 
and the incontinence may be the cause of presentation to a vet-
erinarian. In patients with CDI secondary to a pituitary tumor, 
which may account for approximately 40% of cases of acquired 
canine CDI, neurologic signs may also be present.

Diagnosis. The modified water deprivation test is used to 
distinguish between CDI, NDI, and psychogenic polydipsia. 

The reader is referred elsewhere for an in-depth discussion on 
how to perform the test.330 In working up dogs or cats with 
polyuria and polydipsia, the clinician should perform the 
modified water deprivation test last. All other causes of poly-
uria and polydipsia other than CDI, NDI, and psychogenic 
polydipsia should be ruled out before the test is performed.

Response to 1-deamino-(8-D-arginine) vasopressin 
(DDAVP) may be used diagnostically by evaluating response 
to therapy.330,340 Although easier to perform than a modified 
water deprivation test, the results can be difficult to interpret. 
The patient’s 24-hour water intake for 2 or 3 days should be 
measured while the patient is allowed free-choice water.  
A urine sample should also be collected at a given time each 
day to check urine osmolality and specific gravity. After these 
initial days, the patient should be treated with DDAVP by 
administering the intranasal preparation (1 to 4 drops placed 
in conjunctival sac) or the oral tablets (0.1 mg) every 12 hours 
for 5 to 7 days.341 Water intake is monitored and a urine 
sample obtained on the fifth to seventh day of treatment at 
the same time of day as before treatment. A dramatic reduc-
tion in water intake or an increase in urine concentration (i.e. 
>50%) provides strong evidence for CDI. Moderate response 
is consistent with partial CDI.330 A mild response is sugges-
tive of psychogenic polydipsia. If no response is seen, NDI is 
present. Medullary washout initially may decrease response to 
DDAVP, but urine output should decrease nonetheless if CDI 
is the cause of the polyuria/polydipsia. Water intoxication is 
possible. Failure to respond to DDAVP indicates that treat-
ment with DDAVP will not be successful.330

Therapy. In the ADH molecule, substitution of D-arginine 
for L-arginine (at amino acid 8) and modification of cysteine 
yields a powerful antidiuretic, DDAVP. Whereas AVP inter-
acts with receptors in vascular smooth muscle (V1 phospha-
tidylinositol-dependent receptors), thereby increasing blood 
pressure, and renal epithelial cells (V2, c-AMP-dependent 
receptors), for the antidiuretic effects, DDAVP primarily 
interacts with V2 receptors.

DDAVP is commercially available (Desmopressin) as a 
product approved for use in humans in three preparations: 
parenteral injection, nasal drops, or oral tablets. Because 
these products target primarily V2 receptors, effects are essen-
tially renal in action, with two exceptions. DDAVP can cause 
peripheral resistance and blood pressure to decrease.

For patients with complete CDI, the only therapeutic 
option is replacement therapy with DDAVP. This can be used 
for patients with partial CDI as well. If the intranasal drops 
available for humans are being used, administration may be 
more easily accomplished by transferring the nasal spray to a 
sterile eye-dropper bottle and placing the drops into the con-
junctival sac. Duration of action of DDAVP is 8 to 24 hours, 
but it can vary even in the same individual, possibly because of 
discrepancies in drop size. The dose must be titrated to effect. 
Dosages in the range of 1 to 4 drops every 12 to 24 hours typi-
cally suffice,342,343 but administration three times daily may 
be required.340,344 Alternatively, DDAVP can be administered 
subcutaneously at 0.5 to 2 μg daily to twice daily.330 Because 
nasal drops are less expensive than the parenteral preparation, 
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subcutaneous administration of the intranasal drops has been 
reported. If the intranasal formulation is used, it should be 
passed through a bacteriostatic filter before injection. Lastly, 
oral DDAVP can be administered. A dose of 0.1 mg every 
8 hours has been recommended, with a gradual increase as 
needed to effect if unacceptable polyuria and polydipsia per-
sist 1 week after initiating therapy. Once clinical response is 
seen, a decrease in frequency to twice daily can be tried.330 It 
should be noted that no controlled studies on efficacy or dose 
of oral DDAVP have been reported in veterinary medicine, 
and the recommendations are anecdotal.

DDAVP administration appears safe. Conjunctival irrita-
tion occasionally occurs because the solution is acidic.330 In 
theory, water intoxication is a potential, serious complica-
tion. Given this possibility, it is recommended that DDAVP be 
administered only after polyuria and polydipsia recurs or only 
at night, when the need for control of polyuria and polydipsia 
is typically greatest so as to avoid nocturia. If DDAVP is given 
before polyuria and polydipsia is seen, the pet should ideally 
not be allowed free access to water immediately after each dose 
to prevent consumption of large amounts of water that the ani-
mal will not be able to excrete owing to the DDAVP effects. 
Although most owners do not do this, water intoxication has 
not been reported.

DDAVP therapy can be expensive. As an alternative, 
DDAVP may be administered only when polyuria and poly-
dipsia is objectionable (e.g., to prevent nocturia or when 
guests are expected). As long as the pet always has unlimited 
access to water and an appropriate area for urination, therapy 
can be discontinued. A low-salt diet should be fed.330

Chlorpropamide is an oral hypoglycemic agent discovered 
to reduce urine output by 30% to 70% in humans with CDI. 
The exact mechanism of action is unknown, but chlorprop-
amide may raise the sensitivity of the renal collecting duct 
epithelium to low concentrations of ADH. Thus chlorprop-
amide is probably useful only for partial CDI in which the 
neurohypophysis has some residual secretory capacity.330,344 
Chlorpropamide has not been highly successful in veterinary 
medicine. No success was seen at 10 to 40 mg/kg in several 
cases, and severe hypoglycemia occurred in one patient.344 
Clinical signs resolved in one cat for 7.5 months (40 mg/
day orally) until the cat died suddenly. Although the death 
was not believed to be due to the medication, the cause was 
unknown.345 No adverse effects have been reported other 
than hypoglycemia. To prevent hypoglycemia, regular feeding 
schedules must be used.330

Paradoxically, thiazide diuretics are advocated for treat-
ment of CDI and NDI. By inhibiting sodium reabsorption 
in the ascending loop of Henle, thiazides reduce total body 
sodium concentration, causing contraction of extracellular 
fluid volume and increasing salt and water reabsorption in 
the proximal tubule. As a result, the fluid reaching the distal 
renal tubule has a lower sodium concentration and exerts less 
osmotic pressure. The net effect is a slight increase in urine 
osmolality with a proportionate reduction in urine volume. 
Depending on sodium intake, polyuria is reduced by 30% to 
50% in humans.330

No published reports exist for use of thiazide diuretics in 
dogs with CDI. Hydrochlorothiazide (2.5-5.0 mg/kg twice 
daily) and chlorothiazide (20-40 mg/kg twice daily) can be 
tried.346 In two cats hydrochlorothiazide (12.5 mg/cat twice 
daily) and a sodium-restricted diet decreased water intake 
35%.340,347 A low-salt diet should be fed.330 For spontaneous 
NDI, therapy is restricted to thiazide diuretics or a low-sodium 
diet (or both). In one dog chlorothiazide (approximately 35 
mg/kg twice daily orally) and a low-sodium diet decreased 
water intake approximately fourfold, although it was still 
approximately 2 times normal.333
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A major advantage of treating diseases of the skin is easy 
access to the site of disease. Drug delivery can be facilitated by 
topical therapy, and response can be based on visual examina-
tion (clinical signs) rather than solely on supportive diagnostic 
aids. The advent of topical drug therapy has also, however, led 
to a plethora of systems designed to deliver drug to the skin; 
its upper layers; through the skin; and, in some instances, into 
systemic circulation. The result is an innumerable list of prod-
ucts that vary in active and inactive ingredients. This chapter 
approaches treatment of skin diseases by first discussing drugs 
that are intended for topical administration and then drugs 
intended for systemic therapy. Finally, specific skin diseases 
are addressed.

ANATOMY AND PHYSIOLOGY OF THE 
SKIN AS THEY RELATE TO DRUG 
THERAPY

The skin is the largest organ of the body, accounting for 
12% of body weight in the adult dog and 24% in the puppy.1 
Although structurally canine and feline skin markedly varies 
from human skin, some similarity is maintained among the 
species. Generally, skin is thickest on the head, dorsum, and 
plantar and palmar surfaces of the feet; thinner on the ven-
tral abdomen, medial aspects of the limbs, and inner pinnae; 
and thinnest on the scrotum.2 The skin is perforated by several 
appendages, the number and structure of which varies among 

the species. In cats and dogs, these include hair follicles, seba-
ceous and sweat glands, and nails.

Histologically, the skin is composed of the epidermis and 
dermis. Dermis is essentially composed of connective tissue, 
including collagen, elastin, and reticular fibers, and amor-
phous ground substance. It can be roughly separated into a 
dense, deeper reticular layer that connects the dermis to the 
hypodermis (composed mostly of fat) and a more superficial, 
loosely packed papillary layer. The dermis contains an arterial 
and venous network that provides nutrients to the epidermis 
and receives topically administered drugs able to penetrate 
this region, which distribute to the rest of the body.2 Cutane-
ous blood flow rates can affect percutaneous absorption of 
drugs. Cutaneous blood flow in the dog and cat is greatest in 
the skin of the ventral abdomen and pinnea.2 This fact, cou-
pled with skin thickness, leads to these regions serving as the 
site of drug delivery for many topically applied drugs intended 
to have systemic effects.

The epidermis is composed of stratified squamous kera-
tinized epithelium that undergoes sequential superficial 
differentiation. Five layers of the epidermis exist, with the 
stratum basale being deepest, followed by the stratum spi-
nosum, stratum granulosum, stratum lucidum, and the 
stratum corneum (the most superficial layer). Among these 
layers the stratum corneum is the most important to topi-
cal drug therapy because it is the primary barrier. The stra-
tum corneum consists of several layers of dead cells, which 
pre sent a significant lipid barrier to drug penetration. The 
thickness varies with the area of the body. The cells are 
aligned to minimize water loss and are surrounded by a 
plasma membrane that serves as a barrier to movement into 
or out of the skin.2

KEY POINT 22-1 Successful dermatologic therapy is based 
on myriad factors. Dosages and frequency of administra-
tion should be modified to meet the needs of the individual 
patient.
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The epidermis is anaerobic2 because of the absence of capil-
laries that directly provide oxygen to the cells.2 Despite the fact 
that 80% of the total energy requirements of the skin occur 
by anaerobic glycolysis, the skin is metabolically active. Drugs 
that are able to pass through the stratum corneum potentially 
are subjected to drug-metabolizing enzymes similar to those 
in the liver. The skin has a great capacity to synthesize lipids, 
which are located in the extracellular (intercellular) material, 
the primary barrier to drug penetration in this region of the 
epidermis.2 Lipids are important to intercellular cohesion, 
permeability (barrier), function, and normal desquamation of 
mature corneocytes.3 Epidermal lipids include both free and 
esterified fatty acids, sphingolipids, free and esterified choles-
terol, and phospholipids.3 The lipids form a bilipid layer, with 
the hydrophobic and hydrophilic ends aligning within them-
selves.2 As the epidermis differentiates, the fatty acid compo-
nent tends to increase. Alterations in the lipid layer result in 
the release of arachidonic acid and the subsequent formation 
of inflammatory mediators. Keratin is the major protein of the 
skin and is the foundation of the hair.2

PRINCIPLES OF TOPICAL DRUG 
THERAPY

Topical drug therapy is indicated as initial therapy until a 
definitive diagnosis can be made (i.e., while waiting for results 
from diagnostic tests), as an adjunct to systemic therapy, and 
as sole treatment for selected specific dermatologic diseases. 
A definitive diagnosis of the cause of the skin disease should 
be made if possible before any masking treatments have been 
initiated. Therapy may be based on the morphology of skin 
lesions if further diagnostics yield no useful data. The clinician 
must be able to distinguish between primary and secondary 
lesions. Primary lesions develop as a direct result of the under-
lying disease. Secondary lesions may evolve from the primary 
lesion, trauma (e.g., scratching) induced by patient response 
to the lesion, or medications. The clinician must also be able to 
recognize or discriminate between acute versus chronic, deep 
versus superficial, and benign versus malignant lesions.

Clinicians should be very familiar with one or two drugs 
from each class (e.g., one keratolytic, two topical antifungals). 
Lesions should be evaluated frequently to assess therapy and 
the need to modify treatment because of treatment failure or 
adverse effects. The clinician must know the adverse effects of 
each drug and anticipate and look for evidence of these effects. 
Clients must be well educated regarding topical drug agents 
and the need for compliance. Several principles can guide 
effective use of dermatologic agents.

Drug Movement and the Skin
The skin functions as a barrier to prevent loss of water, elec-
trolytes, and macromolecules and to exclude external agents 
(chemical, physical, and microbiologic) from the internal 
environment. The stratum corneum is the layer of the epi-
dermis that is primarily responsible for this physical barrier 
because of the abundance of keratin and the configuration and 
content of the intercellular lipids. Topically applied drugs can 

be absorbed by three routes; they are, in order of importance 
or magnitude, the stratum corneum (between rather than 
through the cells), hair follicles, and sweat or sebaceous glands 
that open into the hair follicle. Movement of drug through 
the stratum corneum occurs by passive diffusion. Only a very 
small proportion of topically applied drug penetrates the 
stratum corneum. Despite the alignment of the lipid layer, 
both lipid-soluble and water-soluble drugs can pass through 
the stratum corneum, although passage may occur through 
the appendages. In general, permeability of lipophilic drugs 
through intact skin is generally greater than that of polar 
drugs.4 More drug is likely to pass through the skin of heavily 
haired animals because of the larger number of hair follicles.

Before a drug can move through the stratum corneum, it 
must first move out of the vehicle. Thus factors that affect per-
cutaneous absorption are not limited to the drug but include 
factors involving the vehicle. Drug movement through the skin 
has been mathematically described (Fick’s law)2 to be directly 
proportional to the partition coefficient between the vehicle 
and the stratum corneum, the concentration of drug dissolved 
in the vehicle, the diffusion coefficient, and the surface area of 
the skin to which the drug is applied. Percutaneous absorption 
is inversely proportional to the depth of the stratum corneum 
(and additional layers). The driving force for absorption, as 
with any drug movement, is concentration of diffusible drug. 
The higher the concentration of the dissolved drug in the bar-
rier (stratum corneum), the greater the diffusion “gradient.” 
Drugs with a high degree of lipid solubility achieve higher 
concentrations in the stratum corneum because it is lipophilic. 
Large drug molecules are absorbed less readily.

Vehicles
A vehicle is a substance used in a medicinal preparation as 
the agent for carrying the active ingredient. Occasionally, the 
vehicle is therapeutic, but usually it is inactive. The vehicle of a 
topical agent can profoundly affect movement of drug into the 
skin. Two topical medications may have the same active ingre-
dient at the same concentration but have different vehicles and 
thus markedly differ in efficacy. A drug must be sufficiently 
soluble in a vehicle such that it can distribute throughout the 
vehicle and thus come in contact with the skin in diffusible 
form. It cannot, however, be so soluble in the vehicle that it 
does not leave the vehicle and thus penetrate the skin. Vehicle 
selection is critical to effective topical therapy. A vehicle not 
only acts as a carrier but also can have a direct impact on the 
skin and thus on drug movement.

Characteristics of a Vehicle
The physical and chemical characteristics of the vehicle and 
the drug largely determine drug movement. The partition 
coefficient describes the relative affinity of a hydrophobic 
phase and a hydrophilic phase. The greater the partition coef-
ficient, the greater the affinity between the drug and the lipid 
phase of the skin, which generally results in an increase in per-
cutaneous absorption of the drug. Once the skin is penetrated, 
however, the drug must be able to leave the lipid phase of the 
skin if it is to reach systemic circulation. Drugs with very high 
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partition coefficients tend to remain in the lipid layer, caus-
ing a reservoir effect. A partition coefficient of 1 is desired for 
topical medicaments.2

The rate of vehicle penetration through the stratum corneum 
also influences percutaneous absorption. If vehicle penetration 
of the stratum corneum is more rapid than penetration of the 
skin, the concentration of drug in the vehicle on the surface of 
the skin increases, perhaps to the point of precipitation, slow-
ing absorption. Evaporation of the vehicle will cause the same 
effect.2 Some vehicles are used to facilitate drug movement into 
the skin. For example, dimethylsulfoxide (DMSO) is so hygro-
scopic that it readily moves through the skin, carrying many 
drugs with it. The vehicle may contain ingredients (e.g., Tween) 
intended to facilitate percutaneous drug absorption by altering 
the integrity of the stratum corneum. Disruption of the com-
position or lipid orientation of the stratum corneum enhances 
drug penetrability. A vehicle that hydrates the corneum facili-
tates drug penetration. Occlusion of the skin increases hydra-
tion; vehicles can occlude by preventing skin transpiration, 
the passage of water vapor from the skin. Occlusive bandages 
also can be used to facilitate drug absorption. Water associated 
with hydration alters the compact structure of the corneum, 
decreasing resistance to drug movement. Dehydration of the 
stratum corneum decreases drug absorption; rehydration 
might be indicated before drug application.

Other patient factors that influence drug movement 
include the integrity of the barrier presented by the stratum 
corneum. Drug absorption dramatically increases if the skin 
has been traumatized, leading to the disruption of the stra-
tum corneum. Absorption may also be enhanced by rubbing a 
medicament vigorously onto the skin. Prior removal of debris 
on the surface of the skin (e.g., dirt, blood, hair) can increase 
drug absorption, as can increasing the temperature of the skin 
(with sweats or water). Enhanced blood flow to the area might 
force drug into the hair follicles and through the stratum 
corneum. A warmer environmental temperature also might 
increase drug movement into the skin.

Many vehicles are represented in the commercial products 
for veterinary use. Compounding of dermatologic products is 
a relatively common practice in veterinary medicine. Although 
this can often provide a safe and effective therapeutic agent, it 
is important to remember that the effect of the vehicle on bio-
availability of the active ingredient(s) can be profound. The 
resulting product may be entirely ineffective because of lack 
of absorption, or it may cause toxicity as a result of systemic 
absorption.

Types of Vehicles
Water itself can be therapeutic. Bathing with water vehicles 
(especially shampoos) contributes to dermatologic therapy by 
removing debris, including potential allergens, bacteria, and 
other organisms, from the skin surface and rehydrating and 
cooling the skin (if cool water is used).5 The addition of other 
drugs (shampoos, soaks, and dips or rinses) to water, forming 
an aqueous solution, suspension, or lotion, can create other 
therapeutic effects. Aqueous medications are often the topical 
treatment of choice for acute exudative dermatoses.

Shampoos, a type of water vehicle, can be very effective 
adjuvants for the control of dermatoses.5,6 In general, con-
tact time should be at least 10 minutes. Shampoos generally 
are applied once to twice weekly. Examples of shampoos with 
therapeutic intent include hypoallergenic shampoos, which 
are cleansing and moisturizing; antipruritic shampoos, which 
often contain colloidal oatmeal along with antihistamines, 
anesthetics (pramoxine hydrochloride), or cortisone 1%; and 
insecticidal shampoos containing compounds such as pyre-
thrins, carbaryl, and permethrin. Application of rinses, sprays, 
or lotions can enhance the residual effect of shampoos.

Rinses generally are applied after a shampoo and are not 
necessarily intended to be completely rinsed from the coat. 
Incomplete rinses may increase the residual effect of the 
drug but also may leave the coat greasy to the touch and dull 
(especially on long-haired coats). Rinses include cream rinses 
(generally rinsed off the animal) and aqueous rinses (gener-
ally not rinsed off). Aqueous rinses also can be applied as a 
soak, which should last at least 10 to 15 minutes. Powders (col-
loidal oatmeal) intended to be applied as soaks can be placed 
in cheesecloth or nylon stockings before placement in water. 
Humectants such as Humilac (Virbac U.S.) may be applied as 
a spray directly onto the skin or diluted with water and applied 
as a rinse. Humectants are oil-free products that help draw 
moisture to the stratum corneum.

Lotions are liquid or semiliquid combinations of active 
ingredient with a water, alcohol, glycerin, or propylene glycol 
base. Often the liquid base evaporates, and a thin film of pow-
der remains on the skin. For this reason lotions may have a dry-
ing effect on the skin. Examples include calamine lotion and 
the antifungal Resizole (Virbac U.S.). Lotions also are available 
with a variety of antipruritic and parasitic medications.

Both aerosol and pump sprays are available for many vet-
erinary products. Those with alcohol bases may be drying to 
the target area. Clipping animals may be necessary to facili-
tate penetration of the hair coat. Foams consist of a mixture of 
finely divided gas bubbles interspersed in a liquid. These prep-
arations provide an effective way of spreading a small amount 
of liquid over a large surface area. A potential drawback of 
sprays is the noise of the application, which may frighten the 
patient. Both sprays and lotions may be easier to use than 
creams and ointments, especially for dogs with long hair coats.

Creams and ointments are mixtures of grease or oil and 
water that are blended together into an emulsion. In general, 
ointments are greasy to the touch and form an occlusive layer 
over the skin, reducing water loss. Creams are smooth to the 
touch and, once applied to the skin, are rapidly absorbed or 
evaporate (i.e., there is no occlusive layer left on the surface 
of the skin). In general, ointments are contraindicated in exu-
dative areas. Examples include triple antibiotic ointments and 
creams and hydrocortisone ointments and creams. Hydrocar-
bon bases are emollient, being composed of vegetable oils and 
animal fats. Examples include oleic acid, paraffin, petrolatum, 
and wax. They generally are hydrophobic and occlusive, caus-
ing the stratum corneum to hydrate. They are greasy, how-
ever, and cannot be washed off. Anhydrous absorption bases 
contain little to no water but readily accept large amounts of 
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water while maintaining a thick consistency. Examples include 
hydrophilic petrolatum and anhydrous lanolin.

Emulsions are oil and water combinations. Water–oil emul-
sion bases are water-washable bases that are easily removed 
from the skin surface. The oil phase generally is petrolatum 
with an alcohol; the aqueous phase may be water, propylene 
glycol, polyethylene glycol, or glycerin. Oil-water emulsion 
bases are composed of an aqueous phase that is greater than 
the oil component. These tend to be water washable, non-
greasy, and nonocclusive. Finally, water-soluble–based oint-
ments have no hydrophobic lipid base. They are completely 
water soluble, do not hydrolyze, and do not support the 
growth of microorganism contaminants in the product. If the 
preparation is in a gelled medium, the product is a gel (e.g., a 
combination of propylene glycol, propylene gallate, methylcel-
lulose, polyethylene glycol, and others). DMSO is commonly 
prepared as a gel.2 Gels are clear, colorless, and water miscible. 
Gels are becoming more popular because they can be rubbed 
into the skin to completely disappear and do not leave a sticky 
feeling. Examples of gels in veterinary medicine are KeraSolv, 
OxyDex and Pyoben.

DMSO has the ability to allow some substances ordinarily 
unable to penetrate the skin to be carried through it. DMSO is a 
waste product of wood processing that has been used in a large 
number of topical medicaments. In addition to its hydrophilic 
actions, DMSO is characterized by bacteriostatic, antiinflam-
matory, fibrinolytic, and vasodilatory actions. Topical analgesia 
may reflect a thermal effect, which occurs with direct applica-
tion.2 At concentrations greater than 70%, however, DMSO can 
cause skin irritation. In concentrations greater than 50%, DMSO 
has been shown to enhance the percutaneous absorption of a 
large number of drugs, including glucocorticoids, antibiotics, 
hormones, and antiinflammatory agents. Absorption increases 
as DMSO concentration reaches 100%.2 DMSO increases per-
cutaneous absorption of fluocinolone (a potent glucocorticoid) 
by a factor of five and other compounds by as much as a factor 
of 25. DMSO is approved for use only in the horse (for traumatic 
musculoskeletal injuries) and in the dog (in Synotic, a commer-
cial steroid ear preparation). Any other use for DMSO is consid-
ered extralabel use. Toxic effects that should be considered when 
DMSO is used include teratogenicity (contraindicated in preg-
nant animals); potential for inducing degranulation of mast cells 
in underlying skin; and, in cats, hemolysis with hemoglobinuria 
and methemoglobinuria. DMSO has been shown to induce len-
ticular changes in animals and humans. Rubber gloves should 
be worn when DMSO is handled.

Adsorbents act to bind potentially noxious agents, keeping 
them from damaging the skin. Protectants provide an occlusive 
layer that physically protects the skin from the external envi-
ronment. Together these two classes of vehicles are represented 
by dusting powders and mechanical protectives (kaolin, lano-
lin, mineral oil, petrolatum, zinc stearate). Dusting powders 
generally are inert, composed of starch, calcium carbonate, 
talc, titanium dioxide, zinc oxide, and boric acid. Smooth- 
surfaced powders prevent friction, protecting abraded and raw 
skin. Rough or porous powder surfaces absorb water, tend-
ing to occlude the skin surface when wetted. Rough powders 

should be avoided on moist or exudative lesions because of the 
risk of secondary bacterial or fungal infections. Care should be 
taken to make sure that powders, and in particular talc, are not 
used within a body cavity because of the potential for a mas-
sive granulomatous response.

Demulcents are high-molecular-weight water-soluble com-
pounds that reduce irritation. Like protectants, they can coat 
the surface of damaged skin, protecting the stratum corneum 
and its underlying structures, and they inherently reduce irri-
tation. Examples include mucilages, gums, dextrins, starches, 
methylcelluloses, and polyvinyl alcohol.2 Among those most 
commonly used in veterinary medicine are glycerin, propyl-
ene glycol, and polyethylene glycols. Glycerin, when used in 
high concentrations on the skin, can dehydrate and irritate 
it by increasing transepidermal water loss. Propylene glycol 
is miscible with water. Like glycerin, it is hygroscopic, is not 
occlusive, and also is bacteriostatic and fungistatic. As such, 
it might be considered the ideal vehicle. It spreads easily on 
the skin surface, has a low evaporation rate, is not greasy, and 
may hydrate rather than dehydrate the skin.2 A mixture of one 
part propylene glycol to one part water has been used to treat 
canine sebaceous adenitis. Topical hypersensitivity occurs 
occasionally. Several polyethylene glycols are available. They 
differ markedly in molecular weight, with the number directly 
correlating with size and viscosity. Polyethylene glycols that 
are 900 or above tend to be semihard to waxy solids at room 
temperature; lower-molecular-weight products are liquid. 
These compounds are not easily hydrolyzed but are very water 
soluble and nontoxic.2

Astringents cause precipitation of proteins and prevent 
exudation. Because of their inability to penetrate the skin, 
their action is predominantly on the surface. Many astrin-
gents are also antiseptic. Astringents can arrest hemorrhage 
by coagulating plasma proteins (ferric chloride, silver nitrate). 
Burow’s solution is available commercially as Domeboro (alu-
minum acetate powder or tablets) for use as an astringent in 
exudative dermatoses. Commercially available otic products 
containing Burow’s solution (Bur-Otic, Virbac U.S.)) can be 
used to treat dogs that spend a lot of time in the water or after 
bathing to reduce the risk of secondary infection. Magnesium 
sulfate (Epsom salt) is not an astringent but acts to dehydrate 
or “draw” water from the tissues.

Emollients are fatty or oleaginous substances that soften, 
protect, and soothe the skin. They are often used to make the 
cream or ointment vehicle in many dermatologic prepara-
tions. Examples include mineral oil, petrolatum, glycerin, and 
vegetable and animal oils. In veterinary medicine emollients 
are commonly used as cream rinses after baths. Most of these 
chemicals have a characteristic medicinal odor that appeals to 
owners. Active ingredients can be added (pramoxine hydro-
chloride) to enhance therapeutic effect.

Classes of Topical Drugs
Many topical products are commercially available, and many 
have multiple effects. Some of these agents are also discussed 
in other chapters (e.g., those on parasitology, antibacterials, 
and antifungals).
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Antiseborrheics
Antiseborrheic drugs include keratolytics and keratoplastics. 
The appropriate antiseborrheic depends on the patient’s con-
dition (seborrhea sicca versus seborrhea oleosa).

Sulfur is keratolytic (keratolytics hydrate and soften the 
stratum corneum, promoting its mechanical removal) and 
keratoplastic (keratoplastics normalize cornification). It has 
a mild follicular flushing action but is not a good degreaser. 
It also has antibacterial and antipruritic effects. Its kerato-
lytic effects may reflect inflammation that ultimately causes 
sloughing of the stratum corneum. Keratoplastic effects prob-
ably reflect cytostatic effects.2 Many commercially available 
products containing sulfur are available. Shampoo products 
containing sulfur may have additional active ingredients for 
enhanced therapy. Lime sulfur (LymDip) is used for its anti-
fungal, antipruritic, and antiparasitic effects.

Salicylic acid is keratoplastic, bacteriostatic, and mildly 
antipruritic. It is frequently used in combination with sulfur 
products, including most of the sulfur products listed previ-
ously. When salicylic acid is combined with sulfur, a syner-
gistic effect results. In stronger concentrations (6%) it acts as 
a keratolytic.

Coal tar is keratolytic and keratoplastic and has good 
degreasing action. It is also frequently used in combination 
with sulfur and salicylic acid. Commercial shampoos are 
frequently used in veterinary medicine and include Lytar, 
Allerseb-T, and Mycodex Tar & Sulfur. Straight tar lotions 
should not be used in veterinary medicine. Coal tar is toxic to 
cats. Coal tar preparations are potentially irritating, photosen-
sitizing, carcinogenic, and staining. In general, these products 
are reserved for severe seborrheic disorders.

Benzoyl peroxide (2% to 5%) is keratolytic, bactericidal, 
degreasing, and follicular flushing. It also is a strong oxidizer, 
free radical generator (and therefore antibacterial), and anti-
microbial.2 Benzoyl peroxide is metabolized by viable epider-
mal cells in the skin to benzoic acid. In high concentrations 
it can irritate the skin. It may be too drying for some patients 
with seborrhea sicca. These products are not well tolerated 
by cats and should not be used on them. Commercial prod-
ucts available for veterinary patients include Oxydex, Pyoben, 
Derma Ben SS, and Benzoyl-Plus shampoos. A gel form of 
5% is available for veterinary use, primarily for treatment 
of chin acne.7 Other uses include fold pyodermas and local 
superficial or deep pyodermas. Benzoyl peroxide will bleach 
clothing.

Resorcinol is a keratolytic agent that also has bacteri-
cidal and fungicidal effects. It is a protein precipitant that 
promotes keratin hydration, acting as a keratolytic.2 It often 
is combined with another keratolytic (e.g., sulfur, salicylic 
acid).2

Selenium sulfide is antiseborrheic, keratolytic, and kerato-
plastic by virtue of its antimitotic effects. Cell proliferation and 
sebum formation are slowed. It tends to be irritating, however, 
and can stain hair. Mucous membrane irritation may result 
if accidental contact occurs. A product for human beings is 
Selsun Blue. Fatty acids (e.g., undecylenic acid [Desenex]) are 
also keratolytic.

Retinoids
Retinoids are natural or synthetic derivatives of retinol (vita-
min A) that exhibit vitamin A activity (Figure 22-1).8 Derma-
tologic effects of vitamin A include epithelial differentiation. 
Vitamin A deficiency causes metaplasia of glandular epithelia; 
excessive vitamin A causes keratinizing epithelia to differenti-
ate into a secretory epithelia.9 The antikeratinizing effects are 
the target of drug therapy.9 Retinoids tend to “normalize” the 
skin. Although natural retinoids have proved to be too toxic for 
clinical use, the synthetic products are characterized by spe-
cific effectiveness with decreased toxicity. They tend to vary in 
bioavailability, in metabolism to active versus inactive metab-
olites, and in tissue distribution patterns. First-generation 
compounds include retinol and its derivatives tretinoin and 
isotretinoin. The second-generation products are synthetic 
and include etretinate and acitretin, approved for treatment of 
human acne and psoriasis, respectively. The third-generation 
compounds, arytenoids, are in development.8

The effects of the retinoids include cellular proliferation 
and differentiation, immunomodulation, inflammation, and 
production of sebum. Their actions are mediated by retinoic 
acid receptors, members of the thyroid/steroid receptors.8 Ret-
inoids may influence genomic expression of cells by altering 
RNA synthesis, typical of other steroids. Tretinoin increases 
dermal thickness and granular layer thickness, decreases mela-
nocytic activity, and increases the secretion of a polysulfated 
glycosaminoglycan intercellular matrix. In humans wrinkling 
is reduced. It is formulated as a 0.01% to 0.1% topical prepara-
tion. Therapy begins with lower concentrations and gradually 
increases. Adverse effects include erythema, peeling, burning, 
and stinging, which tend to decrease with time and are less 
likely to occur when the drug is prepared as an emollient.

Isotretinoin normalizes keratinization of the follicular epi-
thelium and reduces sebum synthesis and, in human beings, 
Proprionobacterium acnes. It is administered orally, however, 
with cumulative doses being important to efficacy. Toxicity is 
manifested in the skin and mucous membranes; is dose depen-
dent; and, in humans, may facilitate the growth of Staphylo-
coccus aureus. Dermatologic manifestations include epistaxis, 
dry eyes, blepharoconjunctivitis, erythematous eruptions, 

CH2OH

Retinol

COOH

Tretinoin

COOH

Isotretinoin

Figure 22-1 Stuctures of synthetic retinoids.
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and dry mucous membranes.8 Systemic manifestations can 
be minimized with short-term therapy and include increased 
liver enzymes, myalgia, and arthralgia. Teratogenicity occurs 
with all retinoids; the drugs generally are contraindicated 
in pregnancy. Isotretinoin was studied in dogs.10 Four of 29 
developed conjunctivitis, which resolved once therapy was 
discontinued. Cats may have a higher incidence of side effects, 
including periocular erythema, epiphora, and blepharospasm. 
The potential veterinary applications of isotretinoin include 
selected abnormalities of sebum production such as primary 
idiopathic seborrhea and comedo syndromes.

Etretinate is a synthetic aromatic retinoid that is effective 
for the treatment of inflammatory psoriasis. The retinoids are 
highly potent aromatic analogs of retinoic acid and represent 
the third generation. Etretinate is extremely lipophilic and is 
stored in adipose tissue. Accumulation is sufficient to allow 
detection of the drug in humans 2 to 3 years after its use is dis-
continued. It normalizes keratin expression in epidermal cells, 
suppresses chemotaxis, decreases stratum corneum cohesive-
ness, and may impair cytokine function.8 It is less likely than 
isotretinoin to cause conjunctivitis, but hair loss, cutaneous 
exfoliation, bruising, and liver dysfunction are more common. 
Collection of a baseline minimum database is recommended 
for humans before its use. Its teratogenicity precludes use by 
women of childbearing age; owners of animals using the drug 
should be warned of its contraindications.8 The drug may no 
longer be available because of its adverse effects. Acitretin has 
now replaced etretinate in the U.S. market. A dose of 0.5 to 1 
mg/kg orally per day was suggested.11

The use of retinoids in clinical veterinary medicine has 
not been well established. Animals are not afflicted by skin 
diseases typical of those for which retinoids are indicated in 
human patients (e.g., psoriasis, acne). Use is limited by lack of 
known effects and indications, cost, and the risk of side effects. 
Dogs, however, appear to be more tolerant of the retinoids 
than human beings.10,12 Side effects that have been reported in 
dogs include inappetence, vomiting, diarrhea, thirst, pruritis, 
conjunctivitis, cheilitis, stiffness, and hyperactivity.12 Kerato-
conjunctivitis has been reported in dogs.10,12 Tear composition 
is changed, leading to more rapid evaporation. Schirmer’s tear 
test should be monitored monthly for the first 6 months of 
therapy. Clinical pathology changes are rare, but monitoring 
before and 30 days after the start of therapy is recommended 
for dogs receiving synthetic retinoid therapy.12 In cats the most 
common side effect is anorexia. Teratogenicity is a likely prob-
lem, particularly with etretinate, when used for intact females.

The most common use of synthetic retinoids in dogs has 
been for treatment of keratinization disorders of dogs, par-
ticularly primary seborrhea of cocker spaniels. Etretinate has 
been evaluated in spaniels with idiopathic seborrheic derma-
titis (approximately 10 mg or 0.75 to 1 mg/kg orally per day). 
Animals generally respond well with a decrease in scaling, a 
softening and thinning of seborrheic plaques, decreased pru-
ritis, and reduction in odor. Response occurs within 2 months, 
and improvement continues for at least 2 more months.12 The 
more severe the syndrome, the slower the time to response; 
discontinuation of therapy is likely to result in recrudescence 

of clinical signs within 3 to 12 weeks.9 The drug was mini-
mally effective in the treatment of ceruminous otitis associ-
ated with seborrhea.12 Maintenance therapy ranges from 10 
mg every other day to 10 mg daily, alternating 30 days on and 
30 days off. Isotretinoin (1 and 3 mg/kg per day) appears to 
be much less effective.9 Neither isotretinoin nor etretinate 
has proved to be effective in West Highland White Terriers, 
and etretinate was ineffective in Basset Hounds. Both etreti-
nate and isotretinoin have proved effective in the treatment of 
Schnauzer comedo syndrome9,12 and canine ichthyosis. Newer 
applications of the synthetic retinoids include hair follicle dys-
plasia (etretinate), which should respond in approximately 30 
days, and selected dermatologic cancers. These include solar-
induced squamous cell carcinoma (etretinate 2 mg/kg divided 
or once daily for 6 months), mycosis fungoides (etretinate or 
isotretinoin 3 to 4 mg/kg divided or once daily), and selected 
benign cutaneous neoplasms (multiple sebaceous adenomas, 
epidermal cysts, inverted papillomas, and infundibular kera-
tinizing acanthomas).12

Isotretinoin for the treatment of disorders of the seba-
ceous glands has been variably successful; success may be 
breed dependent. It was proved effective in sebaceous adenitis 
of standard poodles in one study but ineffective in another.9 
A higher dose (2 to 3 mg/kg) has been recommended. Hair 
growth in poodles that do respond is abnormal, however, in 
that kinks are lost. Vizslas appear to respond to isotretinoin 
very well.9 In contrast, neither isotretinoin nor etretinate 
appears to be effective in sebaceous adenitis of Akitas.

Retinoids appear to be safe for cats but do not appear to 
be effective for solar-induced squamous cell carcinoma. Either 
isotretinoin or etretinate (2 to 2.5 mg/kg) can, however, be 
beneficial for preneoplastic actinic disease. Cats tolerate reti-
noids well, although anorexia is more common in cats than in 
dogs.12 Reducing treatment to every other day or every other 
week may limit this side effect. Topical tretinoin (0.025% 
cream) may be efficacious for treatment of feline acne. The 
product must be used very sparingly, however, so as not to 
incur severe tissue irritation.12

Although there are no reports of either acute or chronic 
toxicity in animals receiving retinoids, animals nonetheless 
should be closely monitored. Monitoring should begin with 
a physical examination before implementation of therapy, 
including measurement of tear production. These tests should 
be repeated at 4- to 6-month intervals. A complete blood 
count and serum chemistries, including triglycerides, should 
be monitored at baseline, at 1 and 2 months of therapy, and 
then every 4 to 6 months during therapy. Care should be taken 
to counsel clients regarding the cost, importance of compli-
ance, and risk of accidental human ingestion.

Ceruminolytics
Ceruminolytics are topical products that emulsify, soften, 
and break up waxy debris and exudate. Generally, they are 
detergents or surfactants used for cleaning or flushing the 
ear. Examples include dioctyl sodium sulfosuccinate, which 
is water soluble (and perhaps less messy); squalene, which 
is an oil-based product; propylene glycol; glycerin; and oil. 
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Carbamide peroxide differs from most other ceruminolytics 
in that it is a humectant, releasing urea and oxygen to cause its 
foaming action. Ceruminolytics and drying products are often 
combined with alpha hydroxy acid such as lactic, salicylic, 
benzoic, and malic acids. These acids have the added advan-
tage of decreasing local pH and are mildly antibacterial and 
antifungal, along with their keratolytic effects. These products 
need to be placed in the ear 3 to 15 minutes before flushing 
with water or saline.

Antipruritics
Antipruritics (topical)5 are used to provide temporary relief 
of itching, but their efficacy is debatable. In general, anti-
pruritics relieve itching by four mechanisms. (1) The itching 
sensation can be substituted with another sensation (such 
as heat or cold). Examples of agents with this mechanism of 
action include menthol, camphor, warm soaks or baths, and 
ice packs. (2) The skin can be protected from external factors 
such as scratching, biting, irritants, and changes in humid-
ity or temperature. This can be accomplished with bandages 
or impermeable protective agents. (3) Peripheral sensory 
nerves can be anesthetized by local anesthetics (benzocaine, 
lidocaine). These drugs may, however, cause allergic sensiti-
zation. A new product in this category for small animals is 
pramoxine (Dermacool). (4) Biochemical agents used topi-
cally to treat pruritus include glucocorticoids and antihista-
mines. Despite the fact that the skin contains large numbers 
of mast cells, topical antihistamines do not seem to be effi-
cacious. Systemic antihistamines, on the other hand, may be 
useful.

Topical glucocorticoids may not be as potent as their oral 
or injectable counterparts.13 Like systemic glucocorticoids, 
however, the active ingredients vary in potency and risk of side 
effects. For topical glucocorticoids ointments provide greater 
efficacy than creams. Topical glucocorticoids can be absorbed 
through the skin and cause systemic effects. This is more likely 
to be a problem with the potent fluorinated agents (betameth-
asone, dexamethasone, triamcinolone, flumethasone, and flu-
cinolone) and when combined with DMSO (Synotic). Gloves 
should be worn to apply these drugs. There are many forms 
of glucocorticoids available for topical use, including use on 
extensions of the skin such as the external ear canal and anal 
sacs. Once absorbed through the skin, topical corticosteroids 
are handled by the body in the same capacity as systemi-
cally administered glucocorticoids. The extent of percutane-
ous absorption of topical glucocorticoids depends on factors 
such as the vehicle, the ester form of the steroid (greater lipid 
solubility enhances percutaneous absorption), duration of 
exposure, surface area, and integrity of the epidermal barrier.  
A new product containing 0.015% triamcinolone (Genesis 
spray, Virbac U.S.) has been formulated to be applied topically 
to the entire skin surface for its antipruritic effect.11 This prod-
uct may also be used for spot treatment of pruritic regions. 
Ointment bases are occlusive and are therefore more likely 
to increase percutaneous absorption of the same glucocorti-
coid in a cream base. Highly potent preparations in any form 
should not be used on abraded skin.

Irritants
A number of products are used to inflame or irritate the skin to 
various degrees. Examples include those that cause hyperemia 
(rubefacients), inflammation (irritants), and cutaneous blis-
ters (vesicants). Caustics are corrosive agents that destroy tis-
sue after one or more applications. Examples include camphor, 
coal tar, creosote, menthol, methyl salicylate, iodine, mercuric 
iodide, alcohols, and pine tar. Among these, only coal tar is 
used to any degree in veterinary medicine. It is a by-product 
of bituminous coal distillation and, as an irritant, decreases 
epidermal synthesis of DNA.2 Escharotics also are corrosives 
that precipitate proteins, causing the formation of a scab and 
eventually a scar. Examples include glacial acetic acid, alumi-
num chloride, gentian violet, phenol, salicylic acid, and silver 
nitrate. The uses in veterinary medicine are few.2 Irritant prod-
ucts have been used empirically for many centuries. Their pro-
posed mode of action is masking of moderate to severe pain by 
milder pain caused by the application. Another desired effect 
of irritants is to induce a healing action on chronic wounds. 
The idea is to heal chronic inflammation by converting it to 
acute inflammation. Chemicals used include phenol, forma-
lin, mercuric iodide, and camphor. Menthol-containing prod-
ucts are sometimes used to treat acral lick dermatitis (“lick 
granuloma”) in dogs but may be painful upon initial applica-
tion. Capsaicin has been used topically on human beings for 
relieving arthritis pain. It also has been used to treat acral lick 
dermatitis in dogs.

Antimicrobials
Alcohols, iodine, chlorhexidine, iodophors, and hexachloro-
phene can be effective in the treatment of infectious skin dis-
eases (see Chapters 10, 11, and 13).

Benzoyl peroxide, discussed with the antiseborrheics, is a 
potent broad-spectrum antibacterial agent. It is an excellent 
adjunctive treatment for pyoderma. In a clinical trial of four 
antibacterial shampoos (containing 3% benzoyl peroxide, 
0.5% chlorhexidine, 1% available iodine in a povidone com-
plex, and 0.5% triclosan combined with 2% salicylic acid and 
2% sulfur), although each was effective prophylactically, the 
product containing benzoyl peroxide was most effective.14 Use 
of the veterinary products (as opposed to the human propri-
etary products) is strongly recommended. Benzoyl peroxide is 
very irritating to cats and should be avoided.

Many antibiotics are available in topical form as ointments. 
Examples include neomycin, bacitracin, polymyxin B, grami-
cidin, and nitrofurazone. Often these drugs are available in 
combination with each other or with steroids.

Mupirocin is a compound produced by Pseudomonas 
fluorescens that is effective against superficial (topical) infec-
tions caused by Staphylococcus species. It is less active against 
gram-negative organisms and in humans is not active against 
normal skin flora. It inhibits protein synthesis by binding to 
bacterial tRNA synthetase. Prepared as an ointment, it often 
is used for prophylaxis of superficial infections resulting from 
wounds and injuries.8 Veterinary products containing mupi-
rocin recently have become available (Muricin ointment 2%, 
Dechra).
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Treatment of otitis externa often involves a topical antibi-
otic–steroid combination such as Tresaderm or Panalog. Any 
of the agents contained in these products, neomycin in partic-
ular, can cause allergic sensitization or irritation. Cats appear 
to be more sensitive to topically applied otics than dogs.

In general, topical therapy of dermatophytoses in dogs 
and cats is not highly effective because of the thick hair coat 
and the location of the organisms deep in the hair follicle. 
The drugs are often unable to reach the site of the infection 
in adequate concentrations. Gentle clipping of the affected 
area(s) may aid in topical application, but whole body clip-
ping is generally not recommended. Amphotericin B (Fungi-
zone), available as 3% cream, lotion, or ointment, can be used 
for Candida infections. Chlorhexidine is a mild antifungal as 
well as antibacterial and is available as a rinse or shampoo (1% 
to 4% recommended). By itself it is not very effective for the 
treatment of dermatophytosis. New formulations combined 
with miconazole (Malaseb rinse, shampoo and spray DVM) 
or ketoconazole (Ketochlor, Virbac US)) shampoo can be 
used for Malassezia dermatitis or adjunct therapy for derma-
tophytosis. Clotrimazole 1% (Lotrimin, Veltrim) is effective 
against dermatophytes, Candida, and Malassezia. It may cause 
mild irritation. Miconazole is available as a 2% cream or 1% 
lotion (Conofite and Resizole 2%) and shampoo (Dermazole) 
and is effective against dermatophytes, Malassezia, and Can-
dida. Nystatin (Panalog ointment or cream, nystatin cream) is 
effective against some yeast and some dermatophytes but not 
Malassezia species. Sulfur is effective against dermatophytes 
and therefore may be used for localized or generalized der-
matophytosis (LymDyp, DVM). Cats may become ill if they 
groom after treatment so it is recommended that they wear an 
Elizabethan collar until the product is dry. Lime sulfur dip is 
also antiparasitic and antipruritc and very cost effective com-
pared with other topical treatments. Lime sulfur dip may stain 
fabric and can tarnish jewelry. It is a very efficacious product, 
but because of the strong odor, owner compliance may be 
weak. Thiabendazole is effective for dermatophytes and some 
yeast, including Malassezia. Products including thiabendazole 
include Tresaderm, a combination product with neomycin 
and dexamethasone, which is best used for local lesions. In 
general, the use of a topical agent containing corticosteroid is 
not recommended when treating dermatophytosis.

Antiparasitics
Drug delivery systems. Antiparasitics are available as sprays, 

powders, shampoos, foams, spot-ons, tablets, and dips. The 
use of parasiticides is discussed in Chapter 15. Spot-on prod-
ucts are commonly used as broad-spectrum antiparasitic 
agents. Their ease of use and efficacy make them a preferred 
product for many circumstances. Powders are the safest for-
mulation but must be frequently applied. They often are messy 
and must be applied deep into the coat to be effective. Sprays 
may have little residual effect depending on the active ingre-
dient and concentration of the product, and the noise made 
during application often frightens the animal. Efficacy can be 
enhanced by ensuring adequate penetration of the hair. The 
hair should be brushed away from the skin so that the spray 

can reach the skin. The face can be treated by spraying into 
a glove and then rubbing the face. A water-based spray may 
cause less drooling than an alcohol-based spray.

Shampoos have little residual effect and must stay on the 
skin at least 10 minutes to kill fleas and ticks. The active ingre-
dients (pyrethrin, pyrethroids, carbaryl) in these preparations 
are not intended to be absorbed systemically. Any factor that 
would increase the absorption of these drugs (see earlier dis-
cussion) may result in system toxicity. Because cats are espe-
cially susceptible to the toxicities of certain parasiticides, only 
those products specifically intended for use on cats should 
be used. Flea shampoos should not be used more than once 
weekly to avoid drying of the skin. A humectant rinse may 
help compensate for the drying effects. Shampoos remove 
flea eggs, flea feces, and other debris, facilitating other topi-
cal therapy and making the animal look and feel better. High- 
concentration pyrethrins may be effective as repellents for fleas 
and ticks. They are rapidly destroyed by ultraviolet light. Toxic-
ity can follow ingestion (grooming) or percutaneous absorp-
tion. Toxicity is manifested as salivation, tremors, and seizures. 
Treatment is symptomatic but should include bathing.

A number of spot-on products act as adulticides and some 
are effective against the juvenile stages as well. They are applied 
to the infrascapular area from where they diffuse over the 
body. Some products are intended to be systemically absorbed 
for their antiparasitic effects. They can cause contact allergy 
and irritation. Examples include imidacloprid (Advantage, 
Bayer), fipronil (Frontline, Merial) selemectin (Revolution, 
Pfizer), metaflumazone (ProMeris, Fort Dodge), and dinote-
furan (Vectra 3D, Summit).

In most cases flea collars have limited efficacy. Collars con-
taining carbaryl, pyrethrin, or organophosphates are read-
ily available in stores. Besides having limited efficacy, collars 
occasionally cause irritation reactions. Collars containing 
methoprene (Ovitrol) act to “sterilize” the fleas and are helpful 
in flea eradication. To keep clients from being disappointed 
with the results, clinicians should inform them that these 
products do not kill adult fleas. Collars containing amitraz 
(Preventic) are effective against ticks but not fleas. The feed-
ing ticks will detach and die. Recent studies demonstrate that 
the tick will be killed before being able to transmit borreliosis, 
but other tick-borne diseases were not evaluated. This col-
lar will not affect nonfeeding ticks. Ingestion of the collar is 
associated with acute toxicity. Yohimbine can be an effective 
antidote. Even though the active ingredient is amitraz, it has 
been shown to have many beneficial effects for the treatment 
of demodicosis.

Active ingredients. Pyrethrins are extracts from the chry-
santhemum flower. Their mechanism of action involves dis-
rupting neurologic function by prolonging Na+ in nerve 
membranes. They rapidly kill fleas, flies, lice, cheyletiella, 
otodectes, and mosquitoes but have little residual activ-
ity. Although among the safest products for use in cats, only 
those products approved for cats should be used. Pyrethrin- 
containing products are available in many formulations. Both 
pyrethrins and permethrins have repellent properties, but 
their residual effects are not well documented.
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Pyrethroids are synthetic analogs of pyrethrins with the 
same mechanism of action but greater ultraviolet stability and 
thus longer action. Microencapsulation of pyrethroids pro-
vides further residual activity. They have a slower knockdown 
than pyrethrins, and thus they are often combined with them. 
Toxicity and treatment thereof is the same as for pyrethrins. 
Permethrins are available as 0.05% to 25% flea sprays but also 
up to 65% as spot flea and tick products. A relatively new prod-
uct (K9 Advantix) combines imidacloprid with permethrin 
for increased efficacy against ticks. Toxicities have been seen 
with this product when it was inadvertently applied to a cat.

Chlorinated hydrocarbons should not be used (if there 
happens to be any still on the market). There are two types 
of cholinesterase inhibitors available: carbamates and 
organophosphates.

Carbamates such as carbaryl are available in sprays, dips, 
collars, and premise-control sprays, and they are safe for dogs 
and cats. Toxicity of carbamates as well as organophosphates 
reflects overstimulation of the parasympathetic system and 
should be treated with atropine and 2-pyridine aldoxime 
methylchloride.

Organophosphates are the most toxic insecticides used in 
veterinary medicine. With one exception, these agents should 
not be used around cats. Care should be taken to avoid cumu-
lative exposure if animals are exposed to this class of insecti-
cide in lawn and garden preparations. Examples of commonly 
used organophosphates are chlorpyrifos (Dursban, Duratrol), 
used for flea sprays and dips; diazinon, used for environmental 
flea and tick control; malathion, used on both cats and dogs 
and often combined with other insecticides (noncholinester-
ase inhibitors); phosmet (Paramite Dip), useful for flea control 
and sometimes used for scabies; cythioate (Proban), a systemic 
insecticide; and fenthion (Pro-Spot), topically applied for a sys-
temic effect. Organophosphates are disappearing from the mar-
ket because of concerns of safety of animals and human beings.

Fipronil (Frontline) is a new synthetic molecule in the 
phenylpyrazole family. It acts at gamma-aminobutyric acid 
(GABA) receptors and inhibits GABA-regulated chloride flux 
into the nerve cell. It is a flea adulticide and has efficacy against 
ticks. It may also be effective in preventing scabies mite infes-
tation. Preliminary studies indicate good residual activity even 
after bathing. This product is available as an on-animal spray 
or as a spot-on product. Frontline Plus contains fipronil and 
methoprene for its ovicidal properties.

Imidacloprid (Advantage and K9 Advantix) is a spot-on 
application product that kills adult fleas. It works by preventing 
postsynaptic binding of acetylcholine, leading to respiratory 
paralysis of the flea. This product may be removed by frequent 
bathing but is labeled as waterproof. It must be applied every 
30 days to be effective. Advantage may be applied as frequently 
as every 7 days if needed to treat severe infestations of fleas. 
The addition of permethrin to the K9 Advantix provides effi-
cacy against ticks and mosquitoes and repellent properties 
against mosquitoes and other parasites. Again, this product is 
to be used only on dogs.

A combination product containing imidacloprid and mox-
idectin (Advantage Multi) is available in a spot-on formulation 

for dogs and cats. The age restriction is 7 weeks and 9 weeks, 
respectively. This product is used to treat for fleas, heartworm 
prevention, intestinal worms, and ear mites. It is not approved 
for use in the United States for the treatment of sarcoptes (sca-
bies) or demodicosis but may prove to be efficacious.

Selamectin (Revolution, Pfizer) is available as a spot-on for-
mulation. It is approved for the treatment of fleas, heartworm 
prevention, tick (Dermacentor sp.) infestations, sarcoptes (sca-
bies), and otodectes (ear mites) for dogs. The age restriction 
is 6 weeks. The formulation for cats has an age restriction of 
8 weeks. It is approved for the treatment of fleas, heartworm 
prevention, otodectes, roundworms, and hookworms. Anec-
dotal reports indicate efficacy for feline scabies mites, Notoed-
res, though not approved for this use.

Nitenpyram (Capstar, Novartis) is an oral medication for 
the treatment of flea infestations in dogs and cats. The age 
restriction is 4 weeks, and the animal’s body weight must be 
greater than 2 pounds. This product may be given daily but is 
often used in conjunction with other flea medications on an 
as-needed basis. Rapid and complete kill of adult fleas is the 
main reason for using this product. Anectotal reports indicate 
efficacy when inserted rectally (i.e., during a surgical proce-
dure when fleas are discovered). It has also been used to treat 
subcutaneous maggot infestations of dogs and cats. Neither 
of these uses are licensed or approved by the Food and Drug 
Administration.

Amitraz (Mitaban) is a monoamine oxidase inhibitor. It is 
the only licensed product for treatment of generalized demod-
icosis. Mitaban is also efficacious against scabies and ticks, but 
this is considered an off-label use. This product rapidly oxi-
dizes on exposure to light and air, and the breakdown prod-
uct is more toxic than the parent compound. Mitaban should 
be mixed fresh each time, and the entire contents should be 
used to avoid toxicity. Side effects include sedation and leth-
argy (sometimes for 24 hours), pruritus, bradycardia, hypo-
thermia, hypotension, and hyperglycemia. Hyperexcitability is 
an uncommon side effect. Amitraz is not appropriate for epi-
leptic dogs and animals receiving behavior-modifying drugs. 
Yohimbine works as a reversing agent. The large animal form 
of amitraz (Taktic) should not be used on dogs. ProMeris for 
dogs (Fort Dodge) is a spot-on formulation containing ami-
traz and metaflumazone. It has recently been approved to treat 
localized and generalized demodicosis in dogs greater than 8 
weeks of age. The recommended application rate is every 14 
days until remission. Potential side effects include those asso-
ciated with amitraz application. Anecdotal skin reactions have 
been noted.

Ivermectin (Ivomec 1%) is a GABA agonist that leads to 
parasite paralysis. In mammals GABA in the central nervous 
system is protected by the blood–brain barrier. Ivermectin is a 
large molecule that cannot pass the blood–brain barrier except 
in certain breeds. It is efficacious against scabies, lice, otodectes 
(ear mites), and cheyletiella. It is not approved for use in small 
animals for treatment of parasites other than as a heartworm 
preventive. Ivomec is rapidly absorbed orally or subcutane-
ously. The administration into the ear canal is not recom-
mended except for the 0.01% ivermectin product Acarex. It 
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should not be used in Collies, Border Collies, Shetland Sheep-
dogs, Australian Shepherds, Old English Sheepdogs, or any 
dog that looks like a Collie. Also, it is not recommended for 
any animal younger than 12 weeks of age. Daily ivermectin has 
been used to treat demodicosis. Enzodiazepines are contrain-
dicated for concurrent use. Treatment of ivermectin toxicity 
is symptomatic and supportive. There is no good antagonist 
available.

Milbemycin (Interceptor) has a similar action to ivermec-
tin. Its use in dermatology is confined to daily oral adminis-
tration for the treatment of refractory demodicosis. Therapy 
may take 6 to 9 months, and relapses are common. Cost is a 
limiting factor. This drug is not approved for use for demo-
dex treatment. Although not contraindicated in Collies and 
Collielike dogs, caution is advised for side effects. A new otic 
product containing milbemycin (Milbemite) is a very effective 
treatment for ear mites in dogs and cats.

Spinosad is the active ingredient in Comfortis (Eli Lilly). 
This is an oral tablet that is given monthly to control fleas on 
dogs only. The age restriction is 14 weeks. Safety in pregnant 
animals is not evaluated. Side effects have been noted when 
this medication has been used in conjunction with off-label 
usage of ivermectin; this is not recommended. This product 
has no efficacy against ticks. Vomiting was the most common 
adverse reaction noted. Absorption of the medication is ade-
quate after 1 hour.

A combination product containing dinotefuran, perme-
thrin, and pyriproxyfen (Vectra 3D, Summit VetPharm) has 
been approved for use on dogs older than 7 weeks of age. This 
spot-on product is effective against fleas and ticks and will 
repel and kill mosquitoes. It is recommended to apply this 
product monthly. The feline formulation does not contain per-
methrin. The age restriction is 8 weeks for kittens.

A combination product containing metaflumizone and 
amitraz (ProMeris, Fort Dodge) is a spot-on product approved 
for dogs older than 8 weeks of age. It is effective for fleas and 
ticks and has recently been approved for the treatment of 
localized and generalized demodicosis. ProMeris for cats (8 
weeks or older) does not contain amitraz and is for the treat-
ment of fleas only.

Flea insect growth regulators (IGRs) are endogenous 
chemicals in insects that control the early stages of their 
metabolism, morphogenesis, and reproduction. Synthetic 
compounds mimic the effects of the natural chemicals. 
Because IGRs maintain high levels of these chemicals during 
maturation and development of larvae, insects are prevented 
from developing. Natural levels decrease over time and allow 
normal maturation. IGRs have no effects on mammals and are 
very safe. They are combined with pyrethrins or pyrethroidsor 
fipronil to increase the spectrum of activity to include adults. 
Several products are available: Methoprene (Ovitrol spray) is 
a juvenile hormone analog available for on-animal and envi-
ronmental use. It is degraded by ultraviolet light and hormone 
esterase. Pyriproxifen (Nylar) is a juvenile hormone mimetic 
for fleas. Preliminary studies indicate very long residual activ-
ity even when the animal is bathed and excellent environ-
mental stability. This ingredient is available mixed with 2.5% 

permethrin (KnockOut spray) and is a very effective treatment 
for canine flea allergy. The high concentration of pemethrin 
precludes its use on cats. Pyriproxifen is also included in Vec-
tra 3D (Summit Labs).

Lufenuron (Program) is a benzoylphenylurea that inhibits 
synthesis and deposition of chitin within the ova and larval 
exoskeleton of developing fleas. It is strongly lipophilic and 
stored in adipose tissue with slow release into the blood vas-
culature, providing long residual activity from a single dose. 
It does not affect adult fleas. Lufenuron is taken up by the 
feeding flea and incorporated into the developing egg. It is 
excreted in the flea feces. If the flea larvae consume flea feces 
containing lufenuron, they will be unable to mature into the 
pupal stage. Because of the slow absorption from the gastro-
intestinal tract, this product is given with food. Cats do not 
absorb this product as well as dogs, and therefore a higher 
dosage on a per-pound basis is needed for the same efficacy 
and duration of effect. This product is very safe and carries no 
contraindications.

Miscellaneous. Pennyroyal oil is a volatile oil extracted from 
plants in the mint family. Because of its limited efficacy and 
evidence of hepatotoxicity, this product is not recommended. 
D-limonene is from oils of citrus fruits. Toxicities have been 
noted in the cat, especially depression, ataxia, and toxic epi-
dermal necrolysis. This product is not recommended. Tea tree 
oil contains various monoterpenes. Toxicities with this oil 
have been reported, and there is no scientific evidence to sup-
port claims of its efficacy as an antiparasitic agent.

SYSTEMIC DERMATOLOGIC THERAPY

Systemic dermatologic therapy is indicated for diffuse, serious, 
or chronic conditions (Table 22-1).

Antimicrobials
Antimicrobials indicated for the treatment of dermatologic 
disorders are discussed in Chapters 10 and 11. A number of 
antimicrobials are effective for the treatment of bacterial skin 
diseases (pyoderma). Care should be taken when using sul-
fonamides, often selected as first-choice therapy, because of 
their ability to suppress the synthesis of thyroid hormones 
(see Chapter 32). A study in 20 dogs receiving sulfamethox-
azole (with trimethoprim) at 30 mg/kg every 12 hours for  
6 weeks found marked suppression of thyronine concentrations 
and response to thyroid-stimulating hormone. Suppression 
did not occur with 15 mg/kg of sulfadiazine (trimethoprim) 
once daily for 4 weeks.15 Thyroid function returned to nor-
mal within 3 weeks of discontinuing therapy. Suppression 
may result from inhibition of thyroid peroxidase by the amino 
group in the sulfonamide. The effect of sulfonamides on feline 
thyroid function has not been reported.

Antiinflammatory and Antipruritic Agents
Glucocorticoids
Glucocorticoids are discussed in Chapter 30. Glucocorticoids 
continue to be overused and abused for treatment of der-
matologic diseases.13,16 Scott13 noted that more than 50% of 
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Table 22-1  Dosing Regimens of Systemic Dermatologic Drugs
Drug Dose (mg/kg)* Route Frequency (hr)
Glucocorticoids

Dexamethasone 0.11 (D) PO 48
0.2 (C) PO 48

Methylprednisolone 0.25-0.55 PO 24-48
0.88 (D) PO 48

Prednisolone 1.1 (D) PO 48
2.2 (C) PO 48

Triamcinolone 0.88 (D) PO 48
Antihistamines

Astemizole 1 (D) PO 24
Cetirizine HCL 1.0 PO 24
Chlorpheniramine 0.22-0.8 PO 8-12 not to exceed 1 mg/kg every 24 hr

2.4 mg/cat PO 12-24
Cyproheptadine 0.25-0.5 (D) PO 12
Clemastine 0.05-1.0 (D) PO 12

0.34-0.68 mg total (C) PO 12
Diphenhydramine 2.2 PO 8
Hydroxyzine 2.2 PO 8

10 mg total (C)
Loratadine 0.5-1.0 (D) PO 24
Trimeprazine 2.5-5 mg total (D) PO 8

Behavior modifiers
Amitriptyline 2.24.4 (D) PO 24

5-10 mg/cat PO 24
Clomipramine 1-3 (D) PO 24
Doxepin 0.5-1 (D) PO 12
Fluoxetine 1 (D) PO 24
Hydrocodone 0.25 PO 8
Imipramine 2.24.4 PO 12-24
Naltrexone 2.2 PO 12-24

Antimicrobials
Enrofloxacin 2.5-5 PO 12
Clofazimine 2-3 PO 24 (feline leprosy)

8-12 PO 24
Dapsone 1.1 PO 12
Griseofulvin

Microsize 25-60 PO Divided or every 24
Ultramicrosize 5-10 PO Divided or every 24

Itraconazole 5-10 PO 12-24 (with food)
Terbinafine 10 (up to 30?) PO 24

Antiparasitics
Ivermectin

Scabies 0.2 (D) SC Two or three doses, 14 days apart
0.3 (D) PO Four doses, 7 days apart

Cheyletiellosis 0.3 SC Two doses, 21 days apart
Ear mites 0.24.4 SC One to two doses, 14-21 days apart
Demodectic mange 0.3-0.6 (D) PO 24

Milbemycin
Demodectic mange 1-2 (D) PO 24

D, Dog; PO, by mouth; C, cat; SC, subcutaneous.
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his referral cases are complicated by the excessive use of the 
drugs. Yet glucocorticoids remain an important and legiti-
mate component of both acute and chronic treatment of a 
variety of skin diseases associated with pruritus or inflam-
mation resulting from allergic diseases (e.g., atopy, flea bite, 
other insect- and arachnid-mediated hypersensitivity, food 
hypersensitivity, contact dermatitis), pyotraumatic dermatitis 
(“hot spots”), and acral lick dermatitis.13 Note that glucocor-
ticoids for acral lick dermatitis may largely be replaced with 
behavior- modifying drugs for this syndrome. Glucocorticoids 
also remain the cornerstone of therapy for many of the auto-
immune diseases affecting the skin, including the eosinophilic 
granuloma complex, pemphigus complex, systemic lupus 
erythematosus, and discoid lupus erythematosus. Optimal 
therapy of each of these diseases varies, insofar as some may 
respond to glucocorticoids alone and some may require a 
combination of glucocorticoids and alternative immunosup-
pressive drugs such as azathioprine, chlorambucil, cyclospo-
rine, or cyclophosphamide. Routes of administration vary 
with lesion and intent and include oral, topical, intralesional, 
and systemic (intravenous, subcutaneous, intramuscular). The 
use of topical glucocorticoids was previously discussed; note 
that side effects of glucocorticoids will not necessarily be pre-
vented by limiting therapy to topical application. In general, 
oral administration is preferred for its convenience and abil-
ity to regulate dosage safely (including rapid withdrawal rela-
tive to other routes). Although some animals may appear to 
respond better to injectable rather than oral drugs, differences 
in response may reflect an insufficient oral dose. This is par-
ticularly likely to occur if the oral drug is one that is less potent 
than the injectable drug.13

The choice of glucocorticoid should be based on desired 
potency (e.g., dexamethasone is more potent than predniso-
lone and may be preferred for acute needs) balanced with 
avoidance of side effects (prednisolone is characterized by 
a smaller tendency to affect the hypothalamic–pituitary– 
adrenal axis negatively; see Chapter 30).16 Personal preference 
among clinicians ultimately also will determine the selection 
of specific drugs: Whereas prednisolone may be efficacious 
for some situations, it may not be for others. In addition, an 
animal may develop intolerable side effects with one glucocor-
ticoid but not another. The development of steroid tachyphy-
laxis may lead to deselection of a steroid that previously was 
efficacious.13 Remission in the case of acute exacerbation of 
clinical signs might respond to a pulse-dose approach using 
the original antiinflammatory dose.16

Dermatologic conditions requiring glucocorticoid therapy 
range from mild to serious. Dermatoses associated with life-
threatening conditions generally are limited to diseases that 
also are accompanied by diseases of multiple organs (e.g., 
immune-mediated disease). In such cases glucocorticoid ther-
apy should be aggressive, with doses sufficiently high to control 
disease. Regardless of the indication of glucocorticoids, alter-
nate-day therapy should be a goal of maintenance.16 Not all 
conditions will, however, be sufficiently controlled with alter-
nate-day therapy.13 Because high doses of glucocorticoids are 
often required to adequately treat immune-mediated diseases, 

adverse effects are likely to occur. Concurrent administra-
tion of additional immunosuppressive drugs (azathioprine, 
chlorambucil, cyclosporine, or cyclophosphamide) may allow 
the glucocorticoid dose to be decreased. Dose reduction for 
patients with autoimmune diseases should be conducted grad-
ually and should occur for at least 2 weeks (longer if time to 
clinical remission was prolonged), and the actual dose should 
be decreased by no more than half. Relapse may occur if the 
dosage is decreased too rapidly. Clinical reassessment should 
continue until a minimally effective dose is established for 
maintenance therapy.

Chronic inflammatory disorders (e.g., atopy or flea allergy 
dermatitis) should be treated less aggressively. A minimum 
effective dose should be determined by trial and error and 
reevaluated such that the dose is reduced when possible. 
Agents that are amenable to alternate-day administration 
include the first-choice drugs prednisone and prednisolone 
and the second-choice drug methylprednisolone.16 The ideal 
alternate-day dose for these drugs is 0.22 to 0.55 mg/kg.16 The 
durations of action of hydrocortisone and cortisone may be 
too short for effective alternate-day therapy. Although triam-
cinolone’s duration of antiinflammatory action is longer than 
that of prednisolone and methylprednisolone, suppression of 
the hypothalamic–pituitary–adrenal axis is more likely but 
less typical of the long-acting agents such as dexamethasone 
and betamethasone.

All patients receiving long-term glucocorticoids should 
be monitored, with physical examinations occurring at least 
twice yearly. Urinalysis is recommended with a urine culture 
because of the risk of subclinical urinary tract infection.16 In 
cases of relapse, the animal should be reevaluated for com-
plicating diseases or conditions such as pyoderma, dermato-
phyte infection, and demodicosis.13,16 Glucocorticoids should 
be discontinued whenever possible; however, discontinuation 
may not be possible for immune-mediated disorders.13,16 Con-
current treatment with nonglucocorticoid antipruritics such 
as antihistamines or fatty acid supplements, either systemi-
cally or topically, should be attempted to reduce the glucocor-
ticoid dose16 Other agents being studied include misoprostol 
and cyclosporine.

Cyclosporine
Cyclosporine may be used to control pruritus in dogs and cats 
with atopic dermatitis.17,18 It appears to be quite effective at 5 
mg/kg orally once daily, and doses range from 2.5 to 6 mg/kg 
daily. Initially it should be given with food to decrease the like-
lihood of vomiting, but it is best given on an empty stomach 
for improved absorption. Food decreased the bioavailability 
by 22%.19 The water-soluble forms should be selected (Atop-
ica, Neoral). Long-term use of cyclosporine for the treatment 
of canine atopic dermatitis has been reviewed.20 Laboratory 
abnormalities were detected in 25% of the dogs; 0.039% devel-
oped oral growths, and 0.058 % developed hirsutism. Many 
dogs were tapered to 2 to 3 times per week to control clini-
cal signs. Interestingly, 24% of the dogs did not require ongo-
ing therapy when cyclosporine was discontinued. In another 
report approximately 40% of dogs treated with cyclosporine 
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for 4 months did not relapse during a 2-month follow-up.19 
There appears to be good evidence to support the beneficial 
response to cyclosporine therapy in atopic dogs.21 A poor 
response to therapy, not due to side effects of cyclosporine, 
may indicate secondary skin infections, ectoparasitism, or 
non–atopy-related causes of the pruritus. Cyclosporine has 
also been used for treating canine perianal fistulae, erythema 
multiforme, sterile granuloma, pemphigus complex disease, 
and occasionally sebaceous adenitis.22 Tacrolimus ointment 
(Protopic 0.1%) applied topically once daily for 4 weeks led 
to clinical improvement of localized lesions associated with 
atopic dermatitis in the dog.23 Improvement was not noted 
in dogs with generalized lesions. Tacrolimus ointment may 
also be used for the treatment of autoimmune diseases with 
localized severity such as discoid lupus erythematosus con-
fined to the planum nasale. This potent immunosuppressive 
agent is still in its infancy with respect to the uses in veterinary 
dermatology.

Dapsone
Dapsone is a sulfone product that has been used dermatologi-
cally for its antiinflammatory effects.8 Prevention of myelo-
peroxidase respiratory burst impairs white blood cell activity, 
and blocking of integrin-mediated adherence impairs neu-
trophil migration. Antibody adherence to neutrophils also is 
blocked. Dapsone is approved for use in humans for a num-
ber of immune-mediated diseases. Dapsone is metabolized 
to a toxic compound (dapsone hydroxylamine) that depletes 
glutathione in cells with a glucose-6-phosphate dehydroge-
nase deficiency in people; the importance of this effect has not 
been documented in animals. The metabolite, however, causes 
rapid hemolysis. Cimetidine can be used to minimize toxicity 
by competing for drug-metabolizing enzymes.8

Antihistamines
Despite structural differences, all classes of H1 antihistamines 
have similar antiinflammatory actions and side effects. The 
primary mechanism of action of these drugs reflects com-
petitive inhibition of histamine at the receptor. Newer H1 
antagonists also block histamine release and have proved 
effective for treatment of atopy in humans (see the discus-
sion of antihistamines in Chapter 31). However, differences in 
response among drugs, species, or disorders might also reflect 
impaired histamine release from mast cells or altered T-cell 
function. Side effects of these drugs also vary with the product 
and include gastrointestinal upset and neurologic manifesta-
tions, including drowsiness (the most common side effect) 
and hyperexcitability. Contraindications include central ner-
vous system disorders (including epilepsy), glaucoma, and 
smooth muscle motility disorders such as might occur in the 
gastrointestinal or urinary tract. These products are generally 
used safely in human pregnancy, although safety has not been 
established in the pregnant or nursing cat and dog. Products 
with antihistamine activity only generally have fewer contra-
indications; the particular product should be reviewed before 
use and those with other pharmacologic effects avoided when 
appropriate.

Antihistaminergics can be beneficial in some cases of pru-
ritus in dogs and cats. Because of varying effects among the 
drugs, each antihistaminergic should be tried for at least 1 
week before an alternative medication is sought. Among the 
drugs tested in clinical trials, clemastine appears to be the 
most effective in stopping itching associated with pruritus in 
dogs and cats and is the antihistamine of choice.24 Cost, how-
ever, can be prohibitive. A recent study found that after oral 
administration of clemastine, bioavailability was only 1% to 
6%. It may be necessary to modify dose regimens for greater 
systemic effect.25 Chlorpheniramine should be considered 
next for both dogs and cats.7 The bitter taste of chlorphenira-
mine might be avoided by use of time-release capsules, which 
need to be administered only once daily. Diphenhydramine 
and hydroxyzine may be less efficacious; in addition, hyper-
excitability may limit use in cats. A minimally effective dose 
may reduce the incidence of side effects. Astemizole is another 
recently approved human product. Although it appears safe 
(1 mg/kg), its efficacy has not been established in animals. In 
human medicine a combination of H1 (the traditional antihis-
taminergic selection) and H2 blockers has been recommended. 
The immunomodulating effects of H2 blockers may benefit the 
dermatologic patient.8 Newer H1-blocking drugs (loratadine) 
do not cause anticholinergic effects and are not sedating. Cau-
tion should be taken when combining these products with H2 
receptors, however, because of an increased risk of cardiac 
arrhythmias, probably due to inhibition of drug-metabolizing 
enzymes.8 Antihistamines may act synergistically with miso-
prostol in controlling pruritus. There is fair evidence for its 
efficacy in controlling pruritus in dogs with atopy21; studies 
currently are under way.

Omega-3 (Omega-6) Polyunsaturated Fatty Acids
Body fats are stored as either adipose tissue or structural fat. 
Adipose tissue is rich in triglycerides, which are composed of a 
glycerol backbone and three fatty acids. Structural fats are rep-
resented by phospholipids, also composed of a glycerol back-
bone; two fatty acids (at the 1 and 2 positions); and a phosphate 
group (at the 3 position). Fatty acids can be released from glyc-
erol by phospholipase. Saturated fatty acids have no double 
bonds. Unsaturated fatty acids (UFAs) include monounsatu-
rated fatty acids, which have one double bond, and polyun-
saturated fatty acids (PUFAs), which have two or more double 
bonds. The shorthand identification system of PUFA reflects 
the number of carbon atoms, the number (n) of double bonds, 
and the position of the first double bond from the terminal or 
omega methyl group end of the molecule.3 For example, the 
formula for linoleic acid, an essential fatty acid for mammals, 
is 18:2n-6; it contains 18 carbons and two double bonds, with 
the first double bond located between the sixth and seventh 
carbon. Alpha-linolenic acid (ALA) (18:3n-3) also contains 
18 carbons but has three double bonds, with the first located 
between the third and fourth carbon (Figure 22-2).

Essential fatty acids (EFAs) are those fatty acids required 
for normal physiologic function that cannot be synthesized by 
the animal and thus must be obtained in the diet.3 Among the 
functions of EFAs are serving as a structural component of cell 
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membranes, primarily as arachidonic acid and in specialized 
tissues (retina and brain) as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid.3 The PUFA component is important 
in determining fluidity of the membrane, rendering it more 
stable, and maintaining cellular permeability. The epidermal 
water barrier of the skin depends on linoleic acid (LA) lip-
ids located in the intercellular lamellar granules at the level 
of the stratum granulosum–corneum interface. EFAs are also 
the source of eicosanoids, from which are derived prostaglan-
dins, leukotrienes, platelet-activating factor, and related com-
pounds. Prostaglandins are notable for their protective effects 
in many body systems; both classes of eicosanoids also are 
potent inflammagens (see Chapter 16).

Two families of UFAs are essential for mammals (see Figure 
22-2). Fatty acids of the n-3 (omega-3) series include ALA; EPA 
(20:5n-3) is a metabolic product of ALA found in fish oil. Fatty 
acids of the n-6 (omega-6) family include LA, the precursor to 
arachidonic acid (AA), a fundamental component of cell mem-
branes and thus the most important of the EFAs in mammals.3 
Gamma-linolenic acid (GLA) is a product of LA found in cer-
tain plant oils. It is elongated to dihomo-gamma-linolenic acid, 
which is then converted to AA. Of the omega-3 series, ALA is 
elongated to EPA and then docosahexaenoic acid (DHA) (see 
Figure 22-2). Because of the absence of microsomal desaturase 
enzymes necessary to make double bonds, mammals are unable 
to synthesize LA and ALA.3 Most mammals are, however, able 
to synthesize AA from dietary sources of LA, EPA, and DHA 
from dietary sources of ALA. Thus, although LA and ALA are 
EFAs, their products and end products are conditionally essen-
tial because their synthesis requires the precursor. However, 
cats cannot synthesize AA.3 In addition, enzymes necessary for 
conversion of LA to AA apparently are not present; thus AA 
must be consumed in their diet. Dietary supplements contain 

PUFAs rich in LA and GLA (plant sources) and EPA (fish oil), 
although the quantity or ratio of plant and animal oils varies 
with the source (Table 22-2).

After ingestion from the diet, and metabolism and restruc-
turing in the body, the end products of n-3 and n-6 PUFAs are 
EPA and AA, respectively. Both of these products are inserted 
as components of phospholipids into cell membranes. When 
the membrane is damaged, both EPA and AA are released 
into the cell, where they are converted by lipoxygenase and 
cyclooxygenase to various eicosanoid (leukotriene and pros-
taglandin) end products (see Chapter 16). The activities of 
these end products vary with the fatty acid: Those formed 
from EPA are much less inflammogenic than those formed 
from AA. The composition of PUFA in cell membranes can 
be nutritionally modified by replacing AA with either EPA or 
GLA.3 These nutritional modifications can result in changes in 

Essential n-6 fatty acids

�-6 Desaturase

Elongase

�-5 Desaturase

Essential n-3 fatty acids

18:3n-3 �-linoleic acids (ALA)

18:4n-3 octadecatetraenoic acid

20:4n-3 eicosatetraenoic acid

20:5n-3 eicosapentaenoic acid (EPA) (fish oils)

22:5n-3 docosapentaenoic acid

22:6n-3 docosahexaenoic acid (DHA)

18:2n-6 linoleic acid (LA) (vegetable oils)
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Figure 22-2 The three families of fatty acids are the plant-derived (α-linolenic acid) and fish oil-derived (eicosapentaenoic acid) n-3 
family, the plant-derived n-6 family, and the de novo (nonessential) fatty acid family. Fatty acid biosynthesis includes desatura-
tion, wherein a double bond is added, and elongation, wherein two carbon atoms are added. The same enzymes are used for 
fatty acid biosynthesis; the fatty acids in different families are not interconvertible.

Table 22-2  Essential Free Fatty Acid Doses

APPROXIMATE FATTY ACID DOSE (mg/9.1 kg BW)

  LA GLA ALA EPA DHA
EPO   320   40
MFO 90-360 60-240
Product 1   269   10.2 0.4 10.3 6.8
Dermcaps   277.2   30.8
Corn oil 1040 100
GLA   63.7-354.9
EPA 11.38-63.7

BW, Body weight; LA, linolenic acid; GLA, gamma-linolenic acid; ALA, alpha-linolenic 
acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; EPO, evening primrose 
oil; MFO, marine fish oil.
(From White PD: Essential fatty acids in veterinary medicine, Shawnee Mission, Kan, 
1991, Veterinary Learning Systems for Bayer Corporation.)
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inflammagen mediators. Inclusion of GLA (an n-6 EFA) in the 
diet specifically should reduce the formation of two inflam-
matory eicosanoids found in skin: leukotriene B4 (LTB4) and 
prostaglandin E2 (PGE2) because GLA may be elongated to 
DGLA, apparently increasing the concentrations of PGE1, an 
antiinflammatory prostaglandin.3 In addition, DGLA has a 
higher affinity for lipoxygenases than AA.

Inclusion of EPA and DHA (n-3 EFA) causes replacement 
of AA in the cell membrane; increasing the proportion of EPA 
or ALA also can decrease inflammatory responses by the cell. 
Because EPA has a high affinity for but is a poor substrate for 
cyclooxygenase, the generation of inflammatory prostaglan-
dins is inhibited.3 In addition, LTB5, a leukotriene that is less 
chemotactic than LTB4, is preferentially formed. Immunologic 
reactivity also may be modulated with fatty acid supplemen-
tation. Mobility of cell surface receptors and movement of 
materials between the inside and outside might be affected. 
The cell-mediated response can be reduced, especially at high 
doses.26 Combinations of EFA of the n-3 (EPA) and n-6 (GLA) 
series appear to enhance control of inflammation, and the two 
should be given in combination for maximum effects.3 Several 
combinations are available in commercial preparations (see 
Table 22-2). The most appropriate combination of n-3 versus 
n-6 fatty acids has not, however, been documented, but a ratio 
of 5 to 10:1 has been suggested on the basis of a study that 
found a decrease in LTB4 and an increase in LTB5 in the skin of 
dogs whose diets were supplemented with these ratios.3

Current therapeutic indications for EFA include pruritus 
caused by atopy and other disorders and keratinization dis-
orders. EFAs may have steroid-sparing effects, but these prod-
ucts may take 12 weeks or longer for full therapeutic effect.27 
Newer inflammatory conditions being studied include lupus 
erythematosus, rheumatoid arthritis, hypothyroidism, and 
cancer cachexia and neoplasia.3

Noninflammatory prostaglandins also are affected by 
replacement of AA with EPA. The normal role of prostaglan-
dins (reviewed in Chapter 16) can be modified with fatty acid 
supplementation, and this can account for some of their side 
effects. Side effects reported in humans include nose bleeds 
and hemoptysis; gastrointestinal distress; and decreased 
serum vitamin E, which could increase inflammation owing to 
increased oxygen radical. Side effects reported in dogs include 
lethargy, pruritus, vomiting, diarrhea, and urticaria. Use of 
fatty acids may increase the incidence of pancreatitis in dogs 
prone to that disease; fatty acid supplementation should begin 
with a low dose that is gradually increased over several weeks.

Behavior Modifiers
Tricyclic and other antidepressant drugs are used to treat ste-
reotypic behaviors, including those resulting in skin lesions 
(see Chapter 25). The most common behaviors are related to 
grooming, such as acral lick dermatitis (lick granuloma) and 
hair chewing. Pruritus has also become a common indication 
for antidepressant therapy. Most behavior modifiers (psycho-
tropic drugs) have the ability to alter multiple central nervous 
system neurotransmitters. Most notably affected are the bio-
genic amines, including serotonin and dopamine (and, to a 

lesser degree, epinephrine). Acetylcholine and histamine may 
also be affected. Because these neurotransmitters are affected 
centrally, they can affect many physiologic behaviors, includ-
ing control of the endocrine system, motor control, appetite, 
and so forth. Because physiology varies markedly among ani-
mals, adverse reactions to the drugs should be anticipated on 
account of differences in response (i.e., pharmacodynamics) 
and differences in drug disposition. The behavior-modifying 
drugs should be used cautiously, and their use is best based 
on previous studies or experiences noted in the veterinary lit-
erature. Antidepressants interact with cholinergic, histamin-
ergic, and α-adrenergic receptors and thus are associated with 
a variety of adverse effects. Adverse reactions have been noted 
in cats (central nervous system signs, gastrointestinal upset). 
Amitriptyline, imipramine, and clomipramine are tricyclic 
antidepressants that have been used in dogs and cats. Doxepin 
is a tricyclic antidepressant with potent antihistaminergic (H1) 
effects that has also been used to treat pruritus. Fluoxetine is a 
nontricyclic antidepressant that specifically binds serotonergic 
receptors.

The behavioral aspects of the self-mutilation syndrome 
of acral lick dermatitis have been treated with tricyclic anti-
depressants, fluoxetine (Prozac), and narcotic antagonists. 
Narcotic antagonists are reportedly effective for humans and 
animals for the control of certain behavioral disorders. The 
mechanism of action of these drugs is unknown. Increased 
release of endogenous opioids has, however, been detected in 
self-mutilative behaviors in experimental animals. The use of 
chemical antagonists may be a reasonable alternative to the 
plethora of treatments recommended by various authors for 
this syndrome. Other postulated benefits of the opioid antago-
nists include eradication of endorphin-mediated “self-reward” 
and analgesia. Like naloxone, naltrexone appears to be a pure 
opioid antagonist. Naltrexone is, however, characterized by a 
higher oral efficacy and longer duration of action. The suc-
cess of treatment with naltrexone varies; if there has been no 
response after 10 days, the dose is doubled. Treatment for 1 to 
2 months will cause remission in up to 60% of animals with 
lick granulomas, although relapses are likely in some when the 
drug is discontinued. Response has also been reported with 
hydrocodone bitartrate (Hycodan).

Antiparasitic Drugs
A limited number of agents are administered systemically 
(orally or by injection) for control of dermatologic parasites. 
Milbemycin and lufenuron are two examples. These drugs are 
discussed in greater depth in Chapter 15.

Macrolide Antibiotics
Ivermectin. Ivermectin is used to treat a number of para-

sitic dermatoses in animals. The drug stimulates the release 
of the inhibitory neurotransmitter GABA at peripheral neu-
ronal synapses, resulting in paralysis and death of the parasite 
(see Chapter 15). Selective activity in animals reflects a differ-
ence in the peripheral role (nematodes and arthropods) ver-
sus central role (mammals) of this neurotransmitter. In most 
mammals ivermectin does not penetrate the blood–brain 
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barrier in sufficient concentrations to cause side effects. The 
drug is administered orally and parenterally; up to 3 weeks 
may elapse before the drug is totally eliminated in feces. The 
primary indication for ivermectin in small animals is mite 
infestation: feline and canine scabies, cheyletiellosis, and ear 
mites. The drug has also been used for mite infestations of 
guinea pigs and birds. Although clinical response may occur 
in several weeks, animals may remain skin-scrape positive for 
several to many months. Adverse reactions are idiosyncratic 
and have been reported primarily in herding breeds (Collies, 
Border Collies, Shetland Sheepdogs, Old English Sheepdogs, 
Australian Shepherds). Adverse reactions are associated with 
a mutation in the MDR1 gene. Testing is available at Wash-
ington State University for this mutation to help identify dogs 
at risk for life-threatening reactions. Reactions have ranged 
from mydriasis to tremors, hypersalivation, ataxia, coma, and 
death. The 1% bovine product may be diluted with propylene 
glycol to allow more accurate dosing in small animals. Iver-
mectin can be used (off-label) for the treatment of generalized 
canine demodicosis. Treatment is usually started at 0.1 mg/
kg daily and gradually increased. The commonly used dosage 
ranges from 0.2 mg/kg daily to 0.6 mg/kg daily, but some cli-
nicians recommend dosages as high as 0.8 mg/kg/day. Careful 
patient monitoring for side effects and response to therapy is 
warranted.

Milbemycin. Like ivermectin, milbemycin at 1.5 to 2 mg/kg 
daily is effective for the treatment of demodectic mange. Cost 
may be a limiting factor. Response to treatment is lengthy, 
and relapses may occur. The dosage may be modified if an 
inadequate response is seen after 1 month of therapy. Also 
like ivermectin, milbemycin can cause toxicity, particularly 
in Collie-type dogs, although this drug is slightly safer than 
ivermectin. Moxidectin also may be efficacious; Collies also 
appear to be more sensitive to its adverse effects. Moxidectin 
is not approved for the treatment of canine demodicosis in the 
United States.

Immunomodulators
Immunomodulators (biologic response modifiers) potentiate 
some facet of the immune response (see Chapter 19). Many 
compounds described as immunomodulators have been used 
to treat a variety of dermatologic conditions. Immunosuppres-
sants used to treat immune-mediated dermatologic disorders 
include glucocorticoids, cytotoxic (antineoplastic) drugs, and 
selected hormones. Immunostimulants tend to be less effec-
tive (see Chapter 19).

Staphylococcus aureus phage lysate (Staphage Lysate) is a 
vaccine containing parts of S. aureus, a bacteriophage, and 
culture medium ingredients. It is indicated for treatment of 
canine staphylococcal pyoderma. Vaccination is intended to 
result in stimulation of antibacterial antibodies. There may 
also be a hyposensitizing effect. Concomitant antimicrobial 
therapy should be used for the initial 4 to 6 weeks. Staphage 
Lysate is administered subcutaneously once a week initially, 
and then the dosage interval is lengthened. The vaccine is 
relatively expensive. Possible side effects include allergic reac-
tions and local redness and swelling at the injection site. This 

vaccine should be reserved for patients with recurrent staphy-
lococcal pyoderma that responds to antimicrobial therapy but 
recurs when therapy is discontinued. It is extremely important 
that other causes of pyoderma (e.g., allergies, ectoparasites, 
endocrinopathies) are identified and treated.

Propionibacterium acnes killed suspension (Immuno-
Regulin) is available as an adjunct to antimicrobial therapy 
in the treatment of canine pyoderma. It has been shown to 
induce cell-mediated immunity. This bacterium is the spe-
cies associated with human acne. Treatment with Immuno-
Regulin involves intravenous injections twice weekly initially 
and then once weekly. Potential adverse effects include ana-
phylactic reactions. Disadvantages include expense and the 
need for intravenous injections (client cannot administer at 
home). It is the author’s opinion that use of this agent should 
be reserved for patients in which all other forms of therapy 
have failed.

Hyposensitization involves parenteral administration of 
allergens (antigens) in allergic patients. Although the mecha-
nism of action of this therapy is unknown, the most appeal-
ing theory is that repeated exposure to the allergen may result 
in reduced cellular sensitivity (tolerance). Hyposensitization 
is one of best therapies for long-term management of the 
dog and cat. Patient and client selection are critical for suc-
cess because therapy generally lasts as long as the patient is 
alive. Hyposensitization solutions may be based on intrader-
mal allergy testing or serum allergy testing. Many protocols 
are available insofar as patient response may be quite variable.

TRANSDERMAL DELIVERY OF DRUGS

Most drugs in human and veterinary medicine that are applied 
to the skin are intended to provide their pharmacologic effect 
where they are applied. Systemic absorption is intended to 
be minimal so that systemic effects will not be encountered. 
There are, however, a small number of drug products that are 
designed to be applied to the skin and absorbed transdermally, 
whereupon they attain sufficiently high plasma concentrations 
to produce systemic effects. The same factors mentioned in the 
discussion of the principles of topical drug therapy affect drug 
absorption from cutaneous sites.

Transdermal drug delivery offers several advantages. It is 
easier to administer drugs transdermally, and drug delivery 
can be sustained, thus ensuring continued therapeutic effects. 
Drug input might be more precisely controlled over oral ther-
apy because there are fewer factors complicating transdermal 
drug absorption, such as first-pass hepatic metabolism.

Not all drugs may be administered transdermally. The drug 
should not be irritating to the skin and should be transder-
mally bioavailable. Effective transdermal drug delivery formu-
lations are very difficult to design, which is probably why so 
few products are available. Some products used in veterinary 
medicine, although not intended for transdermal absorption, 
can result in systemic absorption in the person treating the 
animal. Such drugs should be handled with nonpermeable 
gloves (e.g., DMSO, all anticancer drugs, nitroglycerin oint-
ment, all antiparasitics [dips and shampoos], and altrenogest 
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[Regu-Mate]). Gloves might also be used when administering 
chloramphenicol, although percutaneous absorption in asso-
ciation with oral medication of small animals has not been 
documented.

Several products are used in veterinary medicine with the 
intent of achieving systemic therapeutic effects. Nitroglycerin 
ointment relaxes vascular smooth muscle primarily on the 
venous side and is used for dogs and cats to treat cardiogenic 
edema. The ointment is applied to glabrous areas (i.e., axillary, 
inguinal, or inside the ears). Onset of action is approximately 1 
hour. Selemectin (Revolution, Fort Dodge) and other systemic 
insecticides (discussed previously) are applied topically. Sco-
polamine, nitroglycerin, and clonidine transdermal patches 
are available for use in human patients to treat motion sick-
ness, angina, and hypertension, respectively. Fentanyl, a nar-
cotic analgesic available in transdermal patches, has proved to 
be an effective and safe alternative to injectable opioid delivery 
for control of pain in dogs and cats (see Chapter 28).

TREATMENT OF SPECIFIC 
DERMATOLOGIC DISORDERS

Selected skin diseases are discussed in other chapters. Otitis 
externa, pyoderma, and other bacterial infections of the skin 
are discussed in Chapter 8. Fungal disorders are additionally 
discussed in Chapter 9, external parasites are additionally dis-
cussed in Chapter 13, immune-mediated diseases of the skin 
are discussed in Chapter 31, behavioral disorders of the skin 
are discussed in Chapter 26, and endocrinopathies affecting 
the skin are addressed in Chapter 21.

Chronic Pruritus
Pathophysiology
Pruritus is a cutaneous sensation that leads the animal to 
resolve the feeling by scratching, rubbing, licking, or chew-
ing. The cause of the sensation is complex, as can be its resolu-
tion. Ideally, the underlying cause of the sensation is identified 
and treated, ultimately leading to resolution of the pruritus. 
Discussion of or even provision of a comprehensive list of the 
causes of pruritus is beyond the scope of this chapter.

Like pain, the sensation of pruritus consists of a periph-
eral signal, originating in the skin, and central perception, 
ending at the sensory cortex. A number of chemicals are 
responsible for signal generation and transmission in the 
skin, although the precise types that predominate in the 
dog and cat are not known. The chemicals largely are the 
same as those generating the inflammatory response and 
include both preformed chemicals (histamine, serotonin) 
and those synthesized in situ (prostaglandins, leukotrienes, 
proteases). The signal generated at the level of the skin can 
be modified by emotional, biochemical, or central factors, 
leading to behavior that appears to be disproportionate to 
the inciting cause (i.e., skin trauma induced in response to 
a single flea bite).28 Drugs oriented toward control of pruri-
tus can target either peripheral or central transmission. For 
chronic pruritus drugs with systemic effects generally are 
more effective.

Drug Therapy
Topical Therapy
A number of nonglucocorticoid topical preparations may 
control pruritus.5,13 Care should be taken to select products 
that are not irritating or drying. Shampoos generally should 
be applied once to twice weekly. Cool water may be effec-
tive in some animals; antipruritic efficacy can be enhanced 
by the addition of moisturizing agents, colloids, antiinflam-
matories, or anesthetics. Preparations that can be applied in 
“spots” include Dermacool (hamamelis extract and menthol.13 
ResiSoothe (Virbac U.S.) and Relief cream rinse (DVM) are 
lotions that are also effective for spot treatment.

Other medications available in sprays that might be help-
ful for control of pruritus include local anesthetics such as 
lidocaine (Dermacool) or promaxine (with colloidal oatmeal: 
Relief Spray), 2% benzyl alcohol with 0.05% benzalkonium 
chloride, and hamamelis distillate (PTD). In addition to 
anthistaminergic medications, sprays also may contain gluco-
corticoids for treatment of localized pruritus such as pyotrau-
matic pruritus and allergic dermatitis.5 More potent sprays 
intended for acute management contain 0.1% triamcinolone, 
0.025% fluocinolone, or 0.1% betamethasone; “milder” gluco-
corticoid sprays for long-term maintenance contain 0.5% to 
2.5% hydrocortisone. Sprays can be applied two to three times 
per day.5 Sprays should be applied every 12 hours until inflam-
mation and pruritus are controlled and then tapered to an as-
needed basis. Systemic side effects may be seen with extended 
use. Localized adverse effects such as the development of thin 
skin or alopecia may also occur.

Glucocorticoid ointments and creams may be difficult to 
use because of lack of penetration through the hair coat into 
the skin. A hydrocortisone lotion that is not greasy or staining 
may be useful for treatment of large areas with some residual 
activity.5 ResiCort (1% hydrocortisone) lotion (Virbac U.S.) is 
a formulation that is easier to apply to the skin surface than 
ointments and creams.

Total body application of moisturizing and hypoallergenic 
shampoos, or colloidal oatmeal soaks or shampoos with or 
without antihistamines, local anesthetics (Relief Shampoo 
DVM), or hydrocortisone (Cortisoothe, Virbac U.S.) are 
indicated for patients with generalized pruritus.6,13 Colloidal 
shampoos containing pyrethrins, carbaryl, or pyrethrins and 
permethrin will facilitate control of pruritus associated with 
fleas.5 Application of a rinse, spray, or lotion after a shampoo 
will provide some residual effect.5 Cream rinses containing 
colloidal oatmeal with (pramoxine) or without a local anes-
thetic are available for control of pruritus. Incomplete rinsing 
of a cream rinse may facilitate residual activity in dogs with 
short hair coats (coats of long hair become greasy). Antipru-
ritic cream rinses might also be applied locally for control 
of localized pyoderma (e.g., Relief lotion).5 Several aqueous 
rinses also are available for control of pruritus. These include 
100% colloidal oatmeal (Aveeno), oilated oatmeal with 43% 
colloid (Aveeno Oilated Bath) (for very dry skin and hair coats, 
also applied as a soak), and moisturizing bath oils or humec-
tants (Humilac spray, Virbac U.S.). Aqueous rinses generally 
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also can be applied as sprays, although efficacy is greater as a 
total body rinse.5

Topical shampoo therapy is an important component 
of treatment or prevention of superficial and deep pyoder-
mas. Antibacterial shampoos containing benzoyl peroxide, 
chlorhexidine, or ethyl lactate are indicated as adjuvant therapy 
for pruritus associated with pyoderma (see Chapter 8). Those 
most effective contain benzoyl peroxide or chlorhexidine.6 
Following the shampoo with a chlorhexidine rinse (dilution 
of a 2% solution to 0.5%) further enhances antibacterial activ-
ity. Maximum ChlorhexiDerm HC shampoo (DVM), a new 
product containing 4% chlorhexidine and 1% hydrocortisone, 
has been developed to treat secondary pyoderma associated 
with an underlying pruritic disorder. Very few controlled and 
blinded studies exist to guide the selection and use of drugs for 
treatment of chronic pruritus in dogs or cats. In general, those 
that have provided support for selected drugs define success 
or response as a reduction in pruritus by 50%.There is good 
evidence, however, that glucocorticoids and cyclosporine are 
beneficial for the treatment of canine atopy.21

Antibiotics
Antibiotics may be indicated to control secondary infection 
(generally Staphylococcus) that can contribute to pruritus. The 
use of antibiotics for treatment of dermatologic disorders is 
discussed in Chapter 8. For some animals antibiotic therapy 
may be the sole therapy needed to control pruritus. Some 
antibiotics (e.g., erythromycin, tetracyclines) directly provide 
some relief from pruritus (rather than by controlling infec-
tion).29 Tetracyclines in general are not, however, effective for 
treating pyoderma associated with staphylococcal infections. 
Erythromycin can be effective against Staphylococcus species, 
but it can cause gastrointestinal upset.

Glucocorticoids
Glucocorticoids remain the most effective drugs for control of 
chronic pruritus associated with allergies.13,28 The principles 
of glucocorticoid therapy (see Chapter 30) must be closely 
observed when a glucocorticoid is used to control pruritus. 
Injectable products should be avoided when possible. Miller 
and coworkers28 suggest that injections may be acceptable for 
animals in which a single injection provides pruritic relief for 
3 to 4 months or more. The temptation to increase the fre-
quency of administration of an injectable product to less than 
3-month intervals should be resisted. Prednisone and pred-
nisolone (0.55 to 1.1 mg/kg per day [dog]; 2.2 mg/kg per day 
[cat]) remain the glucocorticoids most commonly used for 
long-term treatment. The dose can be divided and given twice 
or once daily. The dose is titrated to a minimum effective dose 
defined by the point at which the animal is “tolerably itchy”—
that is, the itch does not disrupt the animal’s (or owner’s) life 
or cause secondary trauma to the skin.28 The lack of pruritus 
suggests that the dose is too high. Many animals cannot tol-
erate even an alternate-day regimen of glucocorticoids; other 
animals remain pruritic at doses associated with marked side 
effects. Long-term side effects will be seen with continued 
use. It has been suggested that alternative therapies should be 

sought for animals that require glucorticoid therapy for more 
than 3 months out of the year.

Some clinicians find glucocorticoids devoid of mineralo-
corticoid to be less frequently associated with polyuria and 
polydipsia28; however, the rationale behind this observation is 
not clear because this side effect is related to anti– antidiuretic 
hormone effects rather than to increased mineralocorticoid 
effects. Nevertheless, an alternative glucocorticoid might 
be tried; however, triamcinolone and dexamethasone have 
increasingly longer biologic effect times, and the risk of hypo-
thalamic–pituitary–adrenal suppression increases with con-
tinued use. Methylprednisolone may be a viable alternative. If 
undesirable side effects occur with glucocorticoid use, com-
bination therapy might be tried (e.g., antihistamines, bath-
ing, fatty acid therapy) in an attempt to decrease the dose of 
glucocorticoids. In some animals, however, only continued 
use of glucocorticoids in the face of side effects will control 
pruritus sufficiently. In such patients the risk of therapy must 
be weighed carefully against the disadvantages of continued 
pruritus. Glucocorticoid-sparing drugs should be attempted 
before selecting glucocorticoids. If proved effective as sole drug 
therapy, then combined use should be considered to reduce 
the dose and thus likelihood of side effects. These include anti-
histamines, misoprostol, and omega series fatty acids.

Antihistamines
Antihistamines traditionally have been considered ineffective 
as a sole therapy for controlling pruritus in dogs or cats. How-
ever, with the advent of newer drugs and modification of the 
goal of therapy (e.g., reduction in the glucocorticoid dose), the 
following approaches may enhance the use of antihistamine 
therapy for control of pruritus. The clinician should wait at 
least 1 week before evaluating efficacy. If one drug does not 
work, an alternative should be tried. The clinician also should 
aim to reduce the itching sensation rather than eradicate it. 
The antihistamine also can be combined with other drugs that 
might decrease itching (e.g., fatty acids). Drugs most likely to 
be useful include diphenhydramine (Benadryl), hydroxyzine, 
chlorpheniramine, and clemastine. Cyproheptadine, also an 
antiserotinergic, and the tricyclic antidepressants amitriptyline 
and doxepine (both with antihistaminergic effects) also may be 
useful. It may be necessary to increase the dosage of doxepin to 
as high as 5 mg/kg for it to be effective in some dogs.

Few studies have properly evaluated the use of antihis-
tamines for the treatment of pruritus in dogs. One study30 
provided support for a reduction in pruritus in allergic dogs 
treated with one of three antihistamines. In general, how-
ever, response occurred in at most 25% of animals treated. 
Thus response rates tend to be low. Response to chlorpheni-
ramine was best, followed by diphenhydramine or hydroxy-
zine.  Follow-up studies28,31 found clemastine to be much more 
effective than astemizole or trimeprazine. Thus, of the antihis-
tamines studied in clinical patients, clemastine appears to be 
the most effective. Because of low bioavailability when clem-
astine is given orally, a higher dose (1 mg/kg twice daily) may 
be more clinically effective.32 Misoprostol may enhance the 
efficacy of antihistamines used to treat pruritus.
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Cats appear to respond to antihistamines better than dogs. 
Chlorpheniramine can be used to treat cats without causing the 
excitement that often occurs with diphenhydramine (the latter 
effect probably reflects overdosing). One study found response 
to chlorpheniramine to be excellent in 73% of cats when dosed 
at 2 mg every 12 hours within 2 weeks. Other reports consis-
tently have been favorable with doses of 2 to 4 mg/cat twice 
daily. Occasionally, a 24-hour dosing interval may be effective. 
The 8-mg time-release capsule (sprinkling one fourth to one 
half of the contents on food) may prove easier to administer 
than the bitter-tasting tablets. Alternatively, the 4-mg tablet 
can be broken in half and dipped in tuna fish.7 It is generally 
recommended that the 4-mg tablet be administered unbroken, 
however. An over-the-counter solution is also available. Side 
effects reported in cats include vomiting, diarrhea, and hyper-
excitability. Hydroxyzine and amitriptyline can cause adverse 
reactions in cats. Clemastine (0.34 to 0.68 mg every 12 hours 
orally) may be effective.

A combination of both H1 and H2 receptor antagonists 
has been recommended but has not proved useful in animals 
thus far.28

Fatty Acid Supplements
Studies that focus on the effects of dietary supplementation 
of EFA on canine atopy vary. Interpretation among clinical 
trials is complicated by the quantity and source of the PUFAs 
(GLA, EPA, and DHA), the lack of tissue fatty acid analysis, 
the duration of therapy (which probably was not sufficiently 
long), and differences in outcome measures and adjuvant 
therapy. In addition, many of the studies were not controlled 
or blinded.

White3 provides a summary of the results of selected clini-
cal trials implemented by various dermatologists. A study 
evaluating LA, linolenic acid, and EPA in dogs with atopy, 
flea allergy, and idiopathic pruritus (nonseasonal) found the 
response rate to the PUFA to be low (20% or fewer being 
controlled well; another 36% responding by a 50% reduction 
in pruritus). An open comparison of evening primrose oil, 
marine fish oil, and EFA products administered for 2 weeks 
found response in 25% of animals, but no product appeared 
more effective than the others. Responders worsened when 
supplementation was removed. Comparison of evening prim-
rose oil alone or combined with marine fish oil found sig-
nificant improvement with the sole product and increased 
(but not significant) efficacy with the combined product.  
A double-blind placebo-controlled crossover study with olive 
oil (placebo) or evening primrose administered for 9 weeks 
found clinical improvement with evening primrose oil. Two 
recent blinded studies have reported the benefits of EFA (EPA 
180 mg and DHA 120 mg per 4.55 mg/kg) supplementation 
when administered for 6 weeks. Eleven of 16 dogs responded 
to fish oil, 3 of 16 responded better to corn oil, and 2 of 16 dogs 
responded to neither oil. A parallel study of 28 dogs supple-
mented with high doses of GLA (350 mg), EPA (250 mg), or 
linolenic acid (250 mg) and EPA (50 mg) found a benefit with 
all three supplements, suggesting that higher doses may be 
important to efficacy.

Cats seem to respond better than dogs, with up to 40% effi-
cacy reported by some authors.28 Again, however, results of 
clinical trials tend to be conflicting. Pruritic cats with miliary 
dermatitis and other nonlesional causes of pruritus responded 
to 2 and 6 weeks of therapy of a linolenic acid–EPA supple-
ment. In contrast, 12 weeks of therapy with evening primrose 
oil (3.7 mg linolenic acid/kg) or olive oil did not improve 
feline skin disease in another study. A 6-week course of eve-
ning primrose alone or when combined with marine fish oil 
resulted in improvement in feline pruritus and dermatitis; 
in contrast, marine fish oil by itself caused worsening of the 
skin disease. A 12-week course of therapy with evening prim-
rose and sunflower oil also improved the skin and coat of cats 
with miliary dermatitis.3 White3 suggests that atopy should be 
most responsive to EFAs that are low in LA and high in lino-
lenic acid and/or EPA/DHA. Addition of vitamins to the EFA 
supplement may facilitate efficacy of the EFA product. The 
appropriate ratio (n-6:n-3) is not clear, nor is the duration of 
therapy. A ratio of 5 to 10:1 has been suggested on the basis of 
a study that found a decrease in LTB4 and an increase in LTB5 
in the skin of dogs supplemented with diets containing these 
ratios.3 Response has been reported in as few as 7 to 14 days or 
as many as 9 to 12 weeks.

The most appropriate use of EFA for control of pruritus 
may be in combination with antihistamines or glucocorti-
coids.3 Success with fatty acid supplements also is most likely 
if an alternative product is tried if and when the first fails, 
adequate time is allowed to elapse before clinical assessment 
is complete, the goal is reduction rather than eradication of 
pruritus, or the goal is reduction of the dose of other drugs 
associated with adverse effects (e.g., glucocorticoids).

Behavior-Modifying Drugs
The use of behavior-modifying drugs is increasingly popular; 
the proper use and side effects associated with these drugs 
are discussed in Chapter 25. Among the behavior-modifying 
drugs, those that are characterized by antihistaminergic effects 
might be preferred (e.g., doxepin or amitriptyline).

Behavior-modifying drugs have been used to treat feline 
pruritus, particularly those associated with psychogenic alo-
pecia.7 Psychogenic alopecia also has responded to naloxone 
(1 mg/kg subcutaneously, one dose), although time to recur-
rence of the abnormal behavior ranged from as short as 1 week 
to as long as 6 months.7 The dopamine antagonist haloperidol 
(2 mg/kg intravenously) did not appear very useful long term 
when compared with a control for treatment of psychogenic 
alopecia.7 Cats did, however, respond within 48 hours. Buspi-
rone does not appear to be effective for control of psychogenic 
alopecia.7 Fluoxetine has been useful for chronic, idiopathic 
licking in cats.

Combination Therapy
Combinations of drugs that alter the sensation or response 
to the sensation through different mechanisms of action 
should be considered. The combinations that appear to be 
most effective include fatty acid supplements (Dermcaps) 
with glucocorticoids (leading to a 25% to 50% reduction in 
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the glucocorticoid dose)28; antihistamines (trimeprazine) and 
glucocorticoids (an increase from 50% improvement with glu-
cocorticoids alone to 76% improvement with the combination, 
with a 50% to 75% reduction in the glucocorticoid dose)33; 
and fatty acid supplements with antihistamines (chlorpheni-
ramine and Dermcaps in combination caused a 35% response 
in animals that responded to neither drug alone).28 Combina-
tion of misoprostol with antihistamines is being investigated. 
Assessment at weekly intervals should be accompanied by a 
change in therapy if response has not been sufficient.

Nonsteroidal Antiinflammatory Drugs
Nonsteroidal antiinflammatory drugs should be avoided in 
pruritic skin diseases. Inhibition of prostaglandin formation 
may result in greater synthesis of leukotriene and related com-
pounds. Newer lipoxygenase-specific inhibitors (approved for 
use in the treatment of human bronchial asthma) may be ben-
eficial, but these drugs have not been studied with the intent of 
controlling pruritus.

Future Therapies
Future therapies may focus on biologic response modifiers.34 
Products with potential efficacy for human patients with atopy 
include interferon-γ, thymopentin (an active pentapeptide of 
a thymic hormone that promotes differentiation of mature T 
lymphocytes), and interleukin-2.

Acral Lick Dermatitis
Acral lick dermatitis (lick granuloma) is a self-traumatizing 
syndrome that afflicts dogs, occurring almost exclusively 
in larger breeds. The cause is not known, but it has patterns 
similar to an obsessive–compulsive disorder. It is often con-
sidered psychogenic in origin; suggested behavioral causes 
include boredom, loneliness, and confinement.35 Underly-
ing bony pathology or allergy may also be the cause of the 
lesions. Chronic lesions are frequently infected with bacteria 
or fungal organisms, which can also contribute to the pruritic 
stimulation. Local irritation has, however, been suggested as a 
provoking cause. Not surprisingly, drugs used to treat obses-
sive–compulsive disorders in humans have proved effective. 
The proper use of these drugs is discussed in Chapter 26. In 
one clinical trial with 43 dogs, the drugs most effective were 
those that increase serotonin at the neurotransmitter. This is 
not surprising because the serotonin system has been impli-
cated in a variety of abnormal behaviors.35 Dose ranges of 
the drugs (orally per day) proven successful in clinical trials36 
include clomipramine (2.4 to 3.6 mg/kg),36 fluoxetine (0.55 
to 1.36 mg/kg), and sertraline (2.7 to 4.3 mg/kg). Of these, 
clomipramine followed by fluoxetine appeared to be most 
effective, causing response (50% or more reduction in behav-
ior) in close to 50% of animals studied. Clinical response was 
not evident until the second week of therapy and continued 
to decline through the 5 weeks of one study.35 Adverse effects 
occurred in approximately 25% of dogs in each treatment 
group, but they tended to be mild and subsided with time. 
Discontinuation of the behavior-modifying drug may cause 
recrudescence of clinical signs. Drugs to which there was little 

response included desipramine and fenfluramine. In most 
cases, secondary infection is present and must be treated. Glu-
cocorticoid therapy is usually indicated in the early stage of 
treatment to decrease the inflammation. Antiinflammatory 
dosages rather than immunosuppressive dosages are recom-
mended. Oral prednisone or prednisolone are the favored 
products. Additional topical therapy with Synotic applied 
twice daily may be selected instead of oral glucocorticoid 
therapy. Appropriate antibiotic therapy based on culture and 
susceptibility is indicated.

Both naloxone and naltrexone, both pure narcotic antago-
nists, have been used to resolve abnormal behavior in dogs 
with lick granulomas. Increased release of endogenous opioids 
has been detected in self-mutilating behaviors in experimen-
tal animals. Opioid antagonists may eradicate endorphin- 
mediated self-reward and analgesia. Like naloxone, naltrexone 
is a pure opioid antagonist but is characterized by a higher 
oral efficacy and longer duration of action. An uncontrolled 
study of the use of naltrexone in dogs with acral lick dermatitis 
reported a 64% success rate.37 A dose of 2.2 mg/kg orally once 
daily (1 mg/kg subcutaneously) was increased to 2.2 mg/kg 
orally twice daily when there was no response after 10 days. 
Dogs were treated for 1 month; lesions returned when the 
drug was discontinued, and time of recurrence varied from 1 
week to 3 years after the drug was discontinued. One animal 
that failed to respond to naltrexone responded to nalmefene, 
another narcotic antagonist. Chronic cases or those with a 
poor response to therapy should be biopsied to rule out neo-
plasia and cultured for infectious agents.

Canine Seborrhea
Canine idiopathic seborrhea is an inherited disorder of kerati-
nization characterized by pruritus, epidermal thickening, and 
formation of dry or greasy crusts and seborrheic plaques.3,38 
The pathophysiology is not well understood, but hyperpro-
liferation of the epidermis, hair follicle infundibulum, and 
sebaceous glands have been reported. Renewal time for the 
epidermis is reduced from 22 to 8 days.38 Increased cutaneous 
concentrations of AA have been measured in affected dogs. 
Treatment controls but generally does not cure the condition. 
The production of increased scale can be caused by myriad 
diseases and problems. The search for the cause of the scale 
is more important than symptomatic therapy. Primary idio-
pathic seborrhea as a diagnosis is fairly uncommon.

Therapy for seborrhea oleosa should include shampoos 
that are keratolytic, keratoplastic, and degreasing. Ingredients 
that serve this purpose contain sulfur; salicylic acid; benzoyl 
peroxide; or, less commonly, coal tar. Among these, benzoyl 
peroxide is probably the preferred ingredient, although a sul-
fur salicylic shampoo might be tried first. Benzoyl peroxide 
activity is enhanced with the addition of sulfur (SulfOxydex, 
DVM). In general, products for human beings should not be 
used on dogs. Products also can be alternated.

Animals should be bathed twice a week until scaling, 
greasiness, and odor are controlled; the frequency of bathing 
is then decreased to the minimum necessary to control clinical 
signs. Contact with the shampoo (completely lathered) must 



868 Drugs Targeting Body Systems SECTION 3

occur for at least 10 minutes. For animals with an extremely 
thickened accumulation, bathing with a mild cleanser such 
as D-Basic (DVM) before a medicated shampoo is used may 
prove beneficial and will be sparing of the more expensive 
products. PUFAs have recently been used for treatment of 
seborrhea. Supplementation should begin as topical therapy 
is started. Corn, sunflower, or safflower oil (1.5 mL/kg every 
24 hours orally) or commercial EFA products can be used.38 
It is possible that the skin of affected dogs cannot obtain or 
metabolize LA, suggesting that topical administration of EFA 
(LA) may be more appropriate than oral administration.3

Generalized Demodicosis
Therapy for generalized demodicosis should be accompanied 
by proper nutrition, minimization of stress, and control of 
accompanying pyoderma. Self-cure can be expected in 50% 
of dogs younger than 12 months of age, although no factors 
appear to be predictive of self-cure.39 The most efficacious 
treatment for generalized demodicosis appears to vary in the 
literature. No single drug will cure all cases; up to 10% cannot 
be cured.39 Amitraz (Mitaban)19.9%, and amitraz in ProMeris 
(Fort Dodge) are the only drugs approved by the Food and 
Drug Administration for treatment of demodicosis, although 
an Environmental Protection Agency–registered solution is 
available (Taktic). Amitraz (Mitaban)is labeled for treatment 
at 2-week intervals (diluted to 250 ppm or 10.6 mL in 7.6 L). 
Original reports regarding its efficacy using the approved 
protocol apparently were inappropriately optimistic (90% 
predicted cure rates). Long-term cure rates according to the 
approved treatment regimen range from as little as 0% to 50% 
(0.025% or 250 ppm dip).40 Follow-up studies at greater con-
centrations have more favorable results.

Concentrations of 500 ppm (double strength) may be used 
for refractory cases. Weekly dips of 250 to 500 ppm are cura-
tive in 75% to 80% of cases, respectively.40 Long hair coats 
should be clipped and animals bathed first. Treatment should 
continue until two dips have occurred after two negative skin 
scrapings, regardless of how many dips must occur. Weekly 
application may be implemented if biweekly therapy is not 
successful. Oral vitamin E therapy at 200 IU/dog five times 
daily may enhance efficacy of amitraz, although this has not 
been proved.40 ProMeris (Fort Dodge) is to be applied every 
14 days until a remission is reached. Adverse side effects simi-
lar to the those of of Mitaban have been reported. Immuno-
modulators such as Staphage Lysate, ImmunoRegulin, and 
levamisole appear to be ineffective.40

Should amitraz fail, a macrolide antibiotic should be con-
sidered. Milbemycin at 1 and 2 mg/kg daily appears to cure 
50% to 90% of dogs, respectively. Duration of therapy in one 
study ranged from 90 to 300 days; treatment should occur 
for 60 days past multiple negative skin scrapings. Side effects 
should be limited as long as 2.5 mg/kg is not exceeded.39 Iver-
mectin at 0.3 to 0.6 mg/kg per day orally (but not 0.2 to 0.4 
mg/kg per week subcutaneously) also may be efficacious, with 
treatments being necessary for as long as 210 days. Because 
the drug is very bitter, administration in vanilla ice cream or 
apple sauce is recommended.40 This dosing regimen is not 

safe for Collies and related breeds. Testing for reaction to iver-
mectin involves administration of 0.125 mg/kg per day for 7 
days. Alternatively, hospitalization might occur for the initial 
period during which a starting dose of 0.1 mg/kg is gradually 
increased to the maintenance dose. Signs of pending toxicity 
include mydriasis and excessive salivation. Neurologic signs 
are also possible. Testing for the MDR1 gene mutation is avail-
able through Washington State University. This test will help 
identify those dogs that are sensitive to ivermectin toxicity.

Should relapse occur within 3 months, inadequate treat-
ment is the most likely cause,39 and the therapeutic protocol 
can be repeated but for a longer duration. Later relapses prob-
ably reflect recurrence; repetition of the initial treatment pro-
tocol is not likely to be effective,39 and an alternative protocol 
should be selected. It is essential to resolve any complicating 
skin infections and to search for an underlying cause of refrac-
tory demodicosis. Also, underlying allergic disorders must be 
addressed.

Dermatophytosis
Treatment of dermatophytes is also addressed in Chapter 9. 
Establishment of the efficacy of selected treatment regimens 
is handicapped by the often self-resolving nature of the infec-
tion. Moriello41 emphasizes that, as with pyoderma, topical 
therapy alone is not sufficient for effective treatment of der-
matophytosis. Indeed, several disadvantages are associated 
with topical therapy. Hairs protect spores; in addition, many 
commonly used topical antifungal solutions and shampoos 
are not sporicidal. Among the more efficacious are lime sul-
fur (1:16) and enilconazole (bottle dilution, but not licensed 
for use in the United States).41 Unfortunately, both of these 
topical products are associated with side effects: Enilconazole 
has caused death in some cats, and lime sulfur can be very 
irritating. Grooming after topical treatment increases the risk 
of toxicity in cats if they are allowed to groom while the prod-
uct is wet. Pet owners are exposed to topical agents, increasing 
their risk. Occasionally, topical agents worsen infection, per-
haps because of damage to the skin (mechanical scrubbing) 
during shampooing. The efficacy of topical ointments, creams, 
and gels is questionable. Among the topical ointments and 
creams, bifonazole is more effective than miconazole, but its 
efficacy also is questionable, particularly if infection involves 
haired skin. In addition, topical agents tend to be messy, are 
groomed by the animal, and encourage “spot” therapy. None-
theless, topical therapy is an important adjuvant for treatment 
of dermatophytosis. Topical therapy will limit environmental 
contamination and contagion if spores on the hair coat are 
killed. The preferred topical product41 is lime sulfur (4 to 8 
oz/gallon); higher concentrations are potentially irritating and 
cause exfoliation. Gauze sponges should be used to pat, not 
rub, the dip onto the skin. An Elizabethan collar should reduce 
the risk of ingestion.

Five drugs are used to systemically treat dermatophytosis: 
griseofulvin, ketoconazole, itraconazole, and fluconazole and 
terbinafine (see Chapter 9). Even in infections that will be 
self-resolving (self-cure generally occurs in 60 to 100 days), 
systemic antifungal therapy will hasten the time to recovery 
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and thus is beneficial, limiting environmental contamination 
and exposure to human beings. Griseofulvin remains the drug 
of choice because it is licensed and approved for use in dogs 
and cats. Either the microsize dose (25 to 50 mg/kg divided 
or once every 24 hours) or the ultramicrosize dose (5 to 10 
mg/kg orally once daily) can be administered. Because many 
animals are intolerant to ketoconazole, itraconazole is the sec-
ond drug of choice should an animal not tolerate griseofulvin 
therapy or fail to respond to it. Ketoconazole is significantly 
less expensive than itraconazole and is a reasonable choice for 
dogs. Although improvement should be evident within 2 to 3 
weeks of therapy, several weeks (generally 30 to 70 days) must 
lapse before a cure is achieved. A comparison study in kittens 
infected with Microsporum canis found that time to resolution 
with griseofulvin (50 mg/kg orally divided or once every 24 
hours) was 70 days versus 56 days with itraconazole (10 mg/
kg orally once daily); the control group remained positive at 
100 days. Therapy should be monitored by fungal cultures 
biweekly after 4 to 6 weeks of therapy and treatment contin-
ued until two or three consecutive weekly cultures are nega-
tive. Note that false-positive fungal cultures can occur after 
clinical recovery because of environmental contamination. 
Cats with questionable positive results should be isolated from 
the environment for 3 to 5 days and subsequently recultured. 
Griseofulvin should not be used in pregnant animals, those 
younger than 12 weeks of age, or those that test positive for 
feline immunodeficiency virus. This drug should be discon-
tinued immediately if the cat becomes anorexic or lethargic 
or if gastrointestinal signs are seen. Terbinafine, a systemic 
antifungal approved for use in human beings for treatment of 
dermatophytosis, has not been studied for efficacy or safety 
in animals. However, an unpublished pharmacokinetic study 
with cats (in Europe) indicates that a dose of 10 mg/kg once 
daily is appropriate; 10 to 30 mg/kg orally once daily has been 
suggested in Internet resources. Fluconazole may also be 
effective when other treatments fail or are associated with side 
effects. The recent change to a generic drug has reduced the 
cost dramatically. Terbinafine has been shown to be effective 
for treating Malassezia and may be an alternative antiderma-
tophyte treatment.

Cleansing of the environment is obviously critical in a cat-
tery or kennel situation but can also be important in a single-
animal household. Undiluted bleach and 1% formalin are the 
most effective products for resolving environmental contami-
nation.41 This regimen is likely to kill 100% of spores; residual 
activity is likely to be greatest with undiluted bleach, followed 
by 1% formalin, enilconazole (not available in the United 
States), and common household bleach diluted 1:10. Common 
household bleach is not as efficacious in killing spores as the 
other two products, but it is the least expensive and most read-
ily available. Aqueous chlorhexidine is ineffective.

Canine Perianal Fistulae (Anal Furunculosis)
Very little has been written on the topic of canine perianal 
fistulae. Nonsurgical management is the new standard of 
therapy.42 Cyclosporine orally at 5 mg/kg twice daily until a 
remission is reached is the treatment of choice. The available 

water-soluble forms should be selected (Neoral, Atopica).43 
Vomiting and diarrhea are common side effects. Additional 
side effects can include gingival hyperplasia and secondary 
infections. Tacrolimus ointment (protopic 0.1%) is a topical 
analog of cyclosporine. It has been shown anecdotally to be 
effective for the treatment of perianal fistulae when used as a 
sole treatment. In the author’s experience, this product alone is 
not beneficial. Cyclosporine orally with or without tacrolimus 
ointment appears to be the current treatment of choice. Treat-
ment may take several weeks to induce a remission before 
tapering off the dosage to every other day. Relapses are com-
mon. Secondary infections are common and should be treated 
on the basis of culture and susceptibility testing.
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The use of reproductive hormones as pharmaceuticals should 
be based on knowledge of both the reproductive physiology 
of the species under treatment and the pathophysiology of the 
disorder being treated. Too often, the use of hormonal therapies 
in small animal reproduction is based on their documented 
action in other species. Hormonal therapies are also used when 
the underlying reproductive disorder has not been fully studied 
nor understood in small animals. Although there are specific 
indications for the rational (evidence-based) use of reproduc-
tive hormones in small animal theriogenology, they are com-
monly used inappropriately. This chapter includes a review of 
the basic physiology of hormones used therapeutically in small 
animal theriogenology, a discussion of their clinical availability, 
their appropriate applications, and common misuses.

PHYSIOLOGIC PRINCIPLES 
OF REPRODUCTIVE HORMONES

Hypothalamic Hormones
Gonadotropin-Releasing Hormone and Its Analogs
Gonadotropin-releasing hormone (GnRH) is a highly con-
served hypothalamic decapeptide with the same amino acid 
sequence in all mammals. After puberty GnRH is released 

in a pulsatile manner from the hypothalamus, traverses the 
hypothalamic–hypophyseal portal system, and activates ante-
rior pituitary gonadotroph receptors. The pituitary responds 
by releasing luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH) in a pulsatile pattern.1 Stimulation of the pitu-
itary by GnRH must be in pulsatile form for repeated release of 
LH and FSH; after receptor activation, GnRH is rapidly deac-
tivated and cleared. The frequency and amplitude of GnRH 
pulses vary depending on the phase of the reproductive cycle. 
The frequency of GnRH pulsatile release in primates during 
folliculogenesis is every 70 to 90 minutes.2 It is this natural 
pulsatile secretion of GnRH and its short biological half-life 
that cause difficulties when attempting to use GnRH as a phar-
maceutical. Investigations with specialized infusion devices 
for pulsatile delivery have successfully augmented fertility 
in a variety of species,3-5 but the clinical application of such 
a method lacks practicality for routine use in small animal 
patients.

GnRH analogs are synthetically prepared substances that 
differ from GnRH by various amino acid substitutions in the 
peptide sequence. Analogs with a few amino acid substitutions 
can act as GnRH agonists because of their increased bind-
ing affinity and decreased clearance compared with GnRH. 
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Heavily substituted analogs can cause receptor blockade and 
have an antagonist function. The result is a suppressive effect 
on the pituitary–gonadal axis. This axis is easily downregu-
lated such that frequent or high dosing of a GnRH agonist 
will suppress the release of LH and FSH also.6 GnRH agonists 
and antagonists thus may have the same ultimate physiologic 
effect.

Oxytocin
A nonapeptide hormone synthesized by neurons in the hypo-
thalamus, oxytocin is transported axonally to the posterior 
pituitary, where it is stored. This peptide hormone is released 
from the posterior pituitary into the general circulation after 
appropriate neural stimulation. Its primary effects are on 
mammary tissue and the myometrium. The effects of oxyto-
cin on the milk let-down reflex and parturition have been well 
described.7 The ability of oxytocin to induce myometrial con-
traction is enhanced by prior estrogen sensitization to “prime” 
the myometrium for maximal response.8 The half-life of oxy-
tocin in the blood is short, approximately 1.5 minutes; thus 
secretion pulse frequency and amplitude are important for its 
physiologic effects. The release of neurotransmitters may alter 
the amplitude and frequency of oxytocin release; for example, 
dopamine enhances burst frequency and amplitude, whereas 
cholinergic antagonists may be inhibitory.9

Pituitary Gonadotropins
Luteinizing Hormone and Follicle-Stimulating 
Hormone
The pituitary gonadotropins LH and FSH are relatively large 
glycoproteins, each consisting of two covalently bound 
structural subunits (α and β). Within a species the amino 
acid sequence of the α-subunits are identical for all anterior 
pituitary glycoproteins, with high sequence homology exist-
ing across species. The β-subunits are specific for individual 
hormones (i.e., thyroid-stimulating hormone) and provide 
the functional specificity of each. The overall size of these gly-
coproteins precludes economic synthetic production of these 
hormones.8

The secretion patterns of these hormones differ depending 
on the species and the phase of the ovarian cycle. A unique 
pattern of LH secretion in the bitch has been documented10 
(Figure 23-1). Serum concentration of LH is at basal levels 
during anestrus. Significant increases in both the amplitude 
and frequency of LH pulsatile release occur before proestrus. 
The frequency of LH pulsatile release during anestrus is 3 to 7 
hours; before proestrus LH pulse frequency is 60 to 120 min-
utes.11 This increase in LH release before the onset of proestrus 
is likely involved with termination of the anestrus phase.1 The 
factors that lead to the LH increase at that time are unknown. 
Serum estrogen concentration at that time also decreases; estro-
gen production inhibits LH release. What causes the relative 
decrease in estrogen production at that time is also unknown.

Serum LH concentration returns to basal levels for most of 
proestrus (i.e., folliculogenesis). The increase in serum estro-
gen concentration during folliculogenesis contributes to an 
inhibition of LH release during that phase.1 When estrogen 

production decreases, the inhibition of LH release is discon-
tinued. At that time a preovulatory surge in LH release (the 
preovulatory LH peak) occurs and is thought to trigger ovula-
tion. The duration of the preovulatory LH peak is 1 to 3 days, 
after which LH secretion returns to a basal state in early dies-
trus. Additionally, LH is luteotrophic throughout most of the 
luteal phase in the bitch.

Similar to the pattern of LH secretion, FSH secretion also 
appears to be inhibited by relatively high concentrations of 
estrogen during proestrus. Inhibin, a modulary hormone 
released from the ovary during folliculogenesis, also inhib-
its FSH release during this phase. When estrogen secretion 
declines in late proestrus, FSH secretion surges to maximal 
levels before ovulation, in concert with the preovulatory LH 
peak1,10 (Figure 23-2). After this FSH surge, serum FSH con-
centration remains relatively high during diestrus and preg-
nancy. Interestingly, the bitch is also unique with regard to 
the pattern of FSH secretion during anestrus. During anestrus 
serum FSH concentration can be 50% to 100% of the concen-
tration found at the preovulatory FSH peak and is 5 to 10 times 
higher than during proestrus.1 It is unclear why FSH produced 
during anestrus is unable to stimulate folliculogenesis. It has 
been postulated that perhaps the FSH measured during anes-
trus is in a biologically inactive form.1

The patterns of LH and FSH secretion in the queen have 
not been clearly determined. It has been documented that 
after adequate copulation LH release begins within minutes. 
Queens are induced ovulators; thus this response is expected. 
Apparent spontaneous ovulation, without copulation or other 
tactile stimulation, has been reported in the queen.12 The pat-
tern of LH secretion during the apparent spontaneous ovula-
tion has not been determined, however.
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Figure 23-1 Concentrations of luteinizing (LH) hormone in 
canine serum throughout late anestrus, proestrus, estrus, and 
early diestrus. Stippled area is the standard error of the mean 
(bars indicate ranges of proestrus, estrus, and diestrus). (From 
Olson PN, Bowen RA, Behrendt MD et al: Concentrations of 
reproductive hormones in canine serum throughout late anes-
trus, proestrus, and estrus, Biol Reprod 27:1196, 1982.)
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The release of LH and FSH is also pulsatile in response to 
GnRH in the male. Both glycoprotein hormones are necessary 
for spermatogenesis. Testicular interstitial cells bind LH and 
respond by increasing testosterone production. Activation of 
receptors on Sertoli cells by FSH promotes spermatogenesis 
and produces inhibin, a hormone that, as in the female, regu-
lates FSH release by the pituitary. After neutering the loss of 
negative feedback inhibition causes serum FSH concentrations 
to increase dramatically.13 This has also been documented in 
cases of infertility resulting from primary testicular degenera-
tion.14 Postcastration elevations in LH serum concentrations 
also occur, but overlap in measured values between intact and 
neutered dogs is possible.13

Some species also produce placental gonadotropins. A 
luteotrophic gonadotropin produced by the human placenta 
(human chorionic gonadotropin [hCG]) has a potent LH-
like effect in many species. A gonadotropin produced by fetal 
trophoblastic cells in horses is referred to as equine chorionic 
gonadotropin (eCG) or pregnant mare serum gonadotropin 
(pmSG). In most species eCG has a combination of FSH and 
LH activity. Additionally, eCG products commonly contain 
components of equine serum that can be antigenic when used 
as a pharmaceutical in another species.

Prolactin
A relatively large polypeptide produced by the anterior pitu-
itary, prolactin is luteotrophic in the bitch and queen.15,16 It is 
suspected that prolactin is also involved in the maintenance 
of the anestrus phase in the bitch.1 Prolactin is under nega-
tive control by dopamine such that the administration of a 
dopamine agonist will inhibit prolactin secretion. Inhibition 

of prolactin secretion can promote luteolysis during the sec-
ond half of diestrus or pregnancy in the bitch15 and queen.16 
Various dopamine agonists have been investigated for induc-
ing abortion and shortening anestrus (i.e., estrus induction). 
Bromocriptine is a dopaminergic drug that has been used in 
various protocols. Its use has not gained acceptance, how-
ever, because it commonly causes vomiting and diarrhea. The 
highly potent dopamine agonists cabergoline and metergoline 
have fewer or no apparent side effects, respectively. The effect 
of metergoline to decrease prolactin secretion may primar-
ily result from blockade of central serotonin receptors and 
may function as a dopamine agonist only at higher doses.17 
Metoclopramide, more commonly used as a central serotonin 
antagonist, may be used to enhance prolactin release in the 
bitch and queen, and thus enhance milk let-down, through its 
central dopamine (D2) agonist effects.

Gonadal Steroids
Estrogen
Produced by the ovary during folliculogenesis, estrogens 
affect target tissues, causing vulvar edema, vaginal muco-
sal hyperplasia, sanguineous vulvar discharge in the bitch, 
and sexual attraction in both the bitch and queen. The bitch 
uniquely exhibits sexual receptivity when estrogen produc-
tion decreases; serum concentration of estrogen peaks 1 to 
2 days before the end of proestrus. A concurrent increase in 
progesterone is required for complete expression of sexual 
receptivity. Estrogen acts synergistically with progesterone to 
stimulate growth of endometrial and mammary glands, and 
estrogen priming may be important before the natural effect 
of oxytocin on the myometrium during parturition.8 Male 
production of estrogen occurs in both the Leydig and Sertoli 
cells, by way of de novo steroidogenesis in the Leydig cell and 
P450 aromatase conversion of testosterone alone in the Sertoli 
cell. Considerable interspecies variation occurs with respect to 
the relative ratios of estrogen produced by each cell. Exces-
sive production of estrogens by Sertoli cell tumors and, less 
commonly, by other testicular or adrenal tumors results in 
male feminizing syndrome. Estrogens are involved in recep-
tor sensitivity and feedback influence on the hypothalamic–
pituitary–gonadal axis.

The adverse effects of estrogen (i.e., bone marrow aplasia, 
cystic endometrial hyperplasia/pyometra, infertility) have 
been documented in dogs after administration of any estro-
gen preparation.18,19 The unique sensitivity of dogs to estrogen 
toxicity may be due to the relatively weak binding affinity of 
sex-steroid binding proteins for estrogen in the dog. The result 
is a decrease in the inherent buffering mechanism that would 
otherwise regulate the amount of free hormone available to 
penetrate cell membranes. Estrogen toxicity can occur with 
exogenous or endogenous estrogens (e.g., Sertoli cell tumors, 
ovarian follicular cysts, and ovarian neoplasia).

Progesterone
As the main progestational hormone in both bitches and 
queens, progesterone is produced by corpora lutea just 
before and after ovulation. The bitch continues to produce 
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Figure 23-2 Concentrations of follicle-stimulating hormone 
(FSH) in canine serum throughout late anestrus, proestrus, 
and early diestrus. Stippled area is the standard error of the 
mean (bars indicate ranges of proestrus, estrus, and diestrus). 
(From Olson PN, Bowen RA, Behrendt MD et al: Concentra-
tions of reproductive hormones in canine serum throughout 
late anestrus, proestrus, and estrus, Biol Reprod 27:1196, 
1982.)
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progesterone during nonpregnant diestrus; serum concentra-
tions of progesterone are indistinguishable in concentration or 
duration of production from that of pregnancy. The decline 
of progesterone and increase in prolactin production at the 
termination of diestrus cause the clinical manifestations of 
pseudopregnancy in the nonpregnant bitch. This is a demon-
stration of a normal physiologic occurrence that should not 
be confused with a pathologic state and in fact suggests nor-
mal ovarian function. There is some variation among bitches 
regarding the maximum amount of progesterone produced 
in midgestation (or mid-diestrus), with levels reaching 80 to  
100 ng/mL in some individuals. The minimum serum pro-
gesterone concentration necessary to maintain pregnancy 
appears to be 2 ng/mL.20 The minimum amount of progester-
one required to sustain pregnancy in the queen has not been 
determined; however, serum progesterone concentrations of 
less than 1 ng/mL for several days occurred before termina-
tion of pregnancy were observed in one study.16

Placental production of progesterone by the queen during 
the latter half of pregnancy had been suggested as a require-
ment to maintain pregnancy. It has been learned, however, that 
corpora lutea of the queen are necessary for progesterone pro-
duction throughout pregnancy.21 During pseudopregnancy in 
queens (i.e., nonfertile ovulation), peak luteal activity appears 
to occur at days 10 to 15 and then declines to basal values by 
days 35 to 40.22

In the bitch progesterone is produced before ovulation by 
follicular luteinization, approximately concurrent with the 
preovulatory LH peak. Serial evaluations of serum progester-
one concentrations during proestrus and estrus can be used 
to indirectly determine the preovulatory LH peak and thus 
determine the time of ovulation in the bitch. This methodol-
ogy, known as ovulation timing, is used to improve breeding 
management. The bitch typically exhibits sexual receptivity 
(behavioral estrus) when the serum concentration of estrogen 
is decreasing and progesterone is increasing.

Synthetic progestational compounds (progestagens) are 
commercially available. Megestrol acetate has been marketed 
as a drug to suppress estrus or inhibit ovulation, depending 
on the time and dose of administration. The method by which 
progestagens inhibit folliculogenesis and ovulation is not pre-
cisely understood. It appears that although megestrol acetate 
will not decrease the serum concentration of LH that is already 
at low basal levels, it may be able to prevent the increases in LH 
that normally occur at the end of anestrus.1

Testosterone
Produced by the interstitial cells of the testes, testosterone is 
necessary for gonadal development, spermatogenesis, and 
libido in the male. The normal function of Sertoli cells to pro-
mote spermatogenesis depends on an intratesticular testos-
terone concentration that greatly exceeds circulatory levels.8 
Pharmacologic administration of androgens, including testos-
terone, can induce infertility by negative inhibition of LH and 
FSH release, which are necessary for spermatogenesis. Tes-
tosterone is converted in the prostate to dihydrotestosterone 
(DHT), which promotes development of this gland and the 

eventually contributes to the anticipated formation of benign 
prostatic hyperplasia in mature dogs. DHT is an androgen 
with greater biological activity than testosterone.

Testosterone and the androgenic steroid mibolerone 
have been used to suppress ovarian activity and thereby pre-
vent estrus cycles in the bitch. Mibolerone was specifically 
approved for this use, although the duration of time from 
discontinuing administration to the occurrence of the next 
estrous cycle was variable. Silent heats following mibolerone 
therapy were common. Persistent anestrus (i.e., lack of return 
to estrous cycles) has been a problem in some Greyhound 
bitches treated with injectable testosterone to prevent estrus 
cycles during racing.

Inhibitors of Gonadal Steroids
Tamoxifen is both an estrogen agonist and antagonist that has 
been used as adjunctive therapy for women with mammary 
carcinoma. The nature of its effect depends on tissue estro-
gen receptor type. Tamoxifen appears to have, at least in part, 
a direct estrogenic effect in the bitch. Some bitches treated 
with tamoxifen had observable vulvar edema; sanguineous 
vaginal discharge; and, in some cases, pyometra of the uter-
ine stump.23 Tamoxifen and clomiphene, another antiestro-
genic compound, have been used to promote superovulation 
in women, possibly by promoting an increase in endogenous 
FSH release. Tamoxifen has been used in the bitch as a mis-
mate therapy but was associated with pyometra, endometritis, 
and cystic ovaries in a high percentage of bitches; was reliably 
effective only when given during the first 14 days of diestrus; 
and is not advised.24

Antigestagens are agents that inhibit the effect of proges-
terone by binding to and altering the progesterone receptor 
and have been investigated as abortion agents in humans (i.e., 
mifepristone, RU-486). Preliminary studies have documented 
the effectiveness of mifepristone to terminate pregnancy in 
bitches.25

Finasteride is another useful inhibitor of gonadal ste-
roids. Testosterone is converted to DHT in the prostate by 
the action of the enzyme 5α-reductase. Trophic in its effect, 
DHT induces benign prostatic hyperplasia as a dog ages. Fin-
asteride inhibits the action of 5α-reductase, thereby reducing 
DHT concentrations in the prostate. Finasteride may also alter 
prostatic angiogenesis and reduce hemospermia through a 
change in microvessel density. Developed for use in men with 
prostatic hyperplasia, finasteride has been investigated for 
successful similar use in dogs.26 Benign prostatic hyperplasia 
causing hemospermia can be detrimental to efforts to success-
fully freeze and thaw canine semen; otherwise, it is minimally 
problematic in the dog unless accompanied by infection or 
neoplasia.

Autacoids
Prostaglandin F2α
Prostaglandins, potent autacoids, have therapeutic indica-
tions in small animal theriogenology. Administration of 
prostaglandin F2α(PGF2α) induces a direct luteolytic effect in 
bitches and queens during pregnancy or diestrus. Induction of 
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luteolysis depends on dose, frequency of drug administration, 
and stage of diestrus that the drug is administered. After day 
30 of diestrus, PGF2α is reliably luteolytic in both the bitch27 
and queen.22 Corpora lutea are relatively resistant to luteolysis 
by PGF2-alpha during the first 5 days of diestrus in the bitch.28 
There is evidence that PGF2α will cause either a transient 
decrease in progesterone production or complete luteolysis 
when administered during early diestrus after day 6.28 In addi-
tion to a direct luteolytic effect, PGF2α also has a stimulatory 
action on the myometrium, promoting evacuation of uterine 
luminal contents. The drug is therefore effective as an aborti-
facient and for the treatment of open cervix pyometra in the 
bitch and queen.

Additional effects of PGF2-alpha administration include 
panting, nausea, vomiting, diarrhea, hypersalivation, and 
tachycardia in dogs and vocalization, mydriasis, and possibly 
vomition and diarrhea in cats. These adverse clinical signs 
usually stop within 20 to 30 minutes of drug administration. 
The drug is preferably administered after fasting in the dog 
and cat to decrease the incidence of vomiting. The adverse 
effects of PGF2α are potentially dose related, although there 
is individual sensitivity, and signs usually abate after repeated 
dosing. Although extremely rare, cardiovascular collapse after 
PGF2-alpha administration is possible.

Most protocols using PGF2α are based on the formulation 
of dinoprost tromethamine. This product is not approved for 
use in dogs or cats in the United States. Informed owner con-
sent is advised, although the use of PGF2α is established in the 
veterinary literature. The more potent synthetic PGF2α ana-
logs (cloprostenol and fluprostenol) are now used clinically in 
both the dog and the cat; studies regarding the use of these 
compounds indicate efficacy with fewer side effects, owing to 
the increased specificity of the compounds for uterine smooth 
muscle.

COMMERCIAL AVAILABILITY OF 
REPRODUCTIVE HORMONES

Gonadotropin-Releasing Hormone And Its 
Analogs
Lack of availability is a major hindrance to widespread use of 
GnRH analogs to control reproduction in humans and ani-
mals. Analogs are expensive to produce and are often available 
only as investigational products for research studies; availabil-
ity also varies throughout the United States. One marketed 
GnRH analog (an antagonist) is leuprolide (Lupron, TAP 
Pharmaceuticals, Deerfield, Ill.). The native GnRH hormone 
(gonadorelin, Rhone Merieux) is commercially available 
(Cystorelin, or Factrel, Fort Dodge Laboratories, Fort Dodge, 
Iowa). Implant formulations of GnRH agonists such as deslo-
relin have been shown to be effective for reversible long-term 

suppression of reproductive function in the male and female 
dog and estrus suppression in the queen29,30 and have been 
manipulated for estrus induction in the bitch.31

Gonadotropins
Currently, FSH is not available in the United States; hCG is 
readily available (Chorulon, chorionic gonadotropin, But-
ler, Columbus, Ohio). In the United States eCG is not com-
mercially available but may be available in Canada (Equinex, 
Ayerst Laboratories, Quebec) and in some European coun-
tries. Purified canine LH is not commercially available, but 
human LH can be purchased in a 1:1 ratio with human FSH in 
a product used to treat human infertility (Repronex, menotro-
pin, Serono Laboratories, Norwell, Mass.). Additionally, 
purified human FSH is available (Metrodin, Bravelle, Serono 
Laboratories). The use of human menotropins has not been 
extensively studied in small animal medicine, and these prod-
ucts are likely to be too costly for routine use.

Dopamine Agonists
Bromocriptine (Parlodel, Sandoz Pharmaceuticals, East 
Hanover, NJ) is available, as is the newer dopamine agonist 
cabergoline (Dostinex, Pharmacia and Upjohn); metergoline 
(Virbac Laboratories, Carros, France) is available in Europe.

Gonadal Steroids
Other than antigestagens, which are not available in the 
United States, gonadal steroids and their inhibitors are widely 
available in many formulations. Some hormones are available 
in repositol formulation (i.e., medroxyprogesterone acetate, 
Depo-Provera, Upjohn, Kalamazoo, Mich.), and others are 
available in esters that exert a more potent effect (i.e., esters 
of estradiol). Some commonly available products include 
compounded diethylstilbestrol (DES), progesterone in oil (Eli 
Lilly), and testosterone propionate (Steris Laboratories, Phoe-
nix, Ariz.).

Inhibitors of Gonadal Steroids
Tamoxifen (Nolvadex, Zeneca Pharmaceuticals, Wilmington, 
Del.) and finasteride (Proscar, Merck and Co., West Point, Pa.) 
are commonly available through pharmacies for humans. One 
product that is available (but not recommended on account 
of the side effects of progesterone administration in intact 
bitches) for contraception (heat prevention) in bitches is 
megestrol acetate (Ovaban, Schering-Plough).

Antiprogestins
Progesterone-receptor blockers (antiprogestins), such as mife-
pristone and aglepristone, are clinically available for use only 
in humans, and they are not available in the United States at 
this time.

Miscellaneous
Other products commonly available include oxytocin (Butler), 
natural prostaglandin F2α (Lutalyse, Upjohn), Cloprostenol 
(Estrumate, Cayman Pharma), misoprostol, and PGE, (Cyto-
tec, G. D. Searle & Co., Chicago, Ill.).

KEY POINT 23-1 Both natural and synthetic hormonal 
 products are available for the treatment of small animal 
reproductive conditions; the clinician should weigh the 
benefits of both before selecting therapy.
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INDICATIONS FOR THE RATIONAL 
(EVIDENCE-BASED) USE OF 
REPRODUCTIVE HORMONES

Some reproductive disorders are common and well described 
in the literature (e.g., pyometra, dystocia). Others are either 
incompletely understood or are less common (e.g., estrus 
induction, luteal insufficiency) such that information can be 
difficult for the practicing veterinarian to obtain. The discus-
sion presented here is intended to provide an overview of sev-
eral reproductive problems of dogs and cats that commonly 
require veterinary intervention (Table 23-1). Many of these 
disorders are topics of current research, which is needed to 
better understand and manage them.

Estrus Induction
Induction of Estrus in the Bitch
A reliable, practical method to successfully induce fertile estrus 
in the bitch has long been sought. Protocols that are success-
ful in other species usually do not produce the same effect in 

the bitch. This is primarily because of the unique reproduc-
tive physiology of the bitch and a lack of understanding of all 
the factors that initiate a new estrous cycle. Various protocols 
have been tested using all classes of reproductive hormones: 
GnRH, GnRH analogs, gonadotropins, dopamine agonists, 
and DES (Table 23-2). Some relatively successful protocols use 
compounds that are not commercially available at this time. 
It is important to thoroughly evaluate all potential causes of 
reproductive failure before estrus induction is attempted and 
realize that protocols are designed and tested using bitches 
that are reproductively normal. The outcome of estrus induc-
tion in bitches that have reproductive pathology is not known.

Investigation into the use of GnRH as an agent to induce 
estrus in the bitch resulted in seven of eight Beagle bitches 
that ovulated and conceived (GnRH 140 μg/kg per pulse 
every 90 minutes intravenously for 11 to 13 days).5 This pro-
tocol used a programmable, portable pulsatile infusion device 
(Pulsamat, Ferring Laboratories, Ridgewood, N.J.) that deliv-
ered the GnRH from a reservoir within the pump to a jug-
ular intravenous catheter. The pump, attached to a harness 
worn by the bitch, was well tolerated by laboratory Beagles. 
The pump and harness were not well tolerated by privately 
owned Labrador Retriever bitches, however. The fragility of 
the pump and its expense preclude its routine use in veteri-
nary medicine.

KEY POINT 23-2 Medical management of reproductive 
conditions best treated surgically (i.e., neutering) should be 
reserved for individuals with good reproductive potential.

Table 23-1  Uses of Reproductive Hormones for Dogs and Cats
Indication Hormone Used Considerations
Estrus induction See Table 23-3
Induction of ovulation
Ovulatory failure hCG or GnRH to induce ovulation Difficult to accurately determine follicular maturity to administer 

at correct time
Ovarian cysts hCG or GnRH to induce 

 luteinization
Often ineffective, may require ovariectomy need to differentiate 

neoplasia
Vaginal hyperplasia hCG or GnRH to hasten ovulation Not proven to shorten time for spontaneous recovery
Luteal insufficiency Progesterone to maintain gestation Potentially teratogenic, inhibits lactation development, luteal 

insufficiency is rare; need diagnosis before treatment attempted
Estrus prevention Mibolerone or megestrol acetate

GnRH analogs (implant)
Mibolerone: unpredictable and unavailable, irregular return 

to estrus after withdrawal; megestrol acetate: potential for 
 infertility, pyometra; requires compounding

GnRH analogs are not available in all states
Signs of pseudocyesis, 

 galactostasis, mastitis
Cabergoline Mild GI side effects

Pyometra/postpartum metritis PGF2, cloprostenol Transient side effects of PGF2, need careful evaluation and 
 supportive clinical care

Pregnancy termination PGF2, cloprostenol, dopamine 
 agonists, dexamethasone.

Transient side effects of PGF2; unavailability of some dopamine 
agonists, steroid side effects (transient)

Dystocia Oxytocin
10 μ/ml

Can induce uterine tetany and fetal demise if overdosage occurs 
Use less concentrated solution

Mammary gland carcinoma Tamoxifen Controversy as to efficacy, possibly exacerbates condition
Urinary incontinence DES Phenylpropanolamine can be synergistic if ineffective alone
Cryptorchidism hCG or GnRH Ethical concerns, not proven to be effective
Benign prostatic hyperplasia Finasteride Costly, requires compounding in small dogs
Hypogonadism Gonadotropins Rare condition, difficult to document

hCG, Human chorionic gonadotropin; GnRH, gonadotropin-releasing hormone; PGF2, prostaglandin F2; DES, diethylstilbestrol.
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GnRH analogs, many of which are not currently commer-
cially available, have been investigated as agents to induce 
estrus in bitches. The advantage of GnRH analogs is their rela-
tively longer bioavailability and increased potency. Concan-
non32 reported the use of [D-Trp6NmeLeu7Pro9NEt] GnRH 
administered by a constant-rate infusion device. Twenty-four 
bitches received 1.7 to 2.5 μg/kg/day subcutaneously for 14 
days; nine bitches ovulated and whelped litters. In a prelimi-
nary report, the use of [D-Trp6Pro9NEt] GnRH was admin-
istered to bitches (1 μg/kg subcutaneously every 8 hours) by 
the following protocol: every 8 hours subcutaneous injections 
until the observation of behavioral estrus, after which treat-
ment was continued for another 3 days at half the original 
dose (i.e., 0.5 μg/kg subcutaneously every 8 hours).33 Four of 
six bitches treated with this protocol whelped litters as a result 
of an induced estrus.

Deslorelin implants have also been used successfully as vul-
val implants for 10 days to induce estrus in the bitch.31 They 
must be removed before downregulation occurs.

The gonadotropins FSH and LH have been investigated 
with numerous protocols as agents to induce estrus in the 
bitch. Most protocols use either eCG or FSH to stimulate fol-
liculogenesis and hCG to induce ovulation. Some protocols 
additionally use DES administered before gonadotropins; 
estrogen can increase the responsiveness to gonadotropins. 
Gonadotropin protocols are largely unreliable and can induce 
adverse effects (e.g., ovarian hyperstimulation with hyper-
estrogenism), and with some protocols an abnormal luteal 
phase was detected.34 One report indicated great success with 
the currently unavailable product PLH (Burns-Biotech),35 
although it is unknown what the relative biopotency of FSH 
and LH was in the product marketed as PLH. That protocol 
was investigated using Greyhound bitches that had previously 
received testosterone to suppress estrus during racing. Those 
bitches had not received testosterone during the 12 months 

before inclusion in the study, and none of the bitches had an 
observed proestrus or estrus during that period of time.

The protocol was as follows: DES was administered (5 mg/
bitch per day orally) until proestrus was evident and then for  
2 days thereafter. If no signs of proestrus were observed by 
day 7 of DES treatment, the dose was doubled (10 mg/bitch 
per day orally) until a response was elicited (not to exceed  
7 additional days of DES therapy). On day 5 of proestrus, PLH 
was administered (5 mg/bitch intramuscularly), and on days 
9 and 11 of proestrus FSH was administered (10 mg/bitch 
intramuscularly).35 All seven bitches in this report became 
pregnant when bred during an induced estrus. This method 
used gonadotropin administration in a reverse sequence to 
that of other reported studies. Because the LH used in this 
study was no longer available, an attempt to modify the proto-
col using hCG in place of LH was attempted, but results were 
disappointing.36

Subsequent studies into the use of DES as a sole agent to 
induce estrus may indicate that the DES used in other proto-
cols was the primary active agent, and perhaps the administra-
tion of additional hormone products decreases the response. 
Fertile estrus has been induced in bitches by the sole adminis-
tration of oral DES. In a preliminary report DES (5 mg/bitch 
orally) was administered daily until proestrus was observed 
and then for 2 days thereafter.37 The DES therapy continued 
for 6 to 9 days and resulted in an induced proestrus lasting 0 to 
2 days (range) and an estrus duration of 15 to 26 days (range). 
The preovulatory LH peak occurred 13.5 ± 3.7 days after the 
last day of DES treatment, although one treated bitch did 
not have a detectable preovulatory LH peak. All five treated 
bitches in this study became pregnant, four bitches whelped 
at term, and one bitch aborted. The lengths of proestrus and 
estrus and the sizes of the litters did not significantly differ 
between treated and control groups (n = 5 in each group). 
The bitches used in this study were treated during a defined 

Table 23-2  Hormones Used to Induce Estrus in Bitches
Hormone 
Classification Considerations Drawbacks
GnRH Leaves normal feedback mechanisms 

intact; drug is available, not expensive
Requires expensive, cumbersome pump for drug delivery

GnRH analogs Success in preliminary reports; 
 subcutaneous administration or 
 delivery by implanted infusion devices

Leuprolide, lutrelin, deslorelin, lupron

Gonadotropins Many different protocols proposed Most successful protocol used PLH, which is no longer commercially 
available. Hormones that are available (eCG, hCG, FSH, LH) are less 
unsuccessful.

Can cause hyperstimulation and hyperestrogenism
Estrogen Oral administration of DES, readily 

 available compounded
Reliably induces signs of proestrus, ovulation less predictable. Informa-

tion available based on one study at this time. Better protocols exist.
Dopamine agonists Shortened interestrous interval Cost of the newer dopamine agonist cabergoline, which has decreased 

adverse effects, but usually requires compounding; bromocriptine 
available but associated with vomiting and diarrhea. Must allow  
8 week anestrus period.

GnRH, Gonadotropin-releasing hormone; eCG, equine chorionic gonadotopin (also known as pregnant mare’s serum gonadotropin [PMSG]); hCG, human chorionic gonadotropin; 
FSH, follicle-stimulating hormone; DES, diethylstilbestrol.
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period of anestrus (95 to 129 days; mean 107 ± 13 days), which 
resulted in a shorter period of anestrus than is normal for the 
colony (175 ± 87 days). Additional investigation into the use of 
DES as an agent to induce fertile estrus is needed before client-
owned bitches are treated. The optimum dosage schedule and 
potential for toxicity must be assessed. It may be necessary to 
adjust the dose in smaller bitches to avoid toxicity.

Another method to shorten the naturally long interestrus 
interval in the bitch is by the administration of a dopamine 
agonist to decrease prolactin secretion. Prolactin secretion 
may alter ovarian responsiveness to gonadotropins; the contin-
ued presence of prolactin during anestrus may be responsible 
for the duration of this phase of the estrous cycle. Decrease in 
prolactin secretion can shorten the length of anestrus and can 
induce estrus if treatment occurs during late anestrus. Recent 
work indicates that the effect of bromocriptine causing short-
ening of anestrus is due to a yet-undefined action other than 
its lowering of plasma prolactin concentration and can shorten 
either diestrus or anestrus to have this effect.38 Bromocrip-
tine (20 μg/kg twice daily administered 112 ± 4 days after the 
last onset of proestrus) was used in one study to decrease the 
interestrus interval in bitches.39 Bromocriptine causes vomit-
ing, and investigation into its use has been largely replaced by 
the dopaminergic drugs cabergoline and metergoline. Termi-
nation of anestrus and induction of fertile estrus with mini-
mal side effects has been reported by several authors in dogs 
using cabergoline.40,41 One protocol uses cabergoline at 5 μg/
kg/day until the second cytologic day of proestrus. Treatment 
for up to 40 days has been reported as effective in inducing 
fertile estrus in 70% to 90% of normal bitches when started 
in late anestrus.42 Ovulation timing and appropriate breed-
ing management result in normal pregnancies. Two protocols 
using metergoline were reported in one study.43 Bitches were 
treated with metergoline (12.5 mg/bitch intramuscularly every 
3 days) until the onset of proestrus. Response to therapy was 
considered positive if proestrus was observed within 40 days 
after the first day of treatment; 18 of 20 bitches so responded. 
Ten of these bitches received no additional treatment and were 
bred, and nine produced litters. Eight other bitches respond-
ing to metergoline were additionally treated with hCG (500 
IU/bitch intramuscularly) during late proestrus. Six of these 
bitches ovulated, and four achieved pregnancy. Overall, the 
metergoline protocol without hCG was more effective in pro-
ducing pregnancy.

The administration of PGF2α can also shorten the inter-
estrus interval if administered during diestrus. Diestrus nor-
mally has a duration of 65 to 70 days in the bitch, and luteolytic 
therapy with PGF2α abbreviates this phase of the estrous cycle. 
Bitches that have undergone luteolytic therapy will still enter a 
phase of anestrus for a variable period, but the return to pro-
estrus or estrus can be sooner than expected, by 1 to 2 months.

Induction of Estrus in the Queen
The domestic cat has been used as a model for reproductive 
techniques that can apply to preservation of the nondomes-
tic large felines.44 Queens are apparently sensitive to effects of 
gonadotropins administered to induce folliculogenesis, but 

production of anovulatory follicles or cysts can result. The 
administration of eCG as a single bolus (100 IU) to anestrus 
queens, followed in 5 to 7 days by a single injection of hCG 
(50 IU), resulted in a pregnancy rate that was comparable with 
that produced by natural matings.45 Daily administration of 
FSH-P (2 mg/queen per day intramuscularly) for 5 to 7 days 
results in 72% of queens that will mate and deliver normal 
offspring.46

Induction of Ovulation
Ovulatory Failure in the Bitch
Ovulation failure is rare in the bitch. Too often, bitches are 
suspected of ovulatory failure when they have seemingly long 
proestrous and estrous phases, produce small litters, or fail to 
conceive. Bitches can have signs of estrus, and a fully corni-
fied vaginal smear, for up to 21 days before natural spontane-
ous ovulation. Also, bitches can have a split estrus: signs of 
proestrus or estrus without ovulation, a period of anestrus for 
several weeks, and then return to proestrus. Often the second 
estrus will be ovulatory and fertile. Split estrus is more com-
mon in pubertal bitches but can occur in mature bitches.

Ovulation can be reliably detected with ultrasonogra-
phy but requires thrice-daily monitoring during the ovula-
tory period and technical expertise. Direct visualization by 
laparoscopy is not possible because of the ovarian bursa (it 
requires bursal resection and is done only experimentally); 
thus the determination of ovulation is usually attempted indi-
rectly. Serum progesterone concentration can be measured 
in bitches that historically fail to conceive. The timing of the 
progesterone measurement is important. It is recommended 
to evaluate progesterone during the first few weeks of diestrus. 
Serum concentration of progesterone should be in excess of 
5 ng/mL (and generally in excess of 20 ng/mL) at this time. 
A progesterone level of less than 2 mg/mL indicates either 
ovulation failure or luteal insufficiency. Values between 2 and  
5 ng/mL are suspect and can indicate ovulatory failure, luteal 
insufficiency, or an uncommonly low progesterone produc-
tion during diestrus.

Bitches that have normal proestrus and estrus but appar-
ently do not ovulate can be given hormonal products in an 
attempt to induce ovulation. To mimic the preovulatory LH 
peak, either GnRH or hCG can be administered at the point of 
follicular maturation. The determination of follicular maturity 
is difficult. Incorrect administration (i.e., inappropriate tim-
ing) of either preparation can cause preovulatory luteinization 
of follicles without ovulation or the ovulation of immature, 
nonviable ova. It has been recommended to administer either 
GnRH (50 μg/bitch intramuscularly) or hCG (500 to 1000 
IU/bitch intramuscularly) on either the day before or the day 
after the first breeding.47 Bitches can begin sexual receptivity 
several days before or after spontaneous ovulation; therefore 
this protocol is questionable and not documented. It may be 
advisable to measure serum LH concentration daily during 
proestrus and estrus and administer either GnRH or hCG on 
the day of the natural preovulatory LH peak. This presumes 
that the bitch produces enough LH to measure a peak but 
either does not produce enough LH to cause ovulation or has 



879CHAPTER 23 Rational Use of Reproductive Hormones

another factor inhibiting ovulation. Bitches that fail to ovulate 
may not produce a measurable LH peak, in which case this 
recommendation would also fail. Clearly, more investigation 
is needed in this area.

Ovulatory Failure in the Queen
Queens can be sexually receptive before follicular maturation; 
sexual receptivity may not correlate with follicular develop-
ment because estrogen may not return to baseline. Limited 
mating before the third to fourth day of estrus can result in an 
attenuated LH secretion and ovulatory failure.48 Additionally, 
although an LH response after one effective mating will occur, 
a maximal LH response ensuring ovulation of all mature ova 
will more likely occur if numerous matings over a several-day 
period is allowed. In one report 10 of 48 queens ovulated after 
a single mating, whereas 30 of 36 ovulated after multiple mat-
ings.49 Optimal breeding management includes mating three 
times per day at 4-hour intervals throughout estrus. Matings 
starting on the third day of estrus are advised.

If it is determined that a queen fails to ovulate despite appro-
priate management, induction of ovulation can be attempted. 
Protocols with either hCG or GnRH have been reported as fol-
lows: hCG 500 IU/queen intramuscularly on day 1 of estrus50 
and GnRH 25 μg/queen intramuscularly on day 2 of estrus.51

Treatment of Follicular and Luteal Ovarian Cysts 
in Bitches
Estrogen-producing follicular cysts can cause prolonged pro-
estrus, nymphomania, estrogen toxicity, and resultant infer-
tility. A luteinized follicular cyst producing progesterone can 
cause persistent diestrus and resultant infertility. Nonfunc-
tional ovarian cysts can prevent normal cycling and result in 
infertility. Ovarian cysts are often detected during ovariohys-
terectomy of older bitches as incidental findings. The detec-
tion of a cystic ovarian structure by ultrasonography can be a 
significant finding. Normal ovarian follicles, luteal structures, 
and subepithelial cysts should be ruled out, often by sequential 
ultrasonographic examinations in concert with serum hor-
mone (estradiol and progesterone) measurements. The possi-
bility of a cystic ovarian neoplasm, which can produce clinical 
signs identical to those of benign cysts, must be considered 
and is more likely in bitches older than 5 years of age. The 
measurement of estrogen and progesterone concentrations 
from the fluid of percutaneously aspirated ovarian cysts can 
assist the diagnosis of a functional cyst; this will not, however, 
differentiate between a cyst and neoplasm.

Whether to attempt therapeutic pharmacologic interven-
tion when an ovarian cyst is detected is controversial; ovar-
ian cysts can spontaneously regress.52 Estrogen-producing 
follicular cysts can be luteinized with GnRH (50 μg/bitch 
intramuscularly) or hCG (500 to 1000 IU/bitch intramuscu-
larly). Either treatment can be used as a single injection or 
repeated daily for three treatments. Response to therapy is a 
termination of estrous behavior or decrease of estrogen and 
increase of progesterone serum concentrations. Efficacy of 
these regimens has not been reported, and surgical removal 
of the cyst by unilateral ovariectomy is usually required if 

aggressive intervention is deemed necessary. Similarly, lysis of 
luteal ovarian cysts with PGF2-alpha can be attempted but is 
usually unrewarding in the authors’ experience. Ovariectomy 
permitting histopathologic evaluation of both follicular and 
luteal ovarian cystic disorders is advised. Ultrasound-guided 
aspiration of follicular cysts has been advocated as a successful 
method of terminating prolonged proestrus or estrus in the 
bitch and deserves further controlled evaluation.

Treatment of Vaginal Hyperplasia and Prolapse
Estrogen produced during folliculogenesis normally causes a 
hyperplastic response of the vaginal mucosal epithelium and 
cornification of the vaginal epithelial cells, in preparation for 
the copulatory lock. The estrogen response can induce a hyper-
plastic vaginal periurethral papillary mass in some bitches that 
can prolapse through the vulvar cleft. Follicular luteinization 
can be attempted to prematurely decrease estrogen production 
with GnRH (50 μg/bitch intramuscularly) or hCG (500 to 1000 
IU/bitch intramuscularly). It is doubtful that medical interven-
tion is of benefit given that most bitches resolve this condition 
after ovulation. Successful surgical methods of amputating the 
hyperplastic tissues have been reported; the condition resolves 
in normal bitches when estrogen levels fall.53 Prolonged vagi-
nal hyperplasia or prolapse most commonly occurs with ovar-
ian pathology (follicular ovarian cysts), requiring ovariectomy 
for resolution.

Diagnosis and Treatment of Premature Labor
Corpora lutea in both the queen and bitch produce proges-
terone during gestation. Evidence of spontaneous abortion 
or fetal reabsorption associated with serum progesterone 
concentrations below 1 to 2 ng/mL can suggest luteal insuffi-
ciency, which is usually associated with inappropriate myome-
trial contractility. By the time fetal death is observed clinically, 
progesterone secretion has likely decreased secondarily.54 
Also, a serum progesterone concentration below 1 to 2 ng/mL 
after estrus can indicate lack of ovulation rather than luteal 
insufficiency. Primary luteal insufficiency has not yet been 
documented in the bitch and queen.

Bitches with a documented history of fetal reabsorption 
(i.e., ultrasonographic confirmation with no other associated 
pathology) should be evaluated after the next breeding with 
both uterine monitoring, ultrasonography, and serum pro-
gesterone concentrations.55 If inappropriate uterine contrac-
tility is determined with no contributory pathology evident, 
tocolytic therapy can be considered (terbutaline 0.03 mg/
kg orally every 8 to 12 hours to effect). Serum progesterone 
concentration should be evaluated; if it is less than 3 to 5 ng/
mL and viable fetal vesicles are detected, progesterone supple-
mentation can be considered. Because excessive or inappro-
priate progesterone administration during pregnancy can 
cause masculinization of female fetuses and interfere with lac-
togenesis, it should be undertaken only when indicated (i.e., 
when tocolytic therapy alone is not effective). Progesterone 
administration will also prevent normal spontaneous parturi-
tion; therefore treatment must be discontinued 3 days before 
the calculated date of parturition. Therapeutic intervention 
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in suspected hypoluteoidism can be accomplished with the 
administration of injectable natural progesterone or oral syn-
thetic progestagens. Total serum levels of progesterone can be 
monitored only when supplemented with the natural product. 
Progesterone in oil is given intramuscularly at 2 mg/kg every 
72 hours.56 Altrenogest (Regu-Mate, Hoechst-Roussel), a syn-
thetic progestagen manufactured for use in the mare, is dosed 
orally at 0.088 mg/kg every 24 hours.57 Both forms of supple-
mentation must be discontinued in a timely fashion so as not 
to interfere with normal parturition, within 24 hours of the 
due date with the oral synthetic product, and within 72 hours 
with the natural, injectable depot form. This requires accurate 
identification of gestational length using prior ovulation tim-
ing (parturition is expected to occur 64 to 66 days from the 
LH surge or initial rise in progesterone or 56 to 58 days from 
the first day of cytologic diestrus). Less accurate identification 
of gestational length can be made from breeding dates (58 to 
72 days from the first breeding), radiography, or ultrasound.

Luteal insufficiency is also uncommon in the queen, 
although it is frequently suspected in queens that experience 
late-term abortion (i.e., day 50 to 55 of gestation). As in the 
bitch, luteal insufficiency is diagnosed by determination of 
viable pregnancy and inadequate progesterone secretion.

Evaluation of such queens early in gestation for inappro-
priate myometrial activity is advisable. Evaluation of protocols 
designed to cause medical abortion in queens has determined 
that a measured serum progesterone concentration of 1 ng/
mL may be sufficient to support pregnancy, at least for a short 
time.16 The criteria to diagnose luteal insufficiency in the 
queen, therefore, remains undetermined. Premature labor 
in an otherwise benign uterus can be effectively treated with 
tocolytics (terbutaline 0.03 mg/kg orally as needed), the exact 
dose based on response to therapy, as evaluated by uterine 
monitoring.

Prevention or Termination of Estrus
Megestrol acetate is the only substance currently licensed in 
the United States to delay or suppress estrus in bitches. There 
are no products currently licensed for this purpose in the 
queen. It is advised not to use progestational products to delay 
or suppress estrus in bitches intended for future breeding 
because of the predictable side effects of progesterone in the 
intact bitch. A progestagen hormone, megestrol acetate, pro-
motes the development of endometrial gland proliferation and 
suppresses the local uterine immune response. These effects 
can increase the incidence of pyometra and infertility. Pro-
gestagens can cause pathologic changes in mammary glands, 
the endocrine pancreas, and prolactin-producing and growth 
hormone–producing cells of the pituitary gland.58 The drug 
is contraindicated in cases of previous uterine or mammary 
gland disease or diabetes mellitus.

If megestrol acetate therapy is chosen despite potential 
adverse effects, the treatment protocol depends on the stage 
of the estrous cycle in which treatment is begun. To pre-
vent estrus, megestrol acetate (0.55 mg/kg per day orally for 
32 days) is given beginning at least 7 days before the onset 
of proestrus. After discontinuation of therapy, the bitch will 

likely begin an estrous cycle. Alternatively, megestrol acetate  
(2.2 mg/kg per day orally for 8 days) administration can be 
started during proestrus to abbreviate the signs of estrus and 
prevent ovulation. In addition to a dose-related effect, this 
high-dose protocol can be potentially more deleterious than 
the low-dose protocol because the uterine effects of megestrol 
acetate can be enhanced by endogenous estrogens increased 
during proestrus.

Although not yet commercially available in most of the 
United States, GnRH analogues in a repository form offer 
good options for preventing estrous cycles for approximately  
6 months resulting from down regulation.

Prolongation of Interestrus Intervals in the Bitch
Synthetic androgen (previously available as mibolerone, the 
availability of which is currently variable) therapy was recom-
mended as a therapeutic protocol to delay estrus in bitches that 
have interestrus intervals of less than 4 months and are infer-
tile as a result of an abbreviated anestrus. Frequent ovulatory 
estrous cycles may not allow sufficient time for the endome-
trium to recover from the trophic influences of progesterone 
during a nonpregnant diestrus.59 Synthetic androgen sup-
pression of ovarian activity for 6 to 9 months was previously 
recommended after ruling out other causes of infertility in 
bitches with short interestrus intervals.54 Fertility rates after 
the use of mibolerone for this purpose have not been reported; 
the benefit of this protocol have never been proved. As there 
is no documented effective therapy for abbreviated anestrus, 
breeding affected bitches at the earliest opportunity, before 
progesterone-mediated changes in the endometrium have 
occurred, is advised. The heritability of this tendency has not 
been established. Because of problems with human abuse of 
androgenic substances, the availability of such compounds is 
variable.

Treatment of Clinically Significant Pseudocyesis
The decrease in serum progesterone and increase in serum 
prolactin concentrations at the end of diestrus can cause overt 
signs of pseudocyesis (e.g., nesting, galactorrhea, reclusive-
ness, and possibly aggression) in some bitches. Because this 
is a normal phenomenon, clinical signs rarely warrant thera-
peutic intervention. Rarely, mastitis occurs during pseudocy-
esis. Cabergoline, a prolactin inhibitor, at 5 μg/kg orally every 
24 hours for 3 to 5 days, alleviates the signs of pseudopreg-
nancy if problematic.

Pyometra and Postpartum Metritis
The pathophysiology and diagnostic criteria of pyometra 
and postpartum metritis are well described.54,60 Case selec-
tion must be considered carefully because medical therapy 
should be reserved for animals that are medically stable and 
have future reproductive potential. Ovariohysterectomy, after 
appropriate medical stabilization, remains the treatment of 
choice for bitches or queens older than 6 to 7 years of age or if 
signs of systemic sepsis are present.

Many protocols have been proposed for the effective treat-
ment of open-cervix pyometra and postpartum metritis in the 
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bitch and queen using PGF2. These protocols use the natu-
ral hormone dinoprost tromethamine, marketed as Lutalyse 
or Prostin (Upjohn). Dosage recommendations range from 
0.1 to 0.2 mg/kg body weight every 12 to 24 hours for 5 to 
7 days. Alternatively, the synthetic prostaglandin clopros-
tenol has fewer side effects and appears to be equally effec-
tive, using doses of 1 to 3 μg/kg subcutaneously every 12 to 
24 hours, to effect. Monitoring with ultrasonography aids in 
the documentation of disease resolution. Some individuals 
may require repeated or prolonged treatment if the initial regi-
men is unsuccessful. The administration of concurrent appro-
priate systemic antimicrobial therapy, either broad spectrum 
in anticipation of or based on culture and sensitivity results 
from a guarded sample of the cranial vaginal vault, is indicated.

Similar management of closed-cervix pyometra is prob-
lematic. Treatment can be attempted in the bitch with 
closed- cervix pyometra that is medically stable and carefully 
monitored during the treatment process. The use of a PGE1 
analog (misoprostol) intravaginally in conjunction with 
PGF2α has been advocated as a method of establishing cervical 
patency.61 Failure to respond to therapy or worsening of clini-
cal signs indicates the need for ovariohysterectomy.

Pregnancy Termination
There are now several options for the management of an 
unwanted breeding (i.e., misalliance or mismating) of a bitch 
that has future reproductive potential. The administration 
of estrogen is no longer recommended because of potential 
toxicity, induction of a pyometra, or future infertility (see 
additional information in the later discussion of misuses of 
reproductive hormones). Besides allowing the pregnancy to 
proceed to term or performing an ovariohysterectomy dur-
ing early gestation, there are safe, reliable methods to induce 
medical abortion in the bitch and queen.

Early Diestrus Protocol
Administration of PGF2α (dinoprost tromethamine) to bitches 
in early diestrus can result in transient or permanent luteolysis 
and thus prevent continuation of pregnancy.28 Fetal contents 
are reabsorbed, and outward signs of abortion are not detected. 
In one study the following protocol was successful for all 25 
bitches treated with PGF2α: 0.25 mg/kg subcutaneously twice 
daily for 4 days between days 5 and 19 of diestrus.28 Clinicians 
are advised to determine the onset of diestrus cytologically 
by evaluating sequential vaginal cytology after the mismat-
ing. The major drawback to this regimen is that treatment 
occurs before documentation of pregnancy can be performed. 
Because many mismatings (60%) do not result in pregnancy, 
bitches can be unnecessarily treated with this protocol.27 This 
regimen can be performed on an outpatient basis, and its rela-
tively short treatment period (i.e., 4 days) is favorable.

Midgestation Protocols
After day 30 of gestation, PGF2α therapy induces luteolysis and 
myometrial contractions, resulting in fetal expulsion. Treat-
ment is begun after documentation of pregnancy by ultraso-
nography. Ultrasonography is repeated during the treatment 

period to determine the end point of therapy because some 
bitches can partially abort their litter and carry the remaining 
pups to term. The following protocol has been reliably success-
ful in bitches treated after day 30 of gestation: PGF2α 0.1 mg/kg 
subcutaneously every 8 hours for 2 days and then increas-
ing the dose to 0.2 mg/kg subcutaneously every 8 hours until 
the abortion is complete.27 The range of therapy is from 3 to 
9 days, with excellent subsequent reproductive capability in 
treated bitches. Queens have also been similarly treated with 
good results.54 Cloprostenol can be substituted for PGF2α with 
fewer undesirable physical side effects.

An adjunctive therapy to PGF2α has been proposed to 
hasten the treatment period (i.e., the duration of treatment 
needed to produce effect). Administration of misoprostol, a 
prostaglandin E compound, intravaginally daily (1 to 3 μg/kg) 
concurrently with the previously described PGF2α protocol 
was found to decrease the treatment period by 1 to 2 days.61 
The proposed action of the misoprostol in this regimen is to 
soften and open the cervix, thus permitting evacuation of 
uterine contents.

Dexamethasone has been used successfully to induce 
abortion and resorption in the bitch.24 Dexamethasone 
administered at 0.2 mg/kg orally twice daily for 10 days ini-
tially is advised and effective. Pregnancies of less than 40 days 
generally are resorbed with minimal vaginal discharge. Suc-
cessful pregnancy was reported in 18 of 20 bitches bred at 
the subsequent estrus. It is imperative that ultrasonographic 
evaluation of the pregnancy take place after the 10-day treat-
ment period, insofar as fetal death occurs between 8 and 
12 days, and additional days of treatment may be needed 
to complete termination. Progesterone levels, when mea-
sured, were below 1 ng/mL, suggesting luteolysis. Side effects 
include polydipsia, polyuria, polyphagia, and panting, which 
were tolerable for the treatment period and resolved when 
the drug was discontinued. Dexamethasone-induced abor-
tion permits outpatient treatment of unwanted pregnancy 
with minimal expense.

Abortion can be induced in bitches and queens by the anti-
prolactin effect of dopamine agonists. Because bromocriptine 
is not well tolerated, studies investigating the use of cabergo-
line and metergoline to terminate pregnancy in the bitch and 
queen have been conducted.15,16 Pregnancy termination with 
a dopamine agonist results in fetal reabsorption more com-
monly than the uterine evacuation that occurs with the PGF2α 
regimen. The protocols appear to be effective and well toler-
ated; the availability and expense of the latter generation dopa-
mine agonists are the major drawback.

Medical Management of Dystocia
Oxytocin is the most commonly used reproductive hormone 
in general veterinary practice. Its use in the medical manage-
ment of uterine inertia has been well described elsewhere.54 
It is important to accurately assess the indication for the use 
of oxytocin and ensure that fetal malposition or obstruction 
is not present. Additionally, overuse of oxytocin can result in 
a tetanic uterus and can impede fetal (placental) blood sup-
ply and cause fetal compromise.55 Judicious use of oxytocin to 
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treat uterine inertia can be beneficial. Dose ranges are lower 
than previously reported, from 0.25 to 2 units subcutane-
ously or intramuscularly per dose, and can be repeated every 
30 minutes to effect. Previously suggested doses of more than 
1U/kg are superphysiologic and contraindicated because they 
may induce tetanic contractions, compromise fetal (placen-
tal) blood supply, and cause uterine rupture. It has been rec-
ommended to administer calcium gluconate subcutaneously  
10 to 15 minutes before the oxytocin therapy despite the typi-
cal eucalcemic status of bitches experiencing dystocia, sug-
gesting that the benefit of exogenous calcium occurs at the 
cellular level. Calcium improves strength of uterine contrac-
tions, whereas oxytocin increases their frequency.55 The use 
of uterine and fetal monitoring systems permitting insight-
ful mediation (WhelpWise) is strongly advocated during the 
management of labor.

Adjunct Therapy for Mammary Gland Carcinoma
The use of the antiestrogen tamoxifen has been investigated 
as an adjunct in the treatment of mammary gland adeno-
carcinoma in the bitch.62 Although the bitch exhibits direct 
estrogenic effects to the reproductive tract (i.e., vulvar edema, 
stump pyometra) after the administration of tamoxifen, this 
drug may have an antiestrogenic effect on mammary tissue. In 
one report tamoxifen therapy (mean dose 0.42 mg/kg orally 
twice daily) was effective for five of seven bitches with nonre-
sectable or metastatic mammary carcinoma.62 In another study 
tamoxifen was administered (0.7 mg/kg every 24 hours orally 
for 4 to 8 weeks) but had no observable effect in 10 bitches that 
had advanced mammary cancer.62 The use of tamoxifen as an 
adjunct in the treatment plan for mammary neoplasia requires 
more investigation before it can be advised routinely.

Urinary Incontinence in Spayed or Neutered 
Dogs
Supplementation with reproductive hormones can be consid-
ered when a diagnostic evaluation for chronic urinary incon-
tinence in a neutered dog detects decreased urethral sphincter 
tone with no other pathology evident. Supplementation with 
DES or testosterone in ovariectomized bitches or castrated 
dogs, respectively, can enhance the sensitivity of α-adrenergic 
receptors to endogenous α-agonists. Oral treatment with DES 
can be started at 0.1 to 1 mg/bitch per day for 7 days, after 
which the frequency is diminished to the lowest effective dose. 
If signs cannot be controlled with infrequent therapy (i.e.,  
1 mg or less every 3 to 5 days in a 30-kg bitch), alternative 
or adjunctive drug therapy with phenylpropanolamine should 
be considered. Potential side effects of DES treatment include 
estrogen-induced bone marrow toxicity (not reported with 
oral diethylstilbesterol), attraction of male dogs, and derma-
tologic disorders. Supplementation of incontinent male dogs 
with testosterone (testosterone cypionate 2.2 mg/kg intramus-
cularly every 30 days) can be considered.63 Adverse effects 
include prostatic hyperplasia and behavioral changes such 
as inappropriate urination, aggression, and sexual excitabil-
ity. When treating idiopathic urinary incontinence in either 
the neutered female or male dog, the clinician may prefer to 

consider a compounded α-agonist phenylpropanolamine. 
Essentially no side effects are expected with this type of ther-
apy, but the owner may need to administer the drug multiple 
times per day for a consistent effect. The role of gonatotropins 
in idiopathic incontinence has been reported; a depot admin-
istration of GnRH has been used for the treatment of urinary 
sphincter incompetence in the bitch with good results, sug-
gesting a future role for adjunct therapy of urethral sphincter 
incompetence in the bitch.64

Cryptorchidism
Cryptorchidism is an inherited congenital disorder for which 
bilateral castration is recommended. Medical treatment to 
cause descent of a retained testicle is unethical if performed 
for the purpose of enabling the dog to be shown or bred and 
likely ineffective. Alternatively, descent of a retained testicle 
before castration will allow a prescrotal surgical approach. 
Protocols using either GnRH or hCG have been recom-
mended, although no controlled studies to document efficacy 
have been published. The precise method of action of these 
hormones to induce testicular descent is unknown. One pro-
tocol for GnRH is 50 to 100 μg/dog subcutaneously or intra-
muscularly, repeated after 4 to 6 days if no improvement is 
observed. An alternative protocol is to administer hCG 100 
to 1000 IU/dog intramuscularly 4 times spaced over a 2-week 
period.55 This protocol has been unsuccessful when used in 
dogs older than 16 weeks of age, and no actual controls existed 
in the study describing its use.54

Cryptorchidism is uncommon in cats. To the authors’ 
knowledge, the medical treatment of this disorder in cats has 
not been investigated.

Benign Prostatic Hyperplasia
Chronic administration of a GnRH analog can cause down-
regulation, and serum testosterone concentrations can decline 
to castrate levels. This is the basis of therapy for the adminis-
tration of leuprolide (a GnRH analog) to men with prostatic 
carcinoma. Prostatic carcinoma occurs with equal frequency 
in dogs castrated before puberty as in intact dogs, indicat-
ing that testicular androgens are not the sole inciting factor 
in the development of prostatic neoplasia in the dog.65 Adre-
nal androgens may play a role in the development of prostatic 
neoplasia in dogs and in men refractory to downregulation 
therapy.

It is possible that downregulation therapy could success-
fully treat other androgen-dependent conditions in the dog 
(e.g., perianal adenoma, perineal hernia formation, benign 
prostatic hyperplasia). Factors such as cost, lack of appropri-
ate dosing information, and the routine acceptance of surgi-
cal castration in the dog make treatment with GnRH analogs 
for such cases unlikely. The advantage of medical treatment 
versus surgical castration is the potential reversibility of infer-
tility with cessation of downregulation therapy, although the 
androgen-dependent disorder would likely recur.

Successful treatment of benign prostatic hyperplasia using 
finasteride has been reported.26 The advantage of finaste-
ride administration is the maintenance of spermatogenesis, 



883CHAPTER 23 Rational Use of Reproductive Hormones

because finasteride decreases intraprostatic DHT concentra-
tions and does not affect intratesticular or circulating tes-
tosterone concentrations. Recommendations have been to 
administer finasteride to dogs at the dosage currently used 
for men: 5 mg/dog orally once daily. Whether a lower or less 
frequent dosing regimen is possible remains to be investi-
gated. The disadvantage of finasteride administration in men, 
as a potentially teratogen, is not of concern in dogs because 
of the minimal exposure associated with typical breedings. 
One problem resulting from the long-term use of finasteride 
is a reduction in the volume of the prostatic fraction of the 
ejaculate, perhaps necessitating the use of semen extenders. 
The impact of this lack of prostatic fluid on natural breedings 
(in which the volume of prostatic fluid forces semen into the 
uterus) is not known. The use of progestagens (i.e., medroxy-
progesterone and megestrol acetate) has also been reported 
as a method to decrease prostatic hypertrophy and maintain 
sperm production. The potential adverse systemic effects of 
these compounds (i.e., effects on growth hormone produc-
tion, liver function, insulin secretion, mammary gland dis-
ease) make this treatment less appealing.

Hypogonadism
Hypogonadotropic hypogonadism, a congenital condition in 
which the pituitary fails to produce gonadotopins, occurs in 
men. Affected men can respond to gonadotropin replacement 
therapy with resultant fertility. Hypothalamic or hypogonado-
tropic hypogonadism has not been documented to occur in a 
congenital form in dogs. Acquired pituitary dysfunction can 
occur in dogs with space-occupying neoplasms, but the diag-
nosis of hypogonadism is difficult. Lack of negative feedback 
inhibition causes dogs with primary testicular degeneration 
or atrophy to have high serum LH and FSH concentrations. 
If primary pituitary failure was the cause of azoospermia, the 
serum FSH and LH concentrations would be low. At pres-
ent, FSH and LH assays are not readily available for the dog; 
a semiquantitative LH kit is available (Synbiotics). Because of 
the nature of LH secretion, challenge testing is recommended 
to evaluate pituitary function.

Treatment of this form of infertility depends on the etiol-
ogy of the pituitary disease; fertility may be unimportant in 
view of the dog’s general health. Although the prognosis for 

return to fertility is guarded, one protocol using gonadotropin 
replacement therapy is to administer 500 IU hCG biweekly 
(subcutaneously or intramuscularly) and FSH at either 1 mg/
kg intramuscularly every 48 hours or 25 mg/dog subcutane-
ously once weekly.54 Because spermatogenesis and sperma-
tozoa maturation requires approximately 77 days in the dog, 
therapy must be continued for 3 months before the effective-
ness of this protocol can be evaluated.

Management of Retrograde Ejaculation; 
Improvement of Ejaculate
Retrograde ejaculation causes semen to flow into the urinary 
bladder, reducing the effective ejaculate. Retrograde ejacula-
tion is treated with pseudoephedrine hydrochloride (3 to  
5 mg/kg given 3 hours and 1 hour before collection) or phenyl-
propanolamine (3 mg/kg every 12 hours).42

It is often desirable to increase the sperm quantity in an 
ejaculate to optimize the sample for freezing for shipping. 
In the dog it has been theorized that GnRH administration 
before ejaculation will induce an LH surge with a primary 
increase in testosterone and thus improve the total sperma-
tozoa per ejaculate; however, a recent study evaluating eight 
mature mixed-breed dogs showed no objective improvement 
in semen parameters or libido. Interestingly, administration 
of PGF2-alpha (0.1 mg/kg 15 minutes before collection) sig-
nificantly increased the total number of sperm per ejaculate 
compared with control dogs and dogs receiving oxytocin and 
GnRH before collection. It is thought that administration of 
PGF2-alpha before ejaculation facilitates the movement of 
spermatozoa from the epididymis to the ductus deferens, thus 
enhancing the ejaculatory output.66

MISUSES OF REPRODUCTIVE 
HORMONES

Some reproductive hormones have been misused for many 
years (Table 23-3). Assumptions based on incomplete infor-
mation about canine reproductive physiology led to the devel-
opment of these protocols in the past. Current knowledge and 
other alternatives (i.e., for mismating in bitches) have resulted 
in the discontinuation of these practices, which are now con-
sidered inappropriate.67

Table 23-3  Misuses of Reproductive Hormones
Disorder Hormone Misused Considerations Alternatives
Female infertility GnRH, gonadotropins Alteration of feedback loop decreases 

fertility
Appropriate diagnostic evaluation; ovulation 

timing and optimal breeding management
Male infertility GnRH, gonadotropins, 

testosterone
Lack of effect or decreased fertility; 

 testosterone decreases spermatogenesis
Appropriate diagnostic evaluation

Mismating Estrogens (DES or ECP) Can cause bone marrow toxicity, 
 infertility, pyometra

Early or late diestrus treatment with  
PGF2α, cabergoline, dexamethasone.

Benign prostatic 
hyperplasia

Estrogen (DES) Can cause squamous metaplasia and 
increased risk of bacteria prostatitis

Castration; treatment with finasteride

GnRH, gonadotropin-releasing hormone; DES, diethylstilbestrol; ECP, estradiol cypionate; PGF2α, prostaglandin F2α.
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Treatment of Idiopathic Infertility
Infertility in the Bitch
Physiologic processes that control folliculogenesis in the bitch 
are complex and involve precise, minute amounts of hypotha-
lamic and pituitary hormones that are sensitively controlled 
by the ovarian feedback loop. To interrupt the hypothalamic–
pituitary–ovarian axis pharmacologically leads to dysfunc-
tion, rather than an augmentation, of the system. The rational 
administration of GnRH requires pulsatile administration, the 
use of GnRH analogs results in downregulation, and the use of 
gonadotropins is largely unsuccessful to induce fertile estrus 
in known fertile bitches. There is no evidence to support the 
use of these hormones in bitches with a history of infertility 
or decreased fecundity. Careful evaluation of the underlying 
causes of infertility and optimal breeding management and 
husbandry with ovulation timing (i.e., serial evaluation of 
measured parameters to determine the time of ovulation) is 
recommended.

Infertility in the Stud Dog
Decreased production of sperm is usually the result of primary 
testicular degeneration and atrophy. Gonadotropin secretion 
is increased as a result of the lack of negative feedback inhibi-
tion. The administration of GnRH or gonadotropins in such 
cases is therefore inappropriate. Careful investigation to deter-
mine the cause of infertility (e.g., testicular atrophy, bacterial 
prostatitis, infectious or immune-mediated orchitis, spermatic 
tubular obstruction) is recommended.

As is true of GnRH and gonadotropins, the use of gonadal 
steroids to enhance fertility is contraindicated. The most com-
mon misuse of gonadal steroids to potentiate fertility is the 
administration of testosterone to heighten libido. Pharmaco-
logic administration of testosterone inhibits steroidogenesis 
by interruption of the sensitive feedback mechanisms of the 
hypothalamic–pituitary–gonadal axis. The concentration of 
testosterone within the seminiferous tubules normally exceeds 
that found in circulation. An increase of circulating testoster-
one will serve to decrease output of FSH and LH and thereby 
decrease spermatogenesis. Additionally, many dogs with low 
libido have normal concentrations of serum testosterone but 
have a decrease in libido for other reasons (e.g., prostatic dis-
ease, behavioral issues).

Treatment of Mismating and Pregnancy 
Termination
Estrogens, in the form of either estradiol cypionate (ECP) 
or DES, have been used historically to prevent pregnancy 
after mismating in the bitch. The administration of estrogen 
in any form is no longer recommended for this condition 
because estrogens are either ineffective or unsafe to use. All 
bitches treated with estrogens are at risk for the development 
of bone marrow aplasia, pyometra, or infertility. Although 
most cases of estrogen-induced bone marrow toxicity have 
been associated with ECP administered at high doses (i.e., >1 
mg), aplastic anemia has been observed in bitches receiving a 
lower dose. One study determining the efficacy of estrogens to 

prevent pregnancy found that DES (75 μg/kg orally for 7 days) 
was ineffective when treatment began in proestrus, estrus, 
or day 2 of diestrus.19 Also, ECP (22 μg/kg intramuscularly) 
was ineffective when administered once during proestrus or 
estrus, preventing pregnancy in only 50% of treated bitches.19 
The administration of estrogens during diestrus increases the 
risk of the development of pyometra because the progester-
one effect on the uterus to promote glandular secretion and 
decrease local uterine immunity is enhanced in the presence 
of estrogen. To prevent pregnancy in mismated bitches, pro-
tocols using PGF2α, dexamethasone, or dopamine agonists 
should be considered.

Treatment of Benign Prostatic Hyperplasia
The use of estrogens to treat benign prostatic hyperplasia in 
dogs is not recommended. In addition to potential toxicity 
with the administration of estrogens, estrogen-induced squa-
mous metaplasia of the prostate gland may increase the risk of 
bacterial prostatitis and cyst formation.
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PREANESTHETIC MEDICATIONS

The use of preanesthetic medications before general anesthe-
sia in dogs and cats has several advantages. The advantages 
include helping to decrease stress and anxiety, providing anal-
gesia, decreasing the amount of subsequent anesthetic drugs 
used, and minimizing the cardiopulmonary depression asso-
ciated with the commonly used anesthetic agents. Addition-
ally, certain preanesthetic medications will facilitate recovery 
from anethesia.

The preanesthetic medications used routinely in dogs and 
cats include the anticholinergics, phenothiazine and benzodi-
azepine tranquilizers, opioids, and alpha2-adrenergic agonists. 
Certain drugs discussed in this chapter are not labeled for use 
in dogs or cats or for the dose and route of administration sug-
gested. Decisions regarding extralabel use should be based on 
the judgment of the veterinarian and the current laws govern-
ing extralabel use of drugs.

Anticholinergics
General Pharmacology
Anticholinergics competitively antagonize acetylcholine at post-
ganglionic terminations of cholinergic fibers in the autonomic 
nervous system. They are used as preanesthetic medications to 
decrease salivary secretions, decrease gastric fluid acidity, and 

inhibit the bradycardic effects of vagal stimulation. Other effects 
include mydriasis, decreased tear formation, decreased intesti-
nal motility, and bronchodilation. Atropine and glycopyrrolate 
are the two anticholinergic drugs used in dogs and cats.

Atropine Sulfate
Atropine sulfate (0.02 to 0.04 mg/kg) can be administered 
intramuscularly, subcutaneously, or intravenously. The dura-
tion of action is 60 to 90 minutes. Atropine may stimulate 
vagal nuclei in the medulla and cause an initial bradycardia 
before the desired effect is seen, particularly when the drug 
is administered intravenously. Other central effects of atro-
pine include depression, restlessness, and delirium. Atropine 
administration may cause cardiac arrhythmias and sinus 
tachycardia. Atropine does cross the placental barrier and 
may lead to central and peripheral anticholinergic effects in 
the fetus when administered to the dam. Arrhythmias are 
more common after intravenous administration and include 
second-degree atrioventricular block, unifocal ventricular 
premature contractions, and ventricular bigeminy.1 Atropine 
is contraindicated in animals with preexisting tachycardia.

Glycopyrrolate
Glycopyrrolate is a synthetic quaternary ammonium anticho-
linergic. Glycopyrrolate may be given intramuscularly, sub-
cutaneously, or intravenously at a dose of 0.011 mg/kg. The 
duration of action of vagal inhibition is 2 to 4 hours, signifi-
cantly longer than with atropine. The antisialagogue effect may 
persist for up to 7 hours. The cardiovascular effects of glyco-
pyrrolate are similar to those of atropine. Because of its large 
structure, glycopyrrolate does not cross the blood–brain or 

KEY POINT 24-1 Selecting an appropriate anesthetic regimen 
for the small animal patient requires a thorough under-
standing of the commonly used anesthetic premedication, 
induction, and maintainence agents, including their indica-
tions, contraindications, and potential adverse effects.
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placental barrier readily and therefore has minimal central or 
fetal effects.2

Tranquilizers
Acepromazine
Acepromazine (0.05 to 0.1 mg/kg intravenously, intramuscu-
larly, or subcutaneously, not to exceed a total dose of 3 mg; 
oral dose is 1 to 2 mg/kg), a phenothiazine tranquilizer, is 
used commonly as a premedication before general anesthe-
sia in dogs and cats to relieve anxiety. Through depression of 
the reticular activating system and antidopaminergic actions 
in the central nervous system (CNS), acepromazine produces 
mental calming, decreased motor activity, and increased 
threshold for responding to external stimuli. Acepromazine 
does not produce analgesia but may act synergistically when 
administered concurrently with other drugs with analgesic 
activity. Administration of acepromazine will decrease the 
dose of subsequent anesthetic agents. Other effects include 
antiemetic activity and antihistaminergic properties. Hypo-
tension and hypothermia can result from depression of vaso-
motor reflexes. Acepromazine is metabolized by the liver and 
should not be used in patients with liver disease. Because of 
the potential for hypotension, acepromazine should be used 
cautiously in compromised patients, particularly those with 
significant cardiovascular disease. Acepromazine may inhibit 
platelet function and should be avoided in patients with 
coagulopathies.2

In many veterinary textbooks, authors cautioned against the 
use of acepromazine in animals at risk for seizures. Recently, 
this caution is being questioned on account of a lack of ref-
erences. In two retrospective studies, no evidence was found 
that acepromazine lowered the seizure threshold in dogs with 
a history of seizure disorders.3,4 It was further concluded that a 
controlled prospective study is necessary for a more thorough 
evaluation of the use of acepromazine both in this patient pop-
ulation and in the general canine population.

Diazepam
Diazepam (0.1 to 0.2 mg/kg intravenously) is a benzodiaz-
epine tranquilizer that possesses muscle relaxant and anti-
convulsant properties. Benzodiazepines exert their effect by 
enhancing the CNS inhibitory neurotransmitters gamma-
aminobutyric acid (GABA) and glycine and by combining 
with CNS benzodiazepine receptors.1 Diazepam may pro-
duce a mild calming effect in some patients, but agitation and 
excitement can also occur. Diazepam is solubilized by mixing 
with propylene glycol. Diazepam has minimal cardiovascular 
effects; bradycardia and hypotension may be seen after rapid 
intravenous administration. Propylene glycol is associated 
with pain on injection and incompatibility when mixed in the 
same syringe with other drugs. Clinical uses of diazepam in 
small animal anesthesia include providing muscle relaxation 
when given concurrently with dissociative anesthetics and as 
a co- induction agent with injectable anesthetics (thiopental, 
propofol, etomidate) to decrease their doses or side effects (or 
both). The effects of diazepam can be reversed with the benzo-
diazepine antagonist flumazenil.

Midazolam
Midazolam (0.1 to 0.2 mg/kg intravenously and intramuscu-
larly) is a benzodiazepine tranquilizer with behavioral effects 
and clinical uses similar to those of diazepam. Midazolam is 
more potent and has a shorter duration of action than diaze-
pam. Midazolam is water soluble at a pH of 3.5. At a pH above 
4, the chemical structure changes to become lipid soluble.5 
Unlike diazepam, midazolam can be mixed with other anes-
thetic agents and can be administered intramuscularly with-
out causing irritation. Flumazenil can be used to antagonize 
the effects of midazolam.

Midazolam is often used as a component of a total intra-
venous anesthetic technique (TIVA). The advantage of TIVA 
is that general anesthesia can be maintained without the use 
of inhalant agents, which can cause significant cardiovascular 
depression in certain high-risk patients. Midazolam, 8 μg/kg/
min, combined with fentanyl, 0.8 μg/kg/min, are delivered as a 
constant-rate infusion (CRI) after induction of anesthesia. The 
dose can be adjusted as needed to produce a desirable level of 
anesthesia. Typically, the dose is lowered periodically during 
the anesthetic period, based on the judgment of the level of 
anesthesia. This technique makes recovery less prolonged. In 
certain patients a low concentration of inhalant (e.g., sevoflu-
rane) may be added if the TIVA is inadequate to maintain a 
desirable level of anesthesia. This is particularly true in ani-
mals that are alert and active preoperatively. These patients 
have significant cardiovascular disease precluding a primary 
inhalant regimen but are asymptomatic or well-compensated. 
Examples include young dogs with valvular stenosis or patent 
ductus arteriosis without evidence of heart failure.

Opioids
Opioids act by combining with one or more specific receptors 
in the brain and spinal cord to produce analgesia, sedation, 
euphoria, dysphoria, and excitement. The mu receptors are 
thought to mediate supraspinal analgesia, respiratory depres-
sion, and euphoria. Kappa receptors mediate spinal analgesia, 
miosis, dysphoria, and sedation; the sigma receptors mediate 
hallucinations, psychomimetic activity, and respiratory and 
vasomotor stimulation. Delta receptors are thought to primar-
ily modify mu receptor activity.1 Opioids are classified as ago-
nists, agonist–antagonists, or antagonists according to their 
receptor activity.

Opioids, agonists or agonist–antagonists, are used before, 
during, and after surgery in dogs and cats to provide analge-
sia. Certain opioids may produce sedation in some patients. 
The antagonists are used to reverse the effects of the agonists 
or agonist–antagonists. The opioid chosen is based on the 
degree and duration of expected pain and physical status of 
the patient. Understanding the differences between the com-
monly used opioids and their possible side effects are also 
important when choosing which drug to use. Dose, route, 
classification, and duration of action of the commonly used 
opioids in dogs and cats during the perioperative period are 
shown in Table 24-1.

The most common side effects of opioids preanesthe-
sia include bradycardia and second-degree atrioventricular 
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blockade. These effects may be prevented or treated with an 
anticholinergic agent. When given as a preanesthetic medica-
tion, certain opioids may cause vomiting. It is more commonly 
seen after administration of a mu agonist (morphine, hydro-
morphone). Respiratory depression can also occur, especially 
at high doses. The respiratory depressant effects may be addi-
tive to those caused by inhalant anesthetic agents. The user 
should be prepared to assist or control ventilation if necessary. 
This is especially crucial in patients with suspected space-
occupying masses or lesions of the brain. Hypercapnia result-
ing from respiratory depression causes cerebral vasodilation 
and can lead to a life-threatening increase in intracranial pres-
sure. The opioids can cause histamine release and should not 
be used before intradermal skin testing for allergies.

CRIs of many of the opioids can be used both intraopera-
tively and postoperatively to provide analgesia and decrease 
the amount of inhalant anesthetic agent required. Fentanyl (2 
to 5 μg/kg/hr intravenously), morphine (0.1 to 0.2 mg/kg/hr 
intravenously), hydromorphone (0.02 to 0.05 mg/kg/hr), and 
butorphanol (0.1 to 0.2 mg/kg/hr intravenously) will provide 
acceptable analgesia for most patients. Remifentanil (18 to 36 
μg/kg/hr intravenously) is unique in that it is undergoes rapid 
hydrolysis by nonspecific tissue and plasma esterases. There-
fore it has a rapid onset and offset and is noncumulative, and 
clearance is unaffected by decreased hepatic function.

Alpha2-Adrenergic Agents
The alpha2-adrenergic agonists are used to produce sedation, 
muscle relaxation, and analgesia in dogs and cats by stimulat-
ing presynaptic alpha2-adrenoreceptors and causing a decrease 
in norepinephrine release both centrally and peripherally. This 
action leads to a decrease in both CNS sympathetic outflow 
and circulating catecholamines.2 Cardiopulmonary effects can 
be significant with these drugs and include respiratory depres-
sion, bradycardia, first- or second-degree atrioventricular 
blockade, decreased cardiac output, and increased peripheral 
vascular resistance. Because of these effects, careful patient 
monitoring should be employed after administering these 
drugs in dogs and cats. Alpha2-adrenergic agonists should not 
be used in compromised patients. Other effects seen with the 
use of alpha2-adrenergic agonists include vomiting, hypergly-
cemia, decreased gut motility, and dieresis. The commonly used 
drugs are xylazine, medetomidine, and dexmedetomidine.

Xylazine
Xylazine (0.2 to 1 mg/kg intravenously and intramuscularly) 
can be given as a premedication agent alone or in combination 
with opioids to facilitate intravenous catheter placement and 
decrease dose requirements of subsequent injectable and inhal-
ant anesthetic agents. It is also used commonly as an adjuvant 
with dissociative anesthetic agents to improve muscle relaxation 
and provide visceral analgesia for short surgical procedures.

Medetomidine
Medetomidine is an alpha2-adrenergic agonist approved for 
use in dogs. Although the clinical effects are similar, medeto-
midine is more potent and possesses a higher alpha2 recep-
tor selectivity profile than xylazine. The preanesthetic dose in 
dogs is 5 to 10 μg/kg, intravenously and intramuscularly and 
up to 20 μg/kg for sedation. Medetomidine is not approved 
for use in cats. However, it has been used successfully, either 
alone or in combination with an opioid or dissociative agent, 
for immobilization or surgical anesthesia. The preanesthetic 
dose in cats is 10 to 15 μg/kg, but a dose range up to 40 to 80 
μg/kg intramuscularly is reported.6 This author recommends 
using the lowest dose needed to produce the desired effect. 
Combining medetomidine with an opioid may have a syner-
gistic effect, allowing a lower dose of each drug to be used. 
The use of medetomidine (20 μg/kg intramuscularly) in feline 
hypertrophic cardiomyopathy patients with concurrent left 
ventricular outflow obstruction has been shown to improve 
the hemodynamics of these patients.7

When medetomidine is used as a preanesthetic medication, 
the dose of subsequent anesthetic agents will be markedly 
reduced. This includes both induction and inhalational agent 
requirements. The patients should be monitored carefully 
throughout the anesthetic period. Profound bradycardia is 
common after medetomidine administration but can be mini-
mized by preemptive treatment with an anticholinergic agent. 
If severe bradycardia or hypotension occurs, the medetomi-
dine can be reversed with atipamezole.

Failure to achieve adequate sedation, or no effect at all, 
can occur in stressed, agitated animals because of high lev-
els of endogenous catecholamines. These animals should be 
allowed to rest before medetomidine is given. Repeat dosing 
is not recommended in dogs that do not respond satisfactorily 
to medetomidine. It is important to remember that sudden 

Table 24-1  Commonly Used Opioids for Dogs and Cats
Opioid Dose, mg/kg Route Duration of Action Classification
Morphine 0.05-1.0 IM, SC 4 hrs Agonist
Hydromorphone 0.1-0.2 IV, IM, SC 4 hrs Agonist
Butorphanol 0.2-0.4 IV, IM, SC 2 hrs Agonist–antagonist
Buprenorphine 0.005-0.020 IV, IM, SC 6-8 hrs Agonist–antagonist
Fentanyl 0.005-0.01 IV, IM 20-40 min Agonist
Nalbuphine* 1 IV to effect NA Agonist–antagonist
Naloxone 0.04-0.06 IV to effect NA Antagonist

IM, Intramuscular; SC, subcutaneous; IV, intravenous; NA, not applicable.
*Nalbuphine is used to reverse the sedative effects of opioid agonists, without affecting analgesia
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arousal and the potential for biting after minimal stimulation 
or handling can occur. To prevent harm, the user is warned 
against a false sense of security when handling animals sedated 
with medetomidine.8

Dexmedetomidine
Dexmedetomidine is the active, dextrorotary enantiomer of 
the racemic mixture medetomidine. The same indications 
for medetomidine apply to the clinical use of dexmedetomi-
dine at equal pharmacologic doses. Dexmedetomidine has 
approximately twice the potency as medetomidine; there-
fore it is dosed at one half the amount of medetomidine to 
achieve the same level of sedation and analgesia. The phar-
macologically inactive enantiomer levomedetomidine has no 
sedative, analgesic, or cardiorespiratory effects, but its absence 
may influence the pharmacokinetic and pharmacodynamic 
effects of dexmedetomidine. Differences would be expected 
in the drug metabolism of dexmedetomidine compared with 
medetomidine given that only half of the racemic mixture is 
administered and subsequently metabolized. One study in cats 
comparing medetomidine and dexmedetomidine before ket-
amine anesthesia reported that cats premedicated with dex-
medetomidine recovered more quickly that the cats receiving 
medetomidine.9

Romifidine
Romifidine is the newest alpha2-adrenergic agonist to be 
evaluated for use in small animal veterinary patients. It is not 
approved for use in small animals in the United States. Com-
pared with xylazine, the onset of action is slower and the dura-
tion of action is longer. At equipotent doses the cardiovascular 
effects are similar to those of xylazine. In healthy dogs 10 to 20 
μg/kg administered intramuscularly produced mild to moder-
ate sedation with limited effects on cardiovascular function.10 
In healthy cats 40 μg/kg adminisered intramuscularly pro-
duced moderate sedation.11

Alpha2-Adrenergic Antagonists
Reversal of the clinical effects of xylazine and medetomidine 
can be accomplished with specific alpha2-adrenergic antago-
nists. Yohimbine (0.1 mg/kg intravenously), tolazoline (2 mg/kg 
IV), and atipamezole are most commonly used in dogs and cats. 
Atipamezole is used to reverse the effects of medetomidine. The 
dose of atipamezole is determined by the amount of the agonist 
given and the time elapsed since the agonist was administered. 
To prevent neurologic (excitement and muscle tremors), car-
diovascular (hypotension and tachycardia), and gastrointestinal 
(salivation and diarrhea) side effects, atipamezole should be 
given intramuscularly and at the lowest dose needed to produce 
reversal of the CNS and cardiovascular effects of medetomidine.

INJECTABLE ANESTHETICS

Injectable anesthetic agents are used to rapidly produce 
unconsciousness. They usually are given before maintenance 
of general anesthesia with an inhalant anesthetic agent but 
may also be administered by repeated injection or infusion, 

alone or in combination with other injectable agents, to main-
tain anesthesia. The major disadvantage of injectable agents 
once administered is that the effects are not immediately elim-
inated, including any unwanted cardiopulmonary changes. 
The injectable agents used in veterinary patients include the 
barbiturates, dissociative agents, propofol, and etomidate.

Barbiturates
The barbiturates cause depression of the CNS by interfering 
with passage of impulses to the cerebral cortex. Barbiturates 
are categorized according to their duration of action. The 
ultrashort-acting barbiturates thiopental and methohexital 
are the two most commonly used in dogs and cats to produce 
a rapid induction of anesthesia. The transition to inhalant 
anesthesia is smooth, and recovery is relatively rapid because 
of redistribution. Methohexital is cleared from the body at a 
faster rate and is preferred in sighthounds, which have a more 
prolonged recovery with the thiobarbiturates.

The barbiturates decrease cerebral blood flow, cerebral 
metabolic rate of oxygen, and electrical activity of the brain.2 
Because of these CNS effects, anesthetic induction using a 
barbiturate is preferred in patients with certain neurologic 
diseases (seizure disorders, space-occupying lesion of the 
brain). Other organ system effects include cardiovascular and 
respiratory depression that is dependent on the dose and rate 
of administration. Cardiac arrhythmias may occur, with ven-
tricular extrasystoles and bigeminy being the most common.2

Maximal effect from an intravenous injection of an ultra-
short-acting thiobarbiturate is reached within 30 seconds. 
The duration of action depends on redistribution to lean 
body tissues. Barbiturates are primarily metabolized by the 
liver and eliminated by renal excretion. Care should be taken 
when administering barbiturates to patients with liver disease 
because the duration of action may be prolonged.

Thiopental
Thiopental can be used as a 2% to 5% solution in dogs and 
cats. More concentrated solutions may cause severe tissue 
damage if accidentally administered perivascularly. For induc-
tion of anesthesia, thiopental is administered in small incre-
ments, 2 to 6 mg/kg intravenously, until the desired effect is 
reached. A total dose of 10-12 mg/kg is usually sufficient for 
induction, before intubation and maintenance with an inhal-
ant agent. Repeated injections of thiopental for maintenance 
of anesthesia have a cumulative effect and can cause a pro-
longed recovery.

Methohexital
Methohexital is similar in its effects to thiopental, except it is 
more rapidly metabolized and is not cumulative.2 Methohexi-
tal is reconstituted as a 2.5% solution, and a calculated dose of 
6 to 10 mg/kg is drawn up in a syringe. One half is adminis-
tered initially and the remainder given to the desired effect. In 
patients that have not been premedicated, involuntary excite-
ment or emergence delirium can be seen during the recovery 
period. Treatment is accomplished with intravenous adminis-
tration of diazepam, 0.2 mg/kg .
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Dissociative Agents
Dissociative anesthesia is an anesthetic state caused from inter-
ruption of ascending transmission from the unconscious to 
conscious parts of the brain.12 This group includes ketamine 
and tiletamine. Tiletamine is a component of Telazol. Dis-
sociative anesthesia is characterized by a catalepsy; somatic 
analgesia; and intact ocular, laryngeal, and pharyngeal reflexes. 
Because control of the airway may not be complete, intubation 
with a cuffed endotracheal tube is recommended. Visceral anal-
gesia is poor. Muscle rigidity or reflexive skeletal muscle move-
ments can also occur. Dissociative agents are commonly used 
for induction and maintenance of anesthesia in cats and dogs.

Ketamine
Both ketamine and tiletamine increase cerebral blood flow 
and intracranial pressure and therefore should be avoided in 
patients in which these effects could be detrimental.12 Sei-
zure activity may be seen particularly in dogs. As a result of 
sympathetic stimulation, the cardiovascular effects include an 
increase in heart rate and arterial blood pressure. The myocar-
dium becomes sensitized to catecholamine-induced arrhyth-
mias. Although ventilation and arterial oxygenation generally 
remain adequate, an apneustic or irregular breathing pattern 
may be observed after administration of a dissociative agent. 
Transient apnea may be seen after rapid intravenous admin-
istration. Excessive salivation may occur and is controlled by 
administration of an anticholinergic. Hallucinatory behavior, 
emergence delirium, or CNS excitement may be observed dur-
ing the recovery period. Prior administration of a tranquilizer 
will attenuate these effects.

Whereas ketamine is metabolized primarily by the liver in 
the dog, it is excreted intact by the kidneys in the cat. Ket-
amine should be used with caution in animals with hepatic 
or renal disease. In cats with urethral obstruction, ketamine 
can be used if renal disease is absent and the obstruction is 
relieved. Tiletamine is excreted predominantly by the kidneys. 
Telazol is contraindicated in patients with pancreatic disease 
or impairment of renal function.

Ketamine can be administered intravenously (1-2 mg/kg) or 
intramuscularly (2-20 mg/kg) for induction or maintenance of 
anesthesia in cats and dogs. Intravenous administration is used 
for induction before intubation and maintenance with an inhal-
ant agent or for anesthesia for short procedures. Intramuscular 
administration, in combination with agents providing analge-
sia and muscle relaxation (e.g., dexmedetomidine), is used for 
maintenance of anesthesia for surgical procedures. Duration of 
action is dose dependent. Recovery from large intramuscular 
doses of ketamine may be associated with prolonged recover-
ies. Ketamine should be combined with a tranquilizer, muscle 
relaxant, or opioid to provide muscle relaxation and additional 
analgesia and to smooth the recovery period. Using adjuvants 
is important when administering ketamine to dogs because 
when it is used alone, extreme muscle tone, spontaneous move-
ments, violent recovery, and convulsions can occur.

Ketamine may also be administered as an intravenous CRI 
both intraoperatively and postoperatively to provide analgesia. 

At subanesthetic doses, ketamine blocks the N-methyl-d-as-
partate (NMDA) receptor responsible for the transmission 
of painful stimuli from the peripheral nervous system to the 
CNS. Low-dose ketamine administered as a CRI helps to pre-
vent “wind-up,” an exaggerated and prolonged response to 
pain caused by NMDA receptor activation. In dogs undergo-
ing forelimb amputation, an initial bolus of 0.5 mg/kg of ket-
amine administered intravenously, followed by a CRI dose of 
10 μg/kg/min intraoperatively and 2 μg/kg/min for 18 hours 
after surgery, resulted in lower pain scores that dogs receiving 
saline infusions. Both groups also received a fentanyl CRI (1 to 
5 μg/kg/hr) during the 18-hour postoperative period.13

Telazol
Telazol is a combination of tiletamine and zolazepam. Tilet-
amine has a longer duration of action and greater analgesic 
effect than ketamine. Zolazepam, a benzodiazepine tranquil-
izer, provides muscle relaxation and is an effective anticonvul-
sant. Telazol has been used intramuscularly (4 to 15 mg/kg), 
alone or in combination with xylazine or an opioid, for induc-
tion and maintenance of anesthesia for surgical procedures. 
Lower doses (2 to 4 mg/kg) can be given intravenously for 
induction before intubation and maintenance with an inhal-
ant agent. Adverse responses to Telazol can occur during the 
recovery period, particularly in dogs. These responses include 
muscle rigidity, convulsions, and emergence delirium. Using 
the lowest dose of Telazol possible and treatment with a tran-
quilizer will minimize these effects.

Propofol
Propofol (2,6-diisopropylphenol) is classified as a nonbarbi-
turate sedative–hypnotic agent. It is an alkylphenol, poorly 
soluble in water, and is solubilized in a lecithin-containing 
emulsion (Intralipid). Because propofol emulsion is capable of 
supporting microbial growth, any unused propofol, in either 
an ampule or vial, should be discarded within 6 hours. The 
advantage of propofol over other injectable anesthetic agents 
is its rapid recovery profile.14

Propofol causes a decrease in both intracranial and cerebral 
perfusion pressures and therefore can be used in patients with 
neurologic disease. Propofol has cardiovascular effects similar 
to those of the thiobarbiturates, including a dose-dependent 
decrease of arterial blood pressure, cardiac output, and sys-
temic vascular resistance. Heart rate may remain unchanged 
or increased. Ventricular arrhythmias may also be observed. 
Propofol should be used with caution in patients with severe 
cardiovascular disease. Propofol does cause a dose-dependent 
respiratory depression and may also cause transient apnea. 
Methods for ventilatory support should be available.

Propofol is noncumulative. Termination of the anesthetic 
effects from propofol is due to redistribution from vessel-rich 
tissues followed by rapid biotransformation by the liver. Pro-
pofol is rapidly cleared from the body by hepatic and extrahe-
patic metabolism.

Propofol can be administered as an intravenous bolus (4 
to 6 mg/kg) for induction of anesthesia as well as mainte-
nance of anesthesia by a CRI (0.4 mg/kg/min intravenously). 
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Propofol does not provide analgesia; therefore painful proce-
dures should not be performed when given alone. Premedica-
tion with an opioid or alpha2 agonist will provide analgesia, 
but dose requirements for propofol will be lowered. Propofol 
allows for a rapid recovery with little to no hangover effect 
compared with the thiobarbiturates. Side effects include 
excitement during induction or recovery in patients that have 
not been premedicated, pain on injection, and occasional 
muscle tremors or myoclonic activity.15 The main disadvan-
tages of propofol are cost and limited shelf-life.

Etomidate
Etomidate is an imidazole derivative classified as a rapid- 
acting, nonbarbiturate anesthetic agent.16 Etomidate is not a 
good analgesic. Etomidate (1 to 3 mg/kg) is used as an intra-
venous induction agent before intubation and maintenance 
with an inhalant agent. The main advantage of etomidate over 
other injectable induction agents is its minimal cardiopulmo-
nary depressant effects; therefore it is very useful in severely 
compromised patients.

Etomidate is a good induction agent for neurologic proce-
dures insofar as it depresses cerebral blood flow and cerebral 
metabolic rate of oxygen. Administration of etomidate pro-
duces little change in heart rate, arterial blood pressure, and car-
diac output. Transient apnea may be observed after induction. 
In patients that have not been premedicated, administration of 
etomidate may be associated with pain on injection, involun-
tary muscle movements, gagging, or retching.16 Premedication 
with a tranquilizer or opioid will attenuate these effects. Etomi-
date causes transient adrenocortical suppression.17 The effect 
may be seen for 2 to 3 hours after a single intravenous bolus. 
Although it is believed that this suppression is not clinically sig-
nificant after a single dose, long-term infusion with etomidate 
is not recommended. Etomidate is noncumulative, is rapidly 
redistributed, and undergoes some ester hydrolysis.

INHALANT ANESTHETICS

Inhalant anesthetic agents are used to produce general anes-
thesia in dogs and cats. These drugs produce unconsciousness, 
muscle relaxation, and analgesia. Inhalant anesthetic agents 
are administered directly to the respiratory system, absorbed 
from the alveoli into the bloodstream, and passed to the brain. 
The advantage of using inhalant agents instead of injectable 
agents for maintenance of general anesthesia is the ability to 
adjust the depth of anesthesia by increasing or decreasing the 
amount of inhalant delivered to the patient. Also, the com-
monly used inhalant agents permit a rapid induction and 
recovery from anesthesia because of its elimination through 
the lungs. Delivering inhalant anesthetic agents requires the 
use of an anesthetic machine. A proper machine consists of 
a vaporizer for drug delivery, a source of oxygen, a patient 
breathing circuit, and methods for eliminating carbon dioxide 
and scavenging waste gases. Additionally, the patient is often 
intubated; therefore ventilation can be supported if necessary, 
and arterial oxygenation is improved because of the high levels 
of oxygen present in the breathing circuit.

Potency of inhalant anesthetic agents is expressed by its 
MAC value, which is the minimum alveolar concentration 
of anesthetic that produces no responses in 50% of patients 
exposed to a painful stimulus. MAC is measured as the end-
tidal concentration of anesthetic. The lower the MAC value 
of the inhalant agent, the greater its potency. Surgical anes-
thesia is approximately 1.5 to 2 times the MAC. Several fac-
tors control the partial pressure of inhalant anesthetic in the 
brain. The brain tension mirrors the alveolar concentration 
of anesthetic agent, which depends on the amount delivered 
to the lungs and uptake from the lungs. Several factors deter-
mine uptake of anesthetic from the lungs. These include solu-
bility (blood–gas partition coefficient), cardiac output, the 
alveolar–venous anesthetic tension difference, and the pres-
ence of shunts or any pathologic change in the alveoli that 
may cause a diffusion barrier. Elimination of inhalants is pri-
marily by the lungs. Some anesthetic agents undergo varying 
degrees of biotransformation by the liver. Toxic metabolites 
are formed by several of the inhalant anesthetic agents. The 
most commonly used inhalant anesthetic agents in dogs and 
cats are nitrous oxide, isoflurane, and sevoflurane. Another 
inhalant agent, which is not used routinely in dogs and cats, 
is desflurane.

Nitrous Oxide
Nitrous oxide has a MAC value of greater than 100% in the 
dog and cat.18 It is used as a mild analgesic or to add to 
the effects of other inhalant anesthetic agents. As it crosses 
the alveolar membranes, it will speed the uptake of the pri-
mary inhalant agent (second gas effect). A period of deni-
trogenation with 100% oxygen should be performed before 
nitrous oxide is introduced into the breathing circuit. Up 
to 70% nitrous oxide is then administered to the patient. 
Typically, nitrous oxide is administered as 1:1 or 2:1 N2O:O2 
ratio. Care must be taken to prevent hypoxia by deliver-
ing a minimum of 30% oxygen and, when nitrous oxide is 
discontinued, delivering 100% oxygen for a minimum of 
5 minutes before allowing the patient to breathe room air. 
Nitrous oxide is eliminated through the lungs rapidly after 
its discontinuation.

Nitrous oxide has minimal effects on the cardiopulmo-
nary system. Because nitrous oxide is 30 times more soluble 
in blood than nitrogen, it diffuses into air containing cavities 
faster than nitrogen diffuses out. Therefore the administration 
of nitrous oxide is contraindicated in patients with pneumo-
thorax, obstructed bowel, or other closed-air cavities. Nitrous 
oxide should not be used with closed-circuit or low-flow anes-
thesia because of the significant risk that a hypoxic mixture 
will be delivered.

Isoflurane
The MAC value for isoflurane is 1.28% in the dog and 1.63% 
in the cat.19 Although isoflurane causes a dose-dependent 
increase in intracranial pressure, it can be used safely in 
patients with neurologic disease if less than 1 MAC is deliv-
ered and hypoventilation is avoided. Vasodilation caused by 
increased muscle and skin blood flow can be significant and 



893CHAPTER 24 Anesthetic Agents

result in hypotension. Isoflurane is a respiratory depressant; 
therefore it may be necessary to assist ventilation at higher 
anesthetic depths. Less than 1% of isoflurane undergoes bio-
degradation. The majority is eliminated unchanged by the 
lungs. The rapid recovery produced by isoflurane in patients 
that have not been premedicated may lead to emergence 
delirium. Treatment with a tranquilizer such as aceproma-
zine may be required. Opioids are strongly recommended if 
the animal is thought to be in pain. Isoflurane is an excel-
lent choice for either induction or maintenance of anesthesia 
in most small animal patients. As with any anesthetic tech-
nique, vigilant monitoring of the cardiopulmonary system is 
encouraged.

Sevoflurane
The MAC value of sevoflurane is 2.36% in the dog20 and 
2.58% in the cat.21 The principle advantage of sevoflurane 
over isoflurane is its extremely rapid induction and recovery 
times. The cardiovascular and respiratory effects are similar 
to those produced by isoflurane. Sevoflurane does not sensi-
tize the myocardium to catecholamine-induced arrhythmias. 
Sevoflurane undergoes minimal metabolism by the liver; the 
majority is eliminated unchanged by the lungs. Sevoflurane 
reacts with carbon dioxide absorbents and decomposes to 
compound A. Compound A is a vinyl halide that has been 
shown to be nephrotoxic in laboratory rats. There have been 
no case reports of compound A–associated renal injury in 
human or veterinary patients. Although compound A forma-
tion is an area of controversy among researchers, sevoflurane 
should not be used during low-flow or closed-circuit anesthe-
sia to prevent the accumulation of the potentially nephrotoxic 
substance.

Because of its low lipid solubility, sevoflurane produces 
a rapid and smooth induction and a rapid recovery. As 
with isoflurane, patients that have not been premedicated 
may experience emergence delirium. Sevoflurane may be 
advantageous for outpatient procedures in which a rapid 
surgery-to-discharge time is desired. During the anesthetic 
management of critically ill patients, wherein it may be nec-
essary to make rapid changes in the depth of anesthesia, 
sevoflurane may be preferred over isoflurane. Also, sevoflu-
rane is preferred for maintenance of anesthesia for cesarean 
sections because the neonates, if ventilating adequately, will 
quickly eliminate residual inhalant agent. The primary dis-
advantages of using sevoflurane is the higher cost compared 
with isoflurane.

Desflurane
The MAC value of desflurane is approximately 7.2% in the 
dog22 and 9.79% in the cat.23 Desflurane has an extremely low 
blood–gas partition coefficient allowing for a very rapid induc-
tion and recovery from general anesthesia. A dose-dependent 
respiratory depression is seen. The cardiovascular depressant 
effects are similar to isoflurane. Desflurane is very pungent, 
which may make mask inductions difficult in some patients. 
Desflurane is eliminated from the lungs and has not been 

reported to cause hepatic or renal toxicity. Desflurane requires 
a special, electrically heated vaporizer for delivery because of 
its high vapor pressure. Desflurane is not used routinely in vet-
erinary patients at this time.
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Muscle relaxants may be chosen for use in veterinary patients for 
several reasons. Because of their muscle-relaxing effects, they are 
used during certain surgical procedures. Orthopedic procedures 
such as dislocation and fracture reductions can be performed 
more easily because of abolished skeletal muscle tone.1 When 
a balanced anesthesia technique is used that combines opioids, 
nitrous oxide, and low-dose inhalant agents, muscle relaxation 
is greatly improved if a neuromuscular blocking agent is given. 
This technique is especially beneficial for critically ill patients 
in which high doses of inhalant agents may lead to unwanted 
cardiovascular depression.2 During intraocular procedures 
or for patients with penetrating eye injuries requiring surgery, 
muscle relaxants may be beneficial by producing a central pupil, 
motionless eye, and soft globe. When used during induction 
and intubation, they can help prevent an increase in intraocular 
pressure that can occur during coughing or vomiting.2

When using a muscle relaxant, the clinician must remem-
ber that these agents do not provide either anesthesia or anal-
gesia. The patient must be adequately anesthetized, which may 
be even more difficult to determine because some of the usual 
indicators of depth of anesthesia is abolished. These indicators 
include purposeful movement, palpebral response, and degree 
of jaw tone. Owing to paralysis of the muscles of respiration, 
ventilation must also be controlled until neuromuscular func-
tion is restored.

NEUROMUSCULAR BLOCKING AGENTS

Anatomy and Physiology of the Neuromuscular 
Junction
The components of the skeletal neuromuscular junction 
include the somatic motor nerve terminal, synaptic cleft, and 
the motor end plate of the muscle fiber. The cell bodies of the 

somatic motor neurons are located within the spinal cord. The 
axon divides into multiple branches, each of which innervates 
a single muscle fiber in mammalian species. At each neuro-
muscular junction, the terminal portion of the axon loses its 
myelin sheath and forms an arborization that lies in close prox-
imity to the motor end plate of the muscle fiber (Figure 25-1). 
The site of action of neuromuscular blocking agents is at the 
nicotinic cholinergic receptors located at the motor end plate 
of the muscle fiber.

The nicotinic receptors at the neuromuscular junction 
bind and respond to the endogenous neurotransmitter, ace-
tylcholine (ACh). ACh is synthesized from the acetylation 
of choline by the enzyme choline acetyl transferase, using 
acetyl coenzyme A as the source of the acetyl groups. ACh is 
then packaged at high concentrations into synaptic vesicles 
by carrier-mediated transport. When a motor nerve is stimu-
lated and action potential subsequently generated reaches 
the nerve terminal, ACh is released rapidly into the synaptic 
cleft by way of calcium-mediated exocytosis. One presynaptic 
nerve impulse releases 100 to 500 vesicles or approximately 
3 million ACh molecules. ACh then diffuses across the syn-
aptic cleft and, upon binding with a nicotinic cholinergic 
receptor, stimulates opening of an ion channel located on the 
muscle fiber membrane. This allows sodium ions to move and 
allow sufficient current through them that the resting mem-
brane potential is shifted toward threshold, generating an 
action potential that triggers muscle contraction. Unbound 
ACh within the synaptic cleft is rapidly hydrolyzed by the 
enzyme acetylcholinesterase to choline and acetate. The cho-
line is taken up by the nerve terminal and recycled for con-
tinued synthesis of ACh (this is the rate-limiting step in ACh 
synthesis).

Pharmacology
Neuromuscular blocking agents exert their effects by interfer-
ing with the postsynaptic action of ACh. They can be divided 
into two classes, depolarizing and nondepolarizing neuromus-
cular blocking agents. Nondepolarizing drugs produce muscle 
relaxation by preventing ACh from binding to its receptors on 

KEY POINT 25-1 The use of muscle relaxants in anesthetized 
small animal patients can help facilitate the procedure 
being performed, but it is important to remember that these 
drugs do not provide analgesia or analgesia.
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the motor end plate. As a result of this competitive antago-
nism, the ion channels will not open, no shift in the resting 
membrane potential will occur, the motor end plate will not 
depolarize, and the muscle becomes flaccid. Complete neu-
romuscular blockade will occur when approximately 90% to 
95% of the receptors are occupied.3

Depolarizing drugs elicit their pharmacologic effect by 
binding to the ACh receptor in the same way ACh does, caus-
ing transient muscle fasciculations. Because these drugs are 
not immediately metabolized by acetylcholinesterase, how-
ever, they bind for a much longer period than ACh does, caus-
ing persistent depolarization of the muscle fiber endplate. In 
mammals the result of this maintained depolarization is a loss 
of electrical excitability by the postsynaptic muscle fiber, pro-
ducing neuromuscular blockade.

Individual Agents
The development of newer muscle relaxants has given the 
practitioner many options when selecting which agent to 
use. These drugs differ in their onset and duration of action, 
recovery time, cardiovascular effects, and route of elimination. 
When making the decision on which muscle relaxant to use, it 
is important to consider the reason for neuromuscular block-
ade, the desired duration of action, and the physical status of 
the patient. Organ dysfunction and concurrent drug adminis-
tration may alter the clinical effect of muscle relaxants. Doses 

for depolarizing and nondepolarizing neuromuscular block-
ing agents for dogs and cats are listed in Table 25-1.

Depolarizing Agents
Succinylcholine. Succinylcholine is the only depolarizing 

neuromuscular blocking agent in clinical use today. Succinyl-
choline has a rapid onset of action, and its short duration of 
action is primarily due to rapid hydrolysis by plasma cholin-
esterase.4 For these reasons succinylcholine is used routinely 
to facilitate endotracheal intubation in human patients. Its 
use in small animal patients has been limited because the lar-
ynx of the dog and cat is easily visualized and does not rou-
tinely exhibit excessive laryngospasm, making neuromuscular 
blockade unnecessary for intubation.5

Because of the short duration of action of succinylcholine, 
frequent redosing or a constant-rate infusion is required if 
long-term neuromuscular blockade is desired. This may lead 
to tachyphylaxis (increased dose requirement) and change the 
character of the initial block (phase I block) to one similar to 
that produced with nondepolarizing blocking agents (phase II 
block), which may increase recovery time and require the use 
of a reversal agent (anticholinesterase therapy).6

Use of succinylcholine may be associated with significant side 
effects. A transient increase in serum potassium concentration 
occurs because of the leakage of potassium from the interior 
of cells. Severe, life-threatening hyperkalemia can occur after 
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succinylcholine administration in patients with severe burns, 
trauma, nerve damage, neuromuscular disease, closed head 
injury, intraabdominal infections, and renal failure.7 Succinyl-
choline should also be avoided in patients in which increases 
in intraocular, intracranial, and intragastric pressures are unde-
sirable. Other side effects of succinylcholine administration 
include myalgia and cardiac arrhythmias (e.g., sinus bradycar-
dia, catecholamine-induced ventricular arrhythmias).7

Any agent than inhibits plasma cholinesterase (organo-
phosphates, procaine) will prolong the duration of action of 
succinylcholine. Certain disease states such as liver disease, 
malnutrition, and chronic anemia can decrease the plasma 
cholinesterase level. Succinylcholine must be used cautiously, 
if at all, in these patients.4

The current goal in the research and development of newer 
neuromuscular blocking agents is to find a drug that can be 
offered as an alternative to succinylcholine. This drug would 
have both a rapid onset and duration of action and possess 
minimal unwanted side effects. Although the ideal replace-
ment has yet to be discovered, drugs such as rocuronium and 
mivacurium have proved useful in certain clinical situations. 
Both are discussed in detail later in this chapter.

Nondepolarizing Agents
Atracurium besylate. Atracurium is an intermediate-acting 

nondepolarizing agent with an onset of action of 3 to 5 min 
and a duration of action of 20 to 35 min.8 It is metabolized 
primarily through Hofmann elimination and ester hydrolysis.9 
For this reason atracurium is the muscle relaxant of choice in 
patients with hepatic or renal disease. The rate of spontaneous 
degradation through Hofmann elimination is pH and tempera-
ture dependent. Both acidemia and hypothermia will prolong 
atracurium-induced neuromuscular blockade.  Administration 
of atracurium can cause histamine release at higher doses, 

resulting in hypotension and tachycardia. Atracurium should 
be avoided in patients in which cardiovascular stability is 
desired. Administration of large doses slowly will attenuate 
these effects.10 Repeated doses or an infusion of atracurium 
produces a consistent degree of block and duration of action 
because of its noncumulative effects, making it an attractive 
choice for a constant-rate infusion for long-term paralysis.11,12 
A metabolite of atracurium, laudanosine, can cause central 
nervous system (CNS) stimulation and cardiovascular depres-
sion, but this problem is rarely seen when clinical doses are 
used.12

Cisatracurium besylate. Cistracurium is the purified form of 
one of the 10 stereoisomers of atracurium. Because of this, the 
neuromuscular-blocking profile of cisatracurium is similar to 
that of atracurium. However, it is less likely to lead to hista-
mine release. When administered to cats at up to 60 times the 
effective dose in 95% of cases (ED95), plasma histamine levels 
were unchanged.13 In human patients Hofmann elimination 
accounts for 77% and renal clearance accounts for 16% of total 
body clearance.14 A study in anesthetized dogs reported the 
onset of action as 3.8 minutes and duration of action as 27.2 
minutes.15

Vecuronium bromide. Vecuronium is an intermediate-acting 
nondepolarizing agent with an onset of action of 2 minutes and 
duration of action of 25 minutes.8 The lack of cardiovascular or 
histamine-releasing effects, even at higher doses, is an advan-
tage.12 Vecuronium is the muscle relaxant of choice for patients 
when hemodynamic stability is needed. Recovery from 
vecuronium-induced muscle relaxation depends on hepatic 
elimination. Animals with hepatic disease may exhibit a pro-
longed duration of action. Vecuronium is noncumulative and 
is well suited for repeated doses or constant-rate infusions.12

Pancuronium bromide. Pancuronium is a long-acting non-
depolarizing agent with an onset of action of 2 to 3 minutes 
and duration of action of 30 to 45 minutes.8 It lacks histamine-
releasing effects but does possess vagolytic and sympatho-
mimetic effects, which can result in tachycardia, increased 
arterial blood pressure, and catecholamine-induced ventricu-
lar arrhythmias.16 Pancuronium is mainly eliminated by the 
kidney, with the remainder undergoing hepatic metabolism; 
therefore is should be used with caution in patients with renal or 
hepatic disease.17 Repeated doses or infusions of pancuronium 
are cumulative and can produce a delayed recovery.18

Mivacurium chloride. Mivacurium was recently developed 
as an alternative to succinylcholine for intubation in human 
patients. Its onset of action is 1 to 2 minute, with a duration 
of action of 15 to 20 minutes.19 Because its metabolism is by 
way of plasma cholinesterase, prolonged recoveries are pos-
sible in patients with hepatic disease, renal disease, or organo-
phosphate toxicity.20 Mivacurium can cause histamine release, 
is noncumulative, and can be used for infusion administra-
tion.19 In human patients the onset and depth of blockade 
has a high interpatient variability. Preliminary work in dogs 
suggested that the dose should be reduced below doses used 
in human patients.21 In a later study, it was shown that one 
third of the human dose given to dogs resulted in a duration of 
action five times longer than that with human patients.22 The 

Table 25-1  Doses of Neuromuscular Blocking 
Agents for Dogs and Cats

Drug Dose (mg/kg IV)
Succinylcholine* 0.22  (dog)

0.11  (cat)
Atracurium* 0.22
Cisatracurium† 0.1
Vecuronium* 0.1
Pancuronium* 0.044-0.11
Mivacurium‡ 0.01 – 0.05
Rocuronium§ 0.18
Doxacurium¶ 0.008

IV, Intravenous.
*Plumb DC: Veterinary drug handbook, Ames, Iowa, 2005, Blackwell.
†Adams WA, Robinson KJ, Senior JM: The use of the neuromuscular blocking drug 
 cis-atracurium in dogs, Vet Anaesth Analg 28:156, 2001.
‡Smith LJ, Moon PF, Lukasik VM et al: Duration of action and hemodynamic properties of 
mivacurium chloride in dogs anesthetized with halothane, Am J Vet Res 60:1047, 1999.
§Cason B, Baker DG, Hickey RF et al: Cardiovascular and neuromuscular effect of three 
steroidal neuromuscular blocking drugs in dogs, Anesth Analg 70:382, 1990.
¶Savarese JJ, Wastila WB, Basta SJ et al: Pharmacology of BW A938U, Anesth 
59(3):A274, 1987.
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species differences may be explained, in part, by the fact that 
normal plasma cholinesterase levels in dogs vary from 19% to 
76% of human patients.23 Also, the canine pseudocholinester-
ase enzyme may exhibit different affinity for the three primary 
isomers of mivacurium.23 Mivacurium has not been available 
in the United States since 2006. It is listed on the Food and 
Drug Administration’s Discontinued Drug Product List.

Rocuronium bromide. Like mivacurium, rocuronium was 
developed as an alternative to succinylcholine for intuba-
tion in human patients because of its rapid onset of action. 
In halothane-anesthetized dogs, rocuronium had an onset 
and duration of action of 1.1 ± 0.49 and 13.7 ± 0.49 minutes, 
respectively.24 Rocuronium lacks significant cardiovascular and 
histamine-releasing effects.25 It is metabolized primarily by the 
liver, with a small fraction eliminated by the kidney.26 In small 
animal anesthesia, rocuronium may be chosen if a rapid onset 
of action without significant hemodynamic effects is desired.

Doxacurium chloride. Doxacurium is the most potent non-
depolarizing agent available for use at this time.19 It is a long-
acting muscle relaxant with a slow onset of action and long 
duration of action in human patients. Doxacurium has mini-
mal cardiovascular or histamine-releasing effects.27 Because 
metabolism is through renal elimination, a prolonged or more 
variable duration of action is seen in patients with renal dis-
ease.28 Doxacurium is not commonly used in veterinary medi-
cine. Becaue of its long duration of action, doxacurium may 
not be suitable for routine clinical use in small animal patients, 
but it may be an attractive choice for researchers when long-
term relaxation with minimal hemodynamic effects is desired.

Drug Interactions
Many medications that are given to veterinary patients during 
the perioperative period can alter the pharmacodynamics and 
pharmacokinetics of nondepolarizing agents, leading to an 
increased or decreased effect. Table 25-2 lists the medications 
and their effects on the muscle relaxant.

Monitoring Neuromuscular Blockade
Whenever a muscle relaxant is administered, the neuromuscu-
lar junction should be monitored to allow the proper dose of 
relaxant and antagonist to be determined accurately. Also, the 
degree of residual blockade during the recovery period, if any, 
can be detected and treated appropriately. Evoked responses 
are used to evaluate neuromuscular blockade. This involves 
stimulating a peripheral motor nerve in order to evaluate the 
resultant motor response. Several hand-held peripheral nerve 
stimulators are available (Figure 25-2).

Sites of Stimulation
Sites for stimulation of peripheral motor nerves in dogs and 
cats include the peroneal and ulnar nerves; the more accessible 
is chosen (Figure 25-3).

Electrical Stimulus Characteristics
There are standard methods of stimulating peripheral motor 
nerves because the physical characteristics of electrical stimuli 
influence the motor response they evoke. The output from the 

peripheral nerve stimulator should be a square wave stimulus 
having duration of 0.2 to 0.3 milliseconds. Ideally, the output 
current is adjustable and should be sufficient to produce a 
supramaximal impulse.

After the two electrodes are placed over the nerve to be 
stimulated, the stimulus is adjusted to deliver a supramaximal 
current, slightly greater than that required to elicit a maxi-
mum motor response. This ensures that all neurons in the 
bundle are depolarized, which will cause the muscle fibers to 
contract in an all-or-none fashion. Any subsequent changes 
in the motor response are from effects at the neuromuscular 
junction.

Patterns of Stimulation
Peripheral nerve stimulators should provide single-twitch, 
tetanus of 50 Hz, and train-of-four stimulus patterns. Newer 
stimulators may also have the capability to deliver a double-
burst pattern (Figure 25-4).

Table 25-2  Effect of Medication on 
Nondepolarizing Neuromuscular 
Blockade

Drug
Effects on Depth/
Duration Comments

Antibiotics
Aminoglycosides
Lincomycin
Clindamycin
Tetracycline
Polymixins

Increased Calcium may reverse 
effect

Anticholinesterases Decreased
Anticonvulsants
Phenytoin
Carbamazine

Increased After chronic therapy 
(>2 weeks)

Dantrolene Increased
Induction agents
Thiopental
Propofol
Ketamine

Increased Dose-dependent 
 potentiation

Inhalational  
anesthetics

Increased

Sedatives/ 
tranquilizers

Benzodiazepines
Chlorpromazine

Increased

Steroids Increased or  
decreased

Most likely to  
decrease but may 
also increase or 
exert no effect

Succinylcholine Increased When given before 
 nondepolarizing 
agents

Theophylline Decreased

From Silverman DG, Mirakhur RK: Effects of other agents on nondepolarizing relax-
ants. In Silverman DG, editor: Neuromuscular block in perioperative and intensive care, 
 Philadelphia, 1994, JB Lippincott.
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Single-twitch method. The single-twitch method is used 
to evaluate the degree of relaxation by dividing the elicited 
response by the control response. The control response is 
taken before the administration of the relaxant. The frequency 
should not be greater than 0.15 Hz (1 twitch/7-10 seconds). 
This is due to the prejunctional effects of the relaxant, which 
greatly decreases the amount of ACh release.29 The resultant 
motor response will be less than the baseline values, mak-
ing accurate determination of the degree of relaxant difficult. 
The disadvantages of using the single-twitch method are that 
a baseline response is necessary before administration of the 
muscle relaxant and that it is insensitive for the detection of 
residual blockade.30

Train-of-four method. The train-of-four method consists 
of four supramaximal impulses delivered at a frequency of 2 
Hz (2 twitches/second). The degree of blockade is evaluated 
by comparing the ratio of the fourth twitch to the first twitch  
(T4/T1 ratio). The train-of-four serves as its own control; there-
fore no baseline values before muscle relaxant administration 
are necessary. The train-of-four stimulus can be delivered 
intermittently or at regular intervals 10 to 20 seconds apart. 
In the absence of muscle relaxants, the T4/T1 ratio is approxi-
mately 1. Following the administration of a nondepolarizing 

A B C

Figure 25-2 A-C, Several hand-held peripheral nerve stimulators available to monitor neuromuscular blockade in small animals.

A B

Figure 25-3 Sites for peripheral nerve stimulation in the dog. A, Ulnar nerve; B, superficial peroneal nerve.

Stimulation pattern

Response: No neuromuscular block

Response: Partial nondepolarizing block

0.1-1.0 Hz 0.1-1.0 Hz2 sec 5 sec
20 ms
750 ms

Single twitch Train-
of-four

Tet stim
50 Hz

Post-tet
twitch

Double burst
stimulation

Figure 25-4 Diagram showing different nerve stimulation pat-
terns for monitoring neuromuscular blockade. Stim, stimula-
tion; tet, tetanic. (Courtesy Cullen LK: Muscle relaxants and 
neuromuscular block. In Thurman JC, Tranquilli WJ, Benson 
GJ, editors: Lumb and Jones’ veterinary anesthesia, ed 3, Bal-
timore, 1996, Williams & Wilkins.)
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muscle relaxant, the fourth, third, second, and first twitches 
disappear (fade) in that order as the block becomes more pro-
found. The degree of fade, strength of the remaining twitches, 
and length of time that the twitches are absent depends on the 
dose of relaxant given. A T4/T1 ratio of 0.7 or higher correlates 
with clinical signs of adequate recovery from neuromuscular 
 blockade.31

During phase 1 block with succinylcholine, there is a flat 
T4 response (no fade). Repeated or prolonged infusions of 
succinylcholine changes the character of the block to phase 2, 
where fade during a train-of-four stimulus is seen.32

Tetanic stimulation. Serial supramaximal stimulation at high 
frequency, 50 Hz, for 5 seconds causes sustained muscle con-
traction.32 After administration of a nondepolarizing muscle 
relaxant, fade is seen as the muscle is unable to maintain the 
strength generated by the tetanic stimulus.18 Although it is a 
sensitive indicator of residual paralysis during the recovery 
period, this method is painful and will elicit a physiologic 
response (tachycardia, hypertension, movement) in the lightly 
anesthetized animal.12

Double-burst stimulation. Double-burst stimulation consists 
of the delivery of two minitetanic (50 Hz) bursts. Each burst 
consists of three impulses and is 750 milliseconds apart.33 The 
ratio of the second burst compared with the first burst (D2/D1) 
correlates highly to the T4/T1 ratio and is preferable to train-
of-four monitoring to some individuals because fade is more 
readily seen.34,35 Another advantage is that D1 is still detected 
at slightly deeper levels of block than is T1.36

Quantifying Evoked Responses
During routine clinical use of muscle relaxants in veterinary 
patients, visual observation of the evoked response is used to 
detect the degree of block present. This method is unreliable, 
especially in detecting residual blockade.37 With experience in 
using muscle relaxants in small animals, visual means are ade-
quate in detecting clinical recovery, but more accurate meth-
ods are needed in research settings. The two methods most 
commonly used to accurately assess the motor response after 
peripheral nerve stimulation are mechanomyography (MMG) 
and electromyography (EMG). A third method, accelerogra-
phy, has also been used in veterinary research patients but to a 
much lesser extent.

Mechanomyography. MMG measures the evoked contrac-
tile response of the stimulated muscle by force translation. 
This method is the most commonly used and has been well 
described in the cat, dog, and horse.24,38,39 Simply put, the 
paw or hoof of the front or rear limb is immobilized, the  
stimulating electrodes (surface or needle) placed over  
the nerve supplying the muscle to be studied, and a force 
transducer attached to the paw or hoof perpendicular to the 
twitch angle. A resting tension of 100 to 300 grams is applied 
to provide maximum tension development. After supramaxi-
mal single-twitch, train-of-four, tetanic, or double-burst 
stimulation, the evoked response is recorded on a strip chart. 
Although this method is extremely accurate, use of MMG in 
the clinical setting is limited because the limb must be immo-
bilized, and no movement can occur throughout the duration 

of  recording period because it will affect resting tension and 
twitch angle.37

Electromyography. EMG involves the measurement of 
the compound action potential of the muscle fibers during 
a supramaximal stimulus of a peripheral motor nerve. Two 
stimulating electrodes are placed over the peripheral nerve. 
The active recording electrode is placed over the innervation 
zone of the muscle to be studied, usually midway between 
the origin and insertion. The reference electrode is placed 
over the insertion of the muscle. A ground electrode is posi-
tioned between the stimulating and recording electrodes to 
decrease stimulation artifact. Its advantages over MMG is that 
it requires no limb immobilization, no resting tension, and 
greater flexibility in the muscles monitored. Disadvantages 
are that proper skin preparation and electrode placement is 
crucial to obtain valid results.37 Although used on human 
patients, this method has not been described for veterinary 
patients. This author has used EMG (Relaxograph, Datex) 
successfully on dogs and horses. In the dog the ulnar nerve is 
stimulated with recording electrodes placed over the abduc-
tor digiti quinti. In the horse the superficial peroneal nerve is 
stimulated with recording electrodes placed over the lateral 
digital extensor. Skin preparation involves shaving the hair 
with a single-edged razor, rubbing the skin vigorously with 
isopropyl alcohol, and allowing the skin to dry completely 
before surface electrode placement.

Mechanomyography Versus electromyography. Although 
MMG remains the gold standard for quantifying evoked 
responses in veterinary patients in the research setting, EMG 
may become an attractive choice for use in the clinical patients 
once the methodology is validated. In human patients differ-
ences exist between the two methods. Compared with MMG, 
the EMG method tends to show a lesser degree of relaxation 
with nondepolarizing agents and overestimates the degree of 
relaxation with depolarizing agents.40,41 Future studies in vet-
erinary patients will help in the development of different cri-
teria for onset and reversal on neuromuscular blockade based 
on the type of monitoring used.

Accelerography. Accelerography is based on Newton’s sec-
ond law: Force equals mass times acceleration. In other words, 
acceleration is directly proportional to the force if the mass is 
constant. During electrical stimulation of a peripheral nerve, 
a piezoelectric sensor assesses the acceleration during an iso-
tonic contraction of the innervated muscle. A study in human 
patients comparing accelerography with EMG concluded that 
the wide variations in individual patients and the differences 
in clinical duration and recovery index do not allow the two 
monitoring techniques to be used interchangeably.42 Com-
pared with MMG, published studies in human patients present 
inconsistent results. In one study accelerography showed good 
correlation and was considered a simple and reliable monitor-
ing tool.43 In two other studies, the limits of agreement were 
unacceptably wide.44,45 A study in dogs comparing the neu-
romuscular effect of vecuronium during either propofol or 
sevoflurane anesthesia used accelerography to quantify neu-
romuscular function.46 The fibular nerve was stimulated with 
the acceleration transducer fixed over the cranial tibial muscle. 
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Accelerography appeared to be an acceptable  technique for 
quantifying neuromuscular blockade in anesthetized dogs. 
More studies are needed, both in dogs and other species, to 
determine if it can be used easily and reliably in clinical vet-
erinary patients.

REVERSAL OF NEUROMUSCULAR 
BLOCKADE

Recovery from succinylcholine (phase 1 block) and mivacu-
rium-induced neuromuscular blockade is usually rapid and 
spontaneous owing to rapid hydrolysis by plasma cholinester-
ases. Delayed recovery will be seen in patients with decreased 
plasma cholinesterase levels.

Residual neuromuscular blockade from nondepolariz-
ing agents and phase 2 block from succinylcholine may be 
reversed at the conclusion of surgery to prevent potentially 
serious complications in the recovery period. Complications 
include muscle weakness and inadequate ventilation, which 
can lead to life-threatening hypoxia or respiratory acidosis.

Before reversal of blockade, it is desirable to have 3 to 4 
twitches of the train-of-four visible. This is achieved by close 
monitoring of neuromuscular function throughout surgery 
and not redosing the patient close to the time of anticipated 
reversal.

The anticholinesterase drugs used clinically include neo-
stigmine, pyridostigmine, and edrophonium. Doses are 
listed in Table 25-3. They reverse neuromuscular blockade 
by inhibiting the enzyme acetylcholinesterase, which is 
responsible for the hydrolysis of ACh. The effect is an accu-
mulation of ACh at muscarinic and nicotinic receptor sites. 
Because nondepolarizing agents and ACh compete for the 
same receptor binding sites, anything that increases the con-
centration of ACh tips the balance of competition in favor 
of ACh and restores neuromuscular transmission. Rever-
sal of neuromuscular blockade requires only the nicotinic 
cholinergic effects of anticholinesterase drugs; therefore the 
muscarinic effects are attenuated or prevented by concur-
rent administration of an anticholinergic such as atropine or 
glycopyrrolate.

Sugammadex is the first selective relaxant binding agent 
(SRBA). It is a novel agent used to reverse neuromuscular 
blockade produced by rocuronium and, to a lesser extent, 
other steroidal muscle relaxants (rocuronium > vecuronium 
> pancuronium). Sugammadex is a modified gamma cyclo-
dextrin that binds and encapsulates the rocuronium molecule. 

Once bound within the lipophilic core of sugammadex, it is 
rendered unavailable to bind to the ACh receptor.47 A signifi-
cant advantage of sugammadex is the ability to reverse neu-
romuscular blockade without the use of anticholinesterase 
drugs. In addition, because there is no need to co-administer 
antimuscarinic drugs with sugammadex, its use is associated 
with greater cardiovascular and autonomic stability. Sugam-
madex is approved in the European Union but is not currently 
approved for use in the United States.

Monitoring neuromuscular function and support of ven-
tilation must be continued until complete reversal has been 
accomplished. An adequate plane of anesthesia must be main-
tained while monitoring the degree of block with a periph-
eral nerve stimulator because this can cause the patient some 
discomfort, especially if tetanic stimulation is used. A T4/T1 
ratio of 0.7 or greater correlates well to clinical recovery. Once 
reversal is complete and the use of the nerve stimulator is dis-
continued, the animal is allowed to recover from anesthesia. 
Although recurarization is uncommon after reversal, sponta-
neous respiratory efforts, sufficient to maintain adequate ven-
tilation, should be present and monitored closely during the 
recovery period.

SKELETAL MUSCLE RELAXANTS 
(SPASMOLYTICS)

Although neuromuscular blocking agents are effective for 
skeletal muscle spasticity, these agents are too nonselective to 
be an appropriate choice for this purpose. Several other drugs 
are available and commonly used to reduce muscle tone with-
out abolishing voluntary skeletal muscle contraction. Some of 
these drugs may also possess sedative effects, which may be 
beneficial to animals that are experiencing both anxiety and 
pain.

Physiology
Skeletal muscle spasticity may be due to an increase in tonic 
stretch reflexes originating from the CNS, with involvement 
of descending pathways, and results in hyperexcitability of 
motor neurons in the spinal cord. Several diseases involving 
increased muscle tone caused by defective neuronal control 
of muscle activity have been described in Scottish Terriers 
(Scotty cramp), Dalmatians, and Norwich Terriers.48,49 These 
dogs are normal at rest and on initiation of exercise, but 
episodic muscle rigidity or cramping are seen during heavy 
exercise or excitement. Familial reflex myoclonus has been 
described in Labrador Retrievers. Symptoms appear in young 
puppies and are characterized by paroxysmal muscle spasms 
and progressive muscle stiffness. Either a defect in the major 
inhibitory neurotransmitter glycine or altered genetic regula-
tion of the spinal cord glycine receptor is thought to be the 
basis for this condition.50 Intervertebral disk disease in dogs 
may cause painful spasms of the neck and shoulder (cervical 
disk) or back (thoracolumber disk) muscles. In certain clinical 
cases, skeletal muscle relaxants are used as part of a conserva-
tive management protocol for animals with intervertebral disk 
disease.

Table 25-3  Doses of Neuromuscular Reversal 
Agents for Dogs and Cats

Drug Dose (mg/kg IV)
Neostigmine* 0.04
Edrophonium† 0.5
Pyridostigmine† 0.2

*Muir WW, Hubbell JAE,: Handbook of veterinary anesthesia, ed 4, St Louis, 2007, 
Mosby.
†Dose used at Veterinary Teaching Hospital, Texas A&M University.
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Pharmacology
Skeletal muscle relaxants act in the CNS or directly on skeletal 
muscle to reduce muscle tone and relieve spasticity without 
abolishing voluntary motor control. Centrally acting muscle 
relaxants block interneuronal pathways in the spinal cord and 
in the midbrain reticular activating system. These drugs have 
little effect on the diaphragm and respiratory muscles at thera-
peutic doses. Dantrolene, a hydantoin derivative, is a peripher-
ally acting muscle relaxants that acts by decreasing the amount 
of calcium released from the sarcoplasmic reticulum.

Individual Agents
Centrally acting skeletal muscle relaxants used in small ani-
mal veterinary medicine include guaifenesin, methocarba-
mol, and the benzodiazepines. The most common side effect 
seen with these drugs is CNS depression, which is manifested 
as sedation and lethargy. Ataxia and muscle weakness are also 
possible. Additive depression can occur when these drugs are 
given concurrently with other CNS depressant agents. Anti-
cholinesterase agents given with either guaifenesin or metho-
carbamol may result in severe muscle weakness. Dantrolene 
is the only clinically used peripherally acting skeletal muscle 
relaxant.

Guaifenesin
Although more commonly used in large animals, guaifenesin 
is used in small animal veterinary patients to induce muscle 
relaxation as an adjunct to general anesthesia. The dose in 
dogs is 33 to 88 mg/kg adminstered intravenously. Guaifen-
esin has also been used in the treatment of strychnine intoxi-
cation in dogs.

Methocarbamol
Methocarbamol is labeled for adjunctive therapy of acute 
inflammatory and traumatic conditions of skeletal muscle and 
the reduction of muscle spasms in dogs and cats. The dose is 
44 mg/kg intravenously or 61 to 132 mg/kg orally, initially 
divided every 8 to 12 hours. For muscle relaxation as a part 
of conservative management of intervertebral disk disease 
in dogs, methocarbamol is given at a dose of 15 to 20 mg/kg 
orally three times a day. To control the severe effects of strych-
nine and tetanus, the dose in dogs and cats is 55 to 220 mg/kg  
intravenously (not to exceed 330 mg/kg daily). Half of the 
dose is given rapidly, whereupon the clinician waits until the  
patient begins to relax and then continues administering  
the drug to effect.

Diazepam
Diazepam is the primary benzodiazepine used for the purpose 
of muscle relaxation. Although its clinical indications include 
seizure control, appetite stimulation, and sedation, only its use 
as a muscle relaxant will be discussed here. Diazepam may be 
effective in reducing skeletal muscle spasticity in dogs with 
episodic muscle cramping such as Scotty cramp or in certain 
myopathic syndromes. The dose range is 0.5 to 2 mg/kg intra-
venously or orally three times daily.

Diazepam is also used to treat intraurethral obstruction 
secondary to acquired lower urinary tract disease in male 
cats. It is believed that muscle spasms of the urethra, along 
with inflammation of the urethral tissue, make removal of the 
obstructing plug more difficult. Additionally, these factors 
may create a “functional” obstruction of the urinary tract even 
after the obstructing plug has been removed. Diazepam has 
been recommended for treatment of external urethral sphinc-
ter hypertonus at a dose of 2 to 10 mg/kg (total) orally every 8 
hours. Because the urethral musculature contains a predomi-
nance of smooth muscle, it may be necessary to combine skel-
etal muscle relaxants (which affect only the external urethral 
sphincter) with smooth muscle relaxants, such as prazosin.

Dantrolene
The clinical indications for dantrolene include functional 
urethral obstruction resulting from increased urethral tone 
and treatment of malignant hyperthermia. For treatment of 
functional urethral obstruction, dantrolene is administered at 
a dose of 1 to 5 mg/kg orally every 8 hours (dogs) or 0.5 to 
2 mg/kg every 8 hours (cats). Dantrolene has been shown to 
decrease urethral pressure in the postprostatic/penile urethral 
segment but has no effect on intraurethral pressures in the 
prostatic or preprostatic urethral segment.51 Concurrent use of 
smooth muscle relaxants may be of benefit in relieving urethral 
obstruction. For treatment of malignant hyperthermia, the 
dose of dantrolene is reported in dogs at 0.29 and 0.69 mg/kg  
intravenously.52,53 Dantrolene has moderate to poor oral 
bioavailability and is highly bound to albumin. Dantrolene 
undergoes hepatic metabolism with metabolites excreted in 
the urine. Adverse effects include hepatotoxicity, sedation, 
muscle weakness, and gastrointestinal effects.
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NEUROTRANSMITTERS AND THEIR ROLE 
IN ABNORMAL BEHAVIORS

Little is known about the cellular mechanisms of abnormal 
behavior in humans or animals. The most likely neurotrans-
mitters (NTs) associated with abnormal behaviors might be 
identified based on the NTs targeted by drugs used to modify 
the behaviors. NTs identified for their role or potential role 
in abnormal behaviors include the biogenic amines serotonin 
and histamine (H1 subtype), the monoamine dopamine, the 
catecholamine norepinephrine, acetylcholine, gamma-amino-
butyric acid (GABA), and the excitatory amino acids such as 
glutamate.1-3 Several of these neurotransmitters are discussed 
in Chapter 27.

Behavior also can be affected by other chemicals, including 
circulating hormones, opioids, and neurokinins.

The NT most commonly associated with abnormal behav-
iors is serotonin.4 Accordingly, the more effective drugs for 
modification of behavior are those (e.g., fluoxetine, clomip-
ramine) that tend to be selective for serotonin. Serotonin is 
synthesized in the brain from tryptophan. Serotonin recep-
tors differ in anatomic location and behavioral roles, with 
the majority of 5-hydroxytryptamine (5-HT) receptors being 
located in the gastrointestinal tract. Receptors in the central 
nervous system (CNS) are located in the raphe nucleus, the 
basal ganglia, and the limbic area. At least nine 5-HT receptor 
subtypes have been identified, four of which appear to be par-
ticularly important to behavior or mood.3 The 5-HT1 receptors, 
located primarily in the brain, are predominantly inhibitory 
(toward adenylyl cyclase) both presynaptically (autoreceptors; 
1A and 1D) and postsynaptically (1A, 1D, 2A, 2C, and 3 and 
4). Regulation of serotonin action is complex, involving both 
presynaptic and postsynaptic mechanisms3 with postsynaptic 
receptors regulating serotonin release from the presynaptic 
nerve endings. Serotonin may exert tonic inhibition on the 
dopaminergic system; drug-mediated increase may result in 

extrapyramidal effects.4 Badino and coworkers5 compared 
serotonergic and adrenergic receptor density in dogs neuro-
logically normal except for aggressive behavior (n = 8) and 
normal, nonaggressive dogs (n = 8). The concentration of high 
affinity (serotonin) 5-HT receptors was increased in the thala-
mus, and low affinity 5-HT receptors were increased through-
out the regions of the CNS studied (frontal cortex, thalamus, 
hypothalamus, hippocampus) in aggressive dogs compared 
with nonaggressive dogs. Riva and coworkers6 demonstrated 
that plasma levels of serotonin and dopamine were higher in 
anxious dogs (n = 22) compared with control dogs (n = 13).

In addition to serotonin, dopamine is also increased in 
dogs with anxiety.6 Dopamine is synthesized in neurons from 
l-DOPA in presynaptic vesicles. Synthesis begins with oxida-
tion of the dietary amino acid tyrosine, followed by decarboxyl-
ation to l-DOPA.3 Those neurons in which dopamine is found 
lack the enzyme that converts dopamine to norepinephrine. 
Dopamine is removed by monoamine oxidase (MAO) and 
catechol-O-methyltransferase (COMT). Dopamine receptors 
are distributed throughout the brain, although less so than nor-
epinephrine receptors. Dopamine appears to be largely located 
in the midbrain, hypothalamus, and limbic system (the part of 
the brain thought to control emotions).3 Dopamine receptors 
(at least five subtypes) are found in portions of the extrapyra-
midal system responsible for coordinated movement.1,2 At least 
four dopamine receptors are affected by mood disorders and 
stereotypics; increased dopamine appears to stimulate these 
abnormal behaviors.1,2 Because dopamine generally suppresses 
acetylcholine activity, blockade of dopamine receptors gener-
ally results in an increase in acetylcholine release.4

KEY POINT 26-1 Drugs that are among the most effective and 
safest for behavior modification are those that tend to be 
most selective for serotonin.
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Norepinephrine is the end product of dopamine oxida-
tion. Its inactivation occurs primarily by active transport or 
reuptake into presynaptic vesicles. The NT is then deaminated 
by mitochondrial monoamine oxidases or catechol-o-methyl-
transferase in the presynaptic nerve terminal. Norepinephrine 
is located predominantly in the gray matter of the pons and in 
the medulla; projections in the locus ceruleus into the limbic 
cortex regulate emotions. Norepinephrine interacts postsyn-
aptically with α1 receptors (G protein–mediated activation 
of phospholipase C and inositol triphosphate formation) and 
β receptors (activation of adenylyl cyclase) and presynapti-
cally with α2 receptors (G proteins).The behavioral effects of 
norepinephrine appear to affect arousal, functional reward 
systems, and mood. The latter effect may reflect a decrease in 
depression and an increase in mania.

GABA is a major inhibitory NT, being active at 30% of 
synapses in the human CNS, and particularly in the cortex 
and thalamus. Its precursor glutamate is widely distributed 
throughout the brain. As with norepinephrine, dopamine, 
and serotonin, GABA has a presynaptic transporter. Two pri-
mary receptor types, GABAA and GABAB, appear to cause 
postsynaptic inhibition by facilitating chloride ion influx into 
the neuron. Several drugs, including the benzodiazepines and 
barbiturates (e.g., phenobarbital), interact with the GABAA 
receptor in an agonistic fashion, causing neuronal inhibition.1 
The physiologic and behavioral effects of GABA and its recep-
tors have not yet been totally characterized (see Chapter 27).3

Several abnormal human behaviors have been associated 
with changes in excitatory NTs, including aggressive, impul-
sive, and schizophrenic disorders. Among the more impor-
tant excitatory NTs is glutamate. Glutamate is preformed 
and stored in synaptic vesicles released by calcium-mediated 
endocytosis. Barbiturates and progesterone modulate behav-
iors, in part by inhibiting calcium uptake and thus release of 
glutamate at the NT.1,2

Acetylcholine, the most widely distributed NT in the brain,3 
is preformed from choline and acetyl coenzyme A and stored at 
the terminal end of the synapse in vesicles. Calcium stimulates 
its release by exocytosis into the synaptic cleft, where it is rapidly 
metabolized by acetylcholinesterase. Acetylcholine generally is 
an excitatory NT, interacting with nicotinic and muscarinic 
receptors. At least five muscarinic receptors are located in the 
CNS. Receptors (M1) are also found in the gastrointestinal and 
cardiovascular systems, accounting for some of the adverse 
effects associated with several behavior-modifying drugs.1

NTs tend to be formed and degraded locally. Both forma-
tion and inhibition offer pharmacologic targets. A number 
of drugs result in an increase in the presence of NTs in the 
synaptic cleft by inhibiting either the metabolism (e.g., dopa-
mine) or the reuptake (e.g., serotonin, norepinephrine) of the 
NT after release (Figure 26-1).

DRUGS USED TO MODIFY BEHAVIORS

Drugs that modify behavior are classified initially on the basis 
of their (human) therapeutic use, followed by their chemistry 
and neurochemical activity.4 Included are the antipsychotic 

drugs (predominantly antidopaminergic in action), anxiose-
lective drugs such as the azapirones (primarily antiserotoner-
gic in action), drugs used to treat affective or mood disorders 
(antidepressants, lithium, and selected anticonvulsant drugs), 
and drugs used to treat anxiety and anxiety-related disorders 
(anxiolytics or minor tranquilizers, benzodiazepines). Other 
drugs include antihistamines, beta blockers, progestins, anti-
convulsants, and opioid antagonists. Most of the drugs used 
to modify behaviors are used for treatment of other disorders, 
and as such may be discussed elsewhere in this volume. Only 
drugs that have veterinary application are discussed here. Table 
26-1 provides dosing information about the use of these drugs.

In general, the disposition of behavior-modifying drugs is 
complex, with characteristics that tend to be different among 
species. Oral absorption, first-pass metabolism, significant 
binding to serum proteins, profoundly large volumes of dis-
tribution, and metabolism to enantiomers and active metabo-
lites (the latter potentially contributing to more activity than 
the parent compound) all contribute to these drugs’ lack of 
predictable behavior when dosing regimens are extrapolated 
among species. Hepatic metabolism increases the risk of both 
hepatotoxicity and drug interactions. The former, although 
rarely reported in humans, appears to be increasing and war-
rants additional attention as the use of these drugs increases 
in animals. Many behavior-modifying drugs are inhibitors 
of cytochrome P450 (CYP). Drug interactions at the level of 
CYP are well known in human medicine and should be antici-
pated in animals, particularly if drugs are used in combina-
tion. However, differences in CYP distribution and activity 
preclude predictable extrapolation of reported drug interac-
tions among the species. The potentially toxic nature of these 
drugs places the animal patient further at risk because many 
dosing regimens are extrapolated from humans. Exceptions 
include clomipramine, fluoxetine and selegiline, each of which 
has been approved for use in dogs. The disposition of several 
drugs also has been reported in cats.

Antipsychotic Drugs
Psychotic disorders in humans involve a severe disturbance of 
brain function characterized by thought and speech disrup-
tion and hallucinations or delusions.3 Although psychotic dis-
orders do not appear to occur in veterinary medicine, drugs 
developed for their management in humans have proved 
efficacious for a number of veterinary applications. Antipsy-
chotic drugs (also called neuroleptics or major tranquilizers) 
are largely structurally dissimilar from one another, but the 
commonality among them is dopamine, and particularly D2 
receptors, as a target. Drugs include the phenothiazines, the 
thioxanthenes (structurally related to the phenothiazines), 
heterocyclic dibenzepines, the butyrophenones, and diphen-
ylbutylpiperidines (Figure 26-2).7

KEY POINT 26-2 Drugs that modify the central nervous 
 system should not be withdrawn suddenly. Extra precaution 
is indicated for drugs with short half-lives.
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Structure–Activity Relationships
Antipsychotic drugs are categorized by structure and by 
potency. Low-potency drugs (chlorpromazine, acepromazine, 
promazine) are characterized by greater sedation and cardiac 
and anticholinergic side effects compared with their high-
potency counterparts. High-potency drugs (e.g., haloperidol, 
fluphenazine, trifluoperazine, prochlorperazine, and thio-
thixene) are administered at lower doses and are associated 
with less sedation and fewer anticholinergic and cardiac side 
effects. They do, however, have a greater incidence of extrapy-
ramidal side effects.

The largest structural class of antipsychotics is the pheno-
thiazines or tricyclic antipsychotics, which should not be con-
fused with the tricyclic antidepressant drugs (discussed later). 
The tricyclic antipsychotic drugs are represented by pheno-
thiazine, a three-ring structure containing a sulfur and nitro 
group in the ring connecting two benzene rings. Substitutions 
on one of the benzene rings yield different drugs (e.g., chlor-
promazine, promazine), which differ in efficacy (see Figure 
26-2). The pharmacology also is affected by substitutions of 
nitro groups such that potency (but not efficacy) is reduced 
by an aliphatic side chain (e.g., chlorpromazine, thorazine, 
acepromazine, and trifluopromazine).7 The length of the side 
chain also determines antihistaminergic properties, with two-
carbon side chains such as that occurring in promethazine 
being more antihistaminergic. Drugs with higher potency 
have a piperazine side chain, as can be found on fluphenazine 
and rifluoperazone. Esterification with long-chain fatty acids 
results in long-acting (due to slow hydrolysis and absorption) 

drugs (e.g., fluphenazine enanthate or decanoate).7 The use 
of these latter drugs in small animal veterinary medicine has 
yet to be established. The butyrophenone neuroleptics include 
haloperidol (the prototype) and droperidol. The latter is very 
short acting and highly sedative; thus its use is limited to anes-
thetic regimens.7

Pharmacologic Effects
The pharmacologic effects of antipsychotic drugs generally 
are similar among humans and animals.7 Phenothiazines are 
also categorized as tranquilizers. As tranquilizers, the pheno-
thiazines are calming in nature, causing a decrease in spon-
taneous activity that generally decreases response to external 
stimuli.1 The predominant antipsychotic action of the pheno-
thiazines is neuroleptic, a term derived from the effect of the 
drugs on human psychiatric patients and intended to contrast 
with signs typical of CNS depression.7 The neuroleptic effects 
are attributed, although not conclusively so, to the antidopa-
minergic effects at D2 receptors.7

Some of the neuroleptics (e.g., the phenothiazines) have 
high affinity for and thus also antagonize D1 dopamine recep-
tors, although pharmacologic effects at these receptors appear 
to be minimal. Phenothiazines also block D3 and D4 (which 
are D2-like) receptors. Selected “atypical” antipsychotic drugs 
(e.g., clozapine) have a low affinity for D2 receptors and are 
not characterized by extrapyramidal effects. They are, how-
ever, characterized by α2-adrenergic antagonism. Some of the 
antipsychotic drugs also have affinity for serotonergic (5-HT2) 
receptors (e.g., clonazepam). Cholinergic and histaminergic 

Monoamines
 Serotonin (5-HT)
 Norepinephrine (NE)
 Dopamine

Terminal
autoreceptor

Metabolism of monoamines

MOA inhibitors

Monoamine oxidase (MOA)

mitochondria

Transporter removes
5HT and NE from
synapse

Tricyclic antidepressants
 Selective serotonin
 reuptake inhibitors

Post-synaptic
neuron

Receptors

Pre-synaptic
neuron

Figure 26-1 Mechanism of action of selected behavior-modifying drugs. Neurotransmitters responsible for behavior are released 
from the presynaptic neuron into the synaptic cleft and interact with postsynaptic receptors. Following exocytosis, inactivation 
of the transmitter occurs primarily by reuptake into the presynaptic neuron, the site of action of most behavior-modifying drugs. 
Activation also may involve metabolic degradation, as in the case of the monoamines (MOA).
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Table 26-1   Drugs Used To Modify Small Animal Behavior
Drug Drug Class Indication Dose Route Interval (hr)

Acepromezine Phenothiazine, low potency 1-2 mg/kg PO 8
0.05-0.1 mg/kg IV, IM 8

Alprazolam Benzodiazepine Anxiolytic 0.125-0.25 mg/cat PO 8-24
0.01-0.1 mg/kg. Maximum  

of 4 mg/day
PO As needed

0.22-0.4 mg/kg PO 4
0.25-2 mg/dog PO 6-12

Amitriptyline Tricyclic antide pressant Antidepressant 1-4.4 mg/kg (D) PO 12-24. Taper withdrawal
Behavioral problems, urine spraying,  

feline lower urinary tract disease
5-12.5 mg/cat PO 24. Taper withdrawal

1-2 mg/kg (C) PO 12. Taper withdrawal
Buspirone Azaperone Anxioselective 2.5-15 mg/dog PO 8-12

1 mg/kg (D) PO 8-12
0.5-1 mg/kg (C) PO 8-12

Chlordiazepoxide Benzodiazepine Anxiolytic 2.2-6.6 mg/kg PO As needed
0.5-1 mg/kg (C) PO 12-24

Chlordiazepoxide–clidinium Irritable colon syndrome 0.1-0.25 mg/kg (D). Based  
on clidinium dose

PO 8-12

Clomipramine Tricyclic antidepressant Antidepressant 1-3 mg/kg (D) PO 12-24
1-5 mg/cat PO 12-24
0.5-1 mg/kg (C) PO 24

Clonazepam Benzodiazepine Anxiolytic 0.05-0.25 mg/kg PO 12-24
Clorazepate dipotassium Benzodiazepine Anxiolytic 0.5-1 mg/kg (D) PO 8-12
Clorazepate, sustained release Benzodiazepine Anxiolytic 5.6 mg/small dog PO 12-24

11.25 mg/medium dog PO 12-24
22.5 mg/large dog PO 12-24
0.2- 2.2 mg/kg (D) PO 12-24
0.2-0.5 mg/kg (C) PO 12-24

Diazepam Benzodiazepine Anxiolytic 1-2 mg/cat PO 12
Benzodiazepine Anxiolytic 0.5-2.2 mg/kg (D) PO As needed

Diazepam, sustained delivery Benzodiazepine Anxiolytic 0.1-1 mg/kg PO 12-24
Doxepin Tricyclic antidepressant, antihista-

minergic
Separation anxiety 3-5 mg/kg (D). Maximum of  

150 mg
PO 12

Fluoxetine hydrochloride Selective serotonin reuptake 
 inhibitor

Antidepressant 1-3 mg/kg (D) PO 24

0.5-1 mg/kg (D) PO 24
0.5-5 mg/cat PO 24
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Fluvoxamine Selective serotonin reuptake 
 inhibitor

Antidepressant 0.5-2 mg/kg (D) PO 12

0.25-0.5 mg/kg (C) PO 24
Haloperidol 0.5 to 4 mg/dog PO 12 to 24
Hydrocodone Opioid 0.25 to 1 mg/kg PO 8
Imipramine Tricyclic antidepressant Separation anxiety 0.5-1 mg/kg (D) PO 8

2.2-4.4 mg/kg (D) PO 12
2.5-5 mg/cat PO 12

Medroxyprogesterone acetate Progestin Aggressive masculine behavior 10 mg/kg (D) IM, SC As needed
Urine marking, anxiety, intraspecies 

aggression
10-20 mg/kg (C) SC As needed. Maximim of 3 

injections per year
Male behavior disorders Initial dose: 100 mg/cat IM Once

Followed by: 50 mg/cat IM 30 days
Female behavior disorders Initial dose: 50 mg/cat IM Once

Followed by: 25 mg/cat IM 30 days
Megestrol acetate Progestin 1-2 mg/kg (up to 4 mg/kg) PO 24 × 7-14, then decrease 

by 50% increments till 
discontinued by 3-4 wk

Methylphenidate Narcolepsy 5-10 mg/dog PO 8-12
Mirtazapine Serotonin antagonist, indirect 

agonist
Nalfemene Opioid antagonist Stereotypic behavior 1-4 mg/kg (D) SC

1-4 mg/kg (D) SC
Naloxone hydrochloride Opioid antagonist Stereotypic behavior 20 mg SC 12
Naltrexone (Trexan) Opioid antagonist Stereotypic behavior 1 mg/kg (D) SC 12-24

2.2-5 mg/kg PO 12-24
25-50 mg/cat PO 12

Opioid antagonist Test dose 0.01 mg/kg SC Once
Nortriptyline Tricyclic antidepressant Separation anxiety 0.5-2 mg/kg PO 12-24
Oxazepam Benzodiazepine Anxiolytic 0.2-1 mg/kg (D) PO 12-24

Benzodiazepine Anxiolytic 0.2-0.5 mg/kg (C) PO 12-24
Paroxetine Selective serotonin reuptake 

 inhibitor
Antidepressant 0.125-0.25 of a 10 mg tablet PO 24

Phenobarbital Anticonvulsant Psychogenic alopecia, others 4-8 mg/cat PO 12
Pimozide Behavioral disorders, including  

dyskinetic disorders
0.025-0.1 mg/kg (D) PO 24

Protriptyline Narcolepsy 5-10 mg/dog PO 24 at bedtime
Risperidone 0.5-1 mg/m(2) PO

Continued
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Table 26-1  Drugs Used To Modify Small Animal Behavior—cont’d

S-Adenyosyl methionine dietary supplement Miscellaneous behavior disorders <5.5 kg: 90 mg PO (on an empty 
stomach)

24

5.5-11 kg: 180- 225 mg PO (on an empty 
stomach)

24

11-16 kg: 225 mg PO (on an empty 
stomach)

24

16-30 kg: 450 mg PO (on an empty 
stomach)

24

30-41 kg: 675 mg PO (on an empty 
stomach)

24

>41 kg: 900 mg PO (on an empty 
stomach)

24

17-20 mg/kg PO (on an empty 
stomach)

24

200 mg/cat PO (on an empty 
stomach)

24

Sertraline Selective serotonin reuptake  
 inhibitor

Antidepressant 0.5-4 mg/kg (D) PO 24

0.5-1 mg/kg (C) PO 24
Thioridazine Stereotypic and aggressive behavior 1.1 mg/kg (D) PO 12
Trifluoperazine Miscellaneous behavior disorders 0.03 mg/kg IM 12

Hyperkinesis 2-4 mg/kg (D) PO As needed
Stereotypic behavior 1 mg/kg (D) SC 12-24
Behavioral disorders, lick granulomas 2.2-5 mg/kg PO 12-24
Behavioral disorders, adjuvant 25-50 mg/cat PO 12

PO, By mouth; IV, intravenous; IM, intramuscular; D, dog; C, cat; SC, subcutaneous.

Drug Drug Class Indication Dose Route Interval (hr)



909CHAPTER 26 Drugs That Modify Animal Behavior

(H1) receptors also are targeted by some of the drugs, result-
ing in unique pharmacologic effects among the neuroleptics. 
Variable interactions with different receptor types lead to 
unpredictable effects on the autonomic system. Among the 
neuroleptics, chlorpromazine has significant α-adrenergic 
antagonistic actions. In general, the antimuscarinic actions of 
neuroleptics are weak.

Neuroleptic effects include suppression of spontaneous 
movements or complex behaviors but minimal effects on spi-
nal reflexes and unconditioned nociceptive avoidance behav-
iors. Interest in the environment is minimized (ataraxia), as 
are manifestations of emotion. Patients are easily aroused; 
ataxia or incoordination should not be evident at appropri-
ate doses.7 Aggressive or impulsive behavior should gradually 
diminish. As a result, conditioned avoidance (but not uncondi-
tioned escape or avoidance) behavior and exploratory behav-
ior are minimized. Feeding and emesis also are inhibited. At 
high doses, cataleptic immobility is evident (particularly in 
cats3), resulting in increased muscle tone (and the ability to 
place animals in an abnormal posture) and ptosis. Akathisia, 
an increase in restless activity, is an undesirable side effect that 
occurs in humans but apparently not in animals. Akathisia 
occurs as an adaptive response to increased phenothiazines in 
extrapyramidal tissues.7

The effects of phenothiazines occur throughout the CNS. 
Cortical effects are responsible for many of the neuroleptic 
actions. Antagonism of D2 receptors is largely responsible for 
the various extrapyramidal effects of the drugs. Many of these 
sites appear to be spared from the adaptive changes of toler-
ance.7 Neuroleptics have been associated with an increased 
incidence of seizures.8 Selected drugs lower seizure threshold 

as well as induce discharges typical of epileptic seizures. Ali-
phatic, low-potency phenothiazines are particularly charac-
terized by this effect.7 Although the effect is more likely to 
occur in patients who are epileptic or who are predisposed to 
seizures, the effect is also a dose-dependent characteristic of 
some drugs. These drugs are contraindicated in human epi-
leptic patients or patients undergoing withdrawal from cen-
tral depressants.7 The relevance of this precaution to dogs is 
not clear. Both Tobias and coworkers9 and McConnell and 
coworkers10 retrospectively studied the frequency of seizures 
in epileptic dogs treated with low doses of acepromazine 
and found no increased risk (see also Chapter 27). Indeed, 
acepromazine was associated with decreased seizure activity 
in some of the patients that did not respond to other therapies. 
However, because the author experienced induction of sei-
zures in a non-epileptic patient (lead poisoning) immediately 
after intravenous administration of acepromazine, caution is 
warranted when using phenothiazine derivatives in epileptic 
patients. Increasing doses slowly and accompanying with anti-
convulsant therapy are indicated if the drugs must be used by 
epileptic patients.

The neuroleptic drugs have a number of effects in the lim-
bic system. Although D2 antagonism occurs in the limbic 
system, because D3 receptor stimulation may be responsible 
for many of the behaviors targeted by neuroleptics, attempts 
are being made to identify D3-selective drugs for treatment 
of psychoses.7 Neuroleptics stimulate prolactin secretion in 
human beings. Indeed, the potency of neuroleptic action and 
ability to cause prolactin secretion are well correlated for most 
drugs. Pageat and coworkers11 demonstrated that prolacte-
mia correlates with response to selected behavior-modifying 
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drugs. Tolerance is not likely to develop to this side effect. 
In humans prolactin secretion caused by neuroleptics also is 
responsible for breast engorgement and galactorrhea. Releases 
of growth hormone and corticotropin-releasing hormone 
occur in response to stress; neuroleptics (especially chlor-
promazine) also interfere with the release of growth hormone, 
although apparently not sufficiently for treatment of acromeg-
aly. Impaired release of serotonin may result in weight gain 
(particularly with low-potency drugs), and impaired glucose 
tolerance and insulin release may be impaired in “prediabetic” 
patients (especially with chlorpromazine).7

In the brainstem the neuroleptics have little effect, even in 
cases of acute overdosing. Life-threatening coma is rare. In 
contrast, most neuroleptics protect against nausea and emesis 
at the chemoreceptor trigger zone in the medulla. These effects 
occur at low doses. Potent piperazines and butyrophenones 
are also often effective against nausea stimulated by the ves-
tibular system.7

Phenothiazines characterized by lower potency have a pre-
dominant sedative effect that is more apparent initially but 
tends to decline as tolerance develops. The phenothiazines 
are characterized by anxiolytic effects, but more specific 
anxiolytic drugs are available. In addition, the risk of either 
autonomic (e.g., low-potency drugs) or extrapyramidal (e.g., 
highly potent drugs) effects increases the likelihood of causing 
anxiety.7

The neuroleptic drugs impart physiologic (especially car-
diovascular) effects through peripheral actions. The effects are 
complex because the neuroleptics interact with a number of 
receptor types that have cardiovascular effects. Hypotension 
induced by phenothiazines—low potency in particular—
reflects direct effects on the blood vessels, indirect actions 
in the CNS and autonomic receptors, and a direct negative 
inotropic effect on the heart. Chlorpromazine also has antiar-
rhythmic effects on the heart, similar to quinidine.

Disposition
The antipsychotics are characterized by variable bioavailabil-
ity, high lipophilicity, high protein binding, and accumulation 
in a number of tissues. Elimination occurs primarily through 
hepatic metabolism. In humans the elimination half-life is 
long, ranging from 20 to 40 hours. Biologic effects persist for 
more than 24 hours, allowing once-daily therapy in humans.7 
Metabolites can be detected in urine for several months.

Side Effects and Toxicity
The antipsychotic drugs tend to be very safe; lethal ingestion is 
rare in human patients. Side effects tend to reflect the pharma-
cologic actions of the drugs, including effects of the CNS and 
cardiovascular, endocrine, and autonomic systems.7 In human 
patients other effects include dry mouth, blurry vision, and 
constipation. Urinary retention may occur in male patients 
with prostatitis. At high doses antipsychotics may cause cata-
lepsy, characterized by immobility, increased muscle tone, and 
abnormal postures.4 Extrapyramidal neurologic side effects 
reflecting inhibitionof dopamine occur in humans but have 
not been reported in animals. However, involuntary motor 

movements associated with extrapyramidal effects may be 
confused with seizures. The risk of seizures may be increased, 
but risk factors are not known (discussed previously). Some 
animals exhibit signs of hyperactivity after treatment with 
acepromazine.3 In addition, at least one report cites increased 
agitation and irritability after treatment of aggression with 
acepromazine.12 Jaundice has occurred in humans after taking 
chlorpromazine and may resolve despite continued treatment. 
Blood dyscrasias, including leukopenia, eosinophilia, and 
leukocytosis, occur but are less common with low-potency 
phenothiazines. Skin reactions tend to be common in people, 
again more commonly with low-potency phenothiazines. 
Small doses of acepromazine (0.1 mg/kg, given subcutane-
ously 30 minutes before testing) appear to have no effect on 
intravenous glucose tolerance testing in dogs.13 Acepromazine 
sedation (0.03 mg/kg given intramuscularly 30 minutes before 
measurement) markedly increased peak latencies but mini-
mally affected peak amplitude of middle-latency auditory-
evoked potential in dogs (n = 12).7,14

Drug Interactions
Chlorpromazine is used in combination anesthetic regimens 
because of its ability to potentiate central depressants. Effects 
of analgesics and sedatives also can be enhanced. Interactions 
with antihypertensive drugs can be unpredictable and are 
more likely to be adverse with low-potency products.7 Selected 
phenothiazines can antagonize the positive inotropic effects of 
digoxin.

Clinical Indications
In general, the use of phenothiazines for treatment of aggres-
sive behavioral abnormalities is inappropriate because both 
normal and abnormal behaviors are blunted. Acepromazine is 
particularly problematic. Restraint of aggressive dogs with the 
drug renders dogs more likely to be reactive to noises and more 
easily startled.1 In addition, because the degree and duration 
of tranquilization vary, reactions in dogs are unpredictable. 
Phenothiazines are not selective as antianxiety drugs but can 
reduce responsiveness in general, and thus they are useful in 
some cases of episodic anxiety.3 Thioridazine has been used 
in one case of aberrant motor behavior.15 Newer atypical anti-
psychotics (e.g., risperidone) may prove useful for treatment 
of selected abnormal behaviors (e.g., environmental-specific 
anxieties, impulsive explosive disorders).4

Antidepressant Drugs
Much of the information regarding the use of these mood-
modifying drugs in animals has been extrapolated from 
human use. These drugs are characterized by clinical phar-
macology and mechanisms of action that are likely to differ 
markedly among animals. Yet limited scientific information 
is available to guide their use in animals. Among the human 
mood-modifying drugs that are approved for their use for 
treatment of behavioral disorders in either dogs or cats are the 
tricyclic antidepressants (TCAs) (clomipramine), the MAO 
inhibitors (selegiline), and selective serotonin reuptake inhibi-
tors (SSRIs; e.g., fluoxetine). Affective (behavior) disorders 
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targeted by antidepressants in humans range from depression 
to manic–depressive disorders. In animals the list of targeted 
disorders is much greater and may be publically perceived 
to include any type of behavior deemed unacceptable by pet 
owners.

For a better understanding of the pharmacologic actions 
(intended and undesirable) of these drugs, it is necessary to 
appreciate the extent to which NTs targeted by these drugs 
are active in the brain. Among the most commonly targeted 
NTs is the biogenic amine system, with norepinephrine, 5-HT 
(serotonin), and dopamine serving as primary targets. Acetyl-
choline and histamine are common, although generally sec-
ondary, targets. In addition, α-adrenergic receptors may be 
stimulated by some of these drugs. The pharmacologic and 
side effects of these drugs vary with the NT targeted. Drugs 
that are more specific in their actions tend to be safer. Inabil-
ity to predict the effect of antidepressant drugs on behavior 
reflects in part the inability to predict effects at the synapse 
as well as a lack of knowledge regarding the impact of neuro-
transmission on behavior. In general, blockade of dopamine 
transport appears to be stimulatory rather than antidepressant 
whereas inhibition of either serotonin or epinephrine reup-
take appears to produce an antidepressant effect.

Tricyclic Antidepressants
Structure–Activity Relationships
The TCAs are among the most frequently prescribed drugs in 
human behavior medicine. Their name reflects their chemi-
cal structure (see Figure 26-2). The TCAs were identified as 
a group of potentially useful drugs for the modification of 
behavior in the 1940s after the generation of a number of 
drugs with antihistaminergic, sedative, analgesic, and anti-
parkinsonian effects. Imipramine was selected on the basis 
of its hypnotic and sedative effects. Imipramine differs from 
phenothiazine only by the replacement of sulfur with an eth-
ylene bridge, yielding a seven-member ring. This compound 
proved ineffective in quieting agitated psychotic patients but 
very effective for selected mood disorders.7

The search for chemically related compounds yielded a 
number of additional drugs. Clomipramine, amitriptyline, 
and doxepin are all derivatives of imipramine.7 Each contains 
a tertiary amine at one of the substitution sites on the seven-
member ring. Desipramine, a major metabolite of imipra-
mine, and nortriptyline, the N-demethylated metabolite of 
amitriptyline, are secondary amine tricyclics. Protriptyline 
and trimipramine are other TCAs with few veterinary applica-
tions.3 Differences in the effects of NT reuptake vary with the 
different amine structures.7

Mechanism of Action
The mechanism of action of the TCAs (and MAO inhibi-
tors and SSRIs) is blockade of the mechanisms of physiologic 
inactivation (see Figure 26-1). For the TCAs the mechanism 
is inhibition of reuptake at presynaptic biogenic amine NT 
receptors in the brain. As reuptake is inhibited, the concentra-
tion of NTs increases, prolonging their actions (CNS stimula-
tion). Differences in NTs affected reflect, in part, the chemical 

structures.7 Imipramine and its derivatives with a tertiary 
amine side chain block norepinephrine reuptake but have little 
effect on dopamine reuptake.

The secondary amine derivatives of imipramine are potent 
and highly selective inhibitors of norepinephrine reuptake; 
however, they are characterized by fewer autonomic and anti-
cholinergic effects. Tertiary amines that are metabolized in 
the patient to secondary amines will have effects on norepi-
nephrine reuptake. Clomipramine has marked effects on sero-
tonin reuptake and minimal effects on other NTs or receptors, 
although a poorly understood dopaminergic effect has been 
described. Its active metabolite appears to inhibit norepi-
nephrine uptake as well.16 Doxepin is characterized by greater 
antihistaminergic actions (thus explaining its frequent recom-
mendation for chronic pruritus). Although amitriptyline is the 
most commonly prescribed drug for animals, clomipramine 
has recently been approved for treatment of separation anxiety 
in dogs.

The effect of clomipramine (3 mg/kg once daily orally 
for 6 weeks) on the concentration of monoamines (5HIAA 
[5-hydroxyindoleacetic acid], HVI [homovanillic acid] and 
MHPG [methoxy4-hydroxyphenylglycol]) in the cerebrospinal  
fluid was compared with that of placebo using a random-
ized crossover design in otherwise behaviorally normal dogs  
(n = 6) with obsessive–compulsive disorders (OCDs).16 The 
concentration of monoamines did not significantly differ 
(power of the study now known), leading the authors to con-
clude that clomipramine did not affect monoamine turnover 
in the brains of behaviorally normal dogs, further confirming 
the need for studies in affected dogs.

Pharmacologic Effects
Adaptation to pharmacologic effects. The effects of TCAs 

at presynaptic and postsynaptic receptors and autoregula-
tion result in complex responses that are not well understood. 
Although inhibition of reuptake occurs very rapidly, peak 
effects still take several weeks. This prolonged time to maxi-
mal effect reflects in part disposition (e.g., time to steady-state 
for the parent compound and active metabolites; see later dis-
cussion of clinical pharmacology) but also appears to reflect 
adaptation in the CNS to changes in NT concentrations at 
the synapse. Administration of a TCA results in an immedi-
ate decrease in the synthesis and release of norepinephrine 
or serotonin (depending on the major target of the TCA) in 
selected areas of the brain. The effects appear to be medi-
ated presynaptically through autoreceptors (α2 or serotonin, 
respectively). Turnover, however, gradually normalizes within 
1 to 3 weeks. Autoreceptors appear to be downregulated and 
become desensitized to the presence of the TCA.7 The num-
ber and sensitivity of postsynaptic adrenergic receptors do not 
appear to be affected by continued use of a TCA.

Adaptive responses appear to influence the pharmaco-
logic properties of TCAs at adrenergic receptor sites. The 
TCAs have a moderate affinity for α1-receptors and only 
limited affinity for α2-receptors and β-receptors. Changes in 
serotonin receptors after repeated treatment with TCAs are 
complex. Although the impact is not clear, the general effect 
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appears to be increased sensitivity to serotonin. This may be 
an  important  component to the outcome of prolonged treat-
ment.7 The TCAs also appear to influence the effect of other 
NTs and their receptors, including GABA (unknown signifi-
cance), and dopamine (D2; desensitization of autoreceptors 
resulting in mood elevation). Other factors to consider regard-
ing adaptation to TCA effects include changes in adenosine 
monophosphate–dependent protein kinases and potential 
changes at the level of gene expression.7

In addition to tolerance (to sedative and autonomic effects), 
physical dependence on the TCA can develop. Physical depen-
dence after acute withdrawal is manifested in human patients 
as malaise, chills, coryza (head cold), and muscle aches.7 Slow 
discontinuation of the drug is recommended.

Autonomic nervous system. The predominant effect of TCAs 
on the autonomic nervous system appears to reflect inhibition 
of norepinephrine transport into adrenergic nerve terminals 
and antagonism of muscarinic cholinergic and α1-adrenergic 
responses to the NTs. Blurred vision, dry mouth, constipation, 
and urinary retention at therapeutic doses (documented in 
humans) appear to reflect anticholinergic effects.7

Cardiovascular system. Cardiovascular effects of TCAs 
occur at therapeutic doses and can become life threaten-
ing with overdose. Postural hypotension occurs in humans 
(unlikely in dogs or cats) as a result of α-adrenergic blockade. 
Mild sinus tachycardia results from inhibition of norepineph-
rine uptake and muscarinic (M1) blockade.7 Conduction time 
is prolonged, especially at concentrations above 200 ng/mL. 
The TCA can also directly suppress the myocardium.7 The 
myocardial depressant effects are greater in the presence of 
underlying cardiac disease.

Clinical Pharmacology
The disposition of the TCA favors adverse reactions in that 
the characteristics of disposition are those that tend to vary 
greatly among animals, and extrapolation between species is 
complicated. Unfortunately, the disposition has not been sci-
entifically studied in animals except for clomipramine, and 
information for other drugs or species is extrapolated from 
human or canine data. The TCAs are very lipophilic. As such, 
they are well absorbed after oral administration. They can, 
however, undergo marked first-pass metabolism. Typical drug 
concentrations achieved in humans at recommended doses 
are 100 to 250 ng/mL for amitriptyline, 150 to 500 ng/mL for 
clomipramine, and 200 to 300 ng/mL for imipramine.7 High 
doses can cause anticholinergic effects on the gastrointesti-
nal tract, slowing absorption or making it erratic. Absorption 
in humans can result in peak concentrations as rapidly as 2 
hours or as long as 12 hours after administration.7 The drugs 
are very highly protein bound, but unbound drug is character-
ized by a very large volume of distribution (10 to 15 L/kg in 
human patients), contributing to a long elimination half-life 
of the parent drug or its metabolites. Drug may bind avidly to 
selected tissues.

Drugs are eliminated by hepatic (oxidative) metabolism 
with the main reaction being N-demethylation to the active 
metabolite, desmethylclomipramine (DCMP). This reaction is 

catalyzed by CYP3A4, CYP2C19, CYP2C9, and CYP1A2. The 
parent and metabolite are hydroxylated by CYP2D6 and then 
glucuronidated.17,18 Metabolism is variable among human and 
canine patients, accounting for plasma concentrations that dif-
fer by tenfold to thirtyfold. Species and gender differences in 
metabolism or pharmacokinetics have been demonstrated for 
clompramine.17,18 Metabolism of TCA yields active and inac-
tive metabolites. It is not clear what percentage of the antide-
pressant activity of the TCA is associated with the metabolites. 
Metabolites generally have an elimination half-life that is twice 
or more that of the parent compound.7 Thus accumulation of 
the metabolites can result in a marked proportion of the phar-
macologic effect of TCAs.

Clomipramine is approved for use in dogs for treatment 
of separation anxiety. After multiple oral administration in 
dogs, both clomipramine and its principal active metabolite, 
desmethylclomipramine, accumulate in a dose-dependent 
manner at doses ranging from 1 to 4 mg/kg.19 Food does not 
appear to alter the rate or the extent of oral absorption,20 with 
bioavailability of clomipramine being 20% and of the metabo-
lite 140%. The ratio of metabolite to parent in dogs approxi-
mates 0.6, varying across time.21 After a single dose of 3 mg/
kg in normal dogs (n = 6), clomipramine Cmax was quite vari-
able for both clomipramine (16 to 310 ng/mL at 0.75 to 3.1 
hr) and desmethylclomipramine (21 to 134 ng/mL at 1.4 to 
8.8 hr).22 After multiple dosing, (28 d) clomipramine Cmax 
again was markedly variable at 43 to 222 ng/mL (at 3 to 8 hr), 
compared with 21 to 134 ng/mL at 1.4 to 8.8 hr, for desmeth-
ylclomipramine. Hewson and coworkers21 reported trough 
concentrations of clomipramine ranging from 2 to 17 ng/mL 
and desmethylclomipramine ranging from 2 to 15 ng/mL fol-
lowing 26 days of dosing at 3 mg/kg; neither compound was 
detectable in three of six dogs at trough times (24 hr). Protein 
binding of both the parent compound and its metabolite are 
greater than 96%. Hepatic clearance of clomipramine in dogs 
is flow-limited; changes in hepatic blood flow, but not hepatic 
mass (i.e., CYP activity), should be expected to alter clomip-
ramine elimination. However, rapid clearance is balanced by 
a very large volume of distribution. Despite this large volume, 
clomipramine elimination half-life is shorter and markedly 
variable in dogs ranging from 1.2 to 16 hours after a single oral 
dose in dogs (n = 6) compared to 20 in humans. After mul-
tiple (28 days) dosing, both variability and duration of half-life 
decreased to 1.5 to 9 hours.21 An average half-life of 5 to 6 hours 
was reported for dogs in a subsequent study.19 Half-life of the 
desmethyl clomipramine in dogs also is short (2 to 3.8 hours, 
compared to 36 hours in humans),19,21 with total concentra-
tion of the metabolite being less than that of the parent com-
pound. Steady-state concentrations are reached by 4 days or 
less, resulting in response within 1 to 2 weeks. Cats metabolize 
(based on in vitro hepatic microsomal studies) clomipramine 
more slowly than do dog or rats, with male cats being less effi-
cient metabolizers.17 The pharmacokinetics of  clomipramine 
and its major metabolite desmethylclomipramine have been 
described in cats (n = 6) using a randomized crossover single-
dose oral (0.5 mg/kg) and intravenous (0.25 mg/kg) adminis-
tration study).23 After oral administration, Cmax (μg/mL) was 
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0.87 ng/mL at 6.2 hours. After intravenous administration, vol-
ume of distribution and clearance were 0.393 L/kg and 0.833 
mL * min/kg, respectively, resulting in an elimination half-life 
of 12.3 hours. Area under the curve (AUC) of clomipramine 
and desmethylclomipramine after oral administration were 
948 and 613 ng * min/mL, respectively. Oral bioavailability 
of clomipramine and its active metabolite approximated 30%. 
Variability among cats was marked. On the basis of these data, 
Lainesse and coworkers18 found no correlation between either 
clomipramine or desmethylclomipramine concentrations and 
sleep scores. However, gender differences in metabolism may 
have contributed to the lack of correlation.

Of the TCAs, only amitriptyline appears to have been stud-
ied after transdermal delivery in cats. Plasma drug concentra-
tions were not detectable in cats (n = 6) receiving a single 5-mg 
transdermal (pluronic lecithin organo [PLO]) gel dose. This 
compared with a mean peak concentration of 61 ± 6.2 ng/mL 
after oral administration of 5 mg.24 The author has demon-
strated, using a randomized crossover, dummy-placebo con-
trolled design, that although amitryptylline administered as 
a transdermal gel achieved detectable concentrations in 5/6 
cats receiving 2 mg/kg twice daily for 3 weeks, bioavailability 
was very poor. After 3 weeks of dosing, serum drug concentra-
tions were 46 to 101 ng/mL after gel administration compared 
to 1336 to 5230 ng/mL after oral administration at the same 
dose. The disappearance half-life in the cats receiving the oral 
drug (based on peak and trough dosing) was markedly vari-
able among cats, ranging from 20 to approximately 85 hrs after 
3 weeks. Two of the cats receiving the gel developed marked 
aural erythema and scaling. Despite the very high concentra-
tions, 4/5 cats tolerated the oral administration well; the one 
cat with concentrations of 5230 ng/mL was depressed, with 
resolution occurring once the drug was discontinued. Interest-
ingly, disappearance half-life of amitryptyilline was only 20 hrs 
in this cat, suggesting that oral bioavailabilitymay have been 
contributing to the high serum concentrations.

Side effects. Up to 5% of human patients receiving a TCA 
react adversely. Sedation is common with the TCAs.3 The most 
common reactions reflect antimuscarinic effect or overdosing. 
Cardiac toxicity (reflecting a quinidine-like membrane-stabi-
lizing effect) is a less frequently reported but serious effect, but 
not apparently with clomipramine administration in dogs. The 
effect may be lethal at 15 mg/kg.4 Tachycardia may also reflect 
anticholinergic effects and must be differentiated from true 
cardiotoxicity. Other side effects include dry mouth, gastric 
distress, constipation, dizziness, tachycardia, or other arrhyth-
mias, blurred vision, and urinary retention (particularly prob-
lematic in the presence of prostatic hypertrophy).7 Weakness 
and fatigue reflect CNS effects. Cardiac toxicity is more likely 
in patients who start therapy with cardiac disease. In healthy 
patients the most likely cardiac response is hypotension as a 
result of α-adrenergic blockade.

An undesirable side effect of antidepressant drugs in 
humans is referred to as the “switch process.” Patients undergo 
a transition from depression to hypomanic or manic excite-
ment.7 This effect has not been reported in animals. Confusion 
and delirium are behavior aberrations that occur commonly 
in human patients, with the incidence of 10% in all patients, 
increasing to more than 30% in elderly patients over age 50 
years.7 Miscellaneous toxic effects in human patients include 
leukopenia, jaundice, and skin rashes. Weight gain occurs, 
particularly with those drugs that are selective for serotonin 
reuptake. Isolated reports that address the side effects of TCAs 
in dogs are uncommon. Goldberger and Rapoport25 reported 
side effects in 5 of 13 dogs receiving clomipramine for lick 
granuloma. Clinical signs included lethargy, anorexia, diar-
rhea, and growling.

Acute poisoning with TCAs is common in human patients 
(accidental or intentional) and appears to be a significant 
potential problem in animals.26 Symptoms in humans vary 
and are complex. Excitement and restlessness may be accom-
panied by myoclonus or tonic–clonic seizures. Coma may rap-
idly develop, associated with depressed expiration, hypoxia, 
hypothermia, and hypotension.7 Anticholinergic effects 
include mydriasis, dry mucosa, absent bowel sounds, urinary 
retention, and cardiac arrhythmias, including tachycardia. 
Clinical signs reported after accidental ingestion in animals26 
include hyperexcitement and vomiting as early manifestations, 
followed by ataxia, lethargy, and muscular tremors. Bradycar-
dia and other cardiac arrhythmias occur later. These later signs 
occurred shortly before death in experimental animal models 
of TCA toxicosis.26

Treatment for TCA toxicosis is supportive, including 
respiratory (intubation) and cardiovascular support. Gastric 
lavage with activated charcoal can be used early. Emetics prob-
ably should be avoided because of the risk of aspiration pneu-
monia in seizuring animals (some antiemetics may further 
predispose the animal to seizures). Short-acting barbiturates 
(or similar drugs) without pre-administration of atropine 
are preferred for anesthetic control during gastric lavage. 
Cathartics (sorbitol or sodium sulfate–Glauber’s salt) can be 
of benefit. Magnesium sulfate should not be used because 
impaired gastrointestinal motility can facilitate absorption 
of magnesium. Resolution of coma may require several days; 
the threat of cardiac arrhythmias likewise persists for several 
days. Pharmacologic interventions for cardiac arrhythmias 
have not been well established. Alkalinization (sodium bicar-
bonate sufficient to maintain blood pH above 7.5: 2 to 3 mEq/
kg, administered intravenously over 15 to 30 minutes) may 
prevent death by increasing protein binding and increasing 
cardiac automaticity (as a result of potassium shifts).26 Tradi-
tional cardiac drugs, including antiarrhythmics and digoxin, 
are contraindicated in human patients. However, phenyt-
oin may provide safe antiarrhythmic effects and in human 
patients is useful for treatment of seizures.7 Relevance to dogs 
or cats is not clear: phenytoin has a short half-life in dogs and 
is associated with adverse events when administered IV (see 
Chapter 27). Diazepam is indicated for acute management 
of seizures. β-adrenergic receptor antagonists and lidocaine 

KEY POINT 26-3 For a number of the behavior-modifying 
drugs, slow elimination and formation of active metabolites 
complicate the design of dosing regimens.
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may be useful.7 The risk of tonic–clonic seizures is increased 
in human patients, particularly at high doses.

Clomipramine generally is associated with less seda-
tion than with the other TCAs.27 Systemic phospholipidosis 
(excessive accumulation of phospholipids in tissues) occurs 
with chronic administration of cationic, amphophilic drugs, 
including the TCAs, and fluoxetine.

Indications
The TCAs have been recommended among animal behavior-
ists for most abnormal behaviors manifested in dogs or cats. 
These include, but are not limited to, behaviors associated with 
fear and aggression,27,28 stereotypics, OCDs or self-mutilation 
disorders, and excessive barking. The use of clomipramine 
is discussed later with specific disorders. However, using an 
open trial, Seksel and Lindeman29 reported the efficacy and 
tolerance of clomipramine (1 to 2 mg/kg every 12 hours for 
the initial dose, increased up to 4 mg/kg twice daily) in a vari-
ety of behavioral disorders in dogs (n = 24). Included in the 
study were OCD (n = 9), separation anxiety (n = 14), and 
noise phobia (n = 4). Treatment included behavior modifica-
tion and continued for at least 1 month after resolution of clin-
ical signs. Resolution to marked improvement of clinical signs 
was reported in 67% of the dogs, whereas 21% reported slight 
to moderate improvement versus no change in 12.5% (3 of 24) 
animals. Clomipramine discontinuation (without return of 
the abnormal behavior) was described as successful in five of 
the nine animals in which it was attempted.

Contraindications
The TCAs are not recommended for animals with a metabolic 
disease. Specific contraindications include a history of cardiac 
or hepatic disease, seizures, glaucoma, hyperthyroidism, and 
thyroid hormone supplementation.27,28

Drug Interactions
The TCAs can interact with a number of other drugs. Com-
petition for protein-binding sites with other highly protein-
bound drugs can result in increased drug concentrations; 
however, this may be balanced by increased hepatic clear-
ance. Drugs that affect drug-metabolizing enzymes, through 
either inhibition or induction, also affect the clearance of 
TCAs. The sequelae of the impact are difficult to predict 
because active metabolites similarly are affected. In general, 
however, drugs that inhibit metabolism are likely to result 
in greater drug accumulation and increased risk of toxic-
ity. TCAs and other antidepressants also can compete with 
other compounds for metabolism. The drugs themselves may 
affect metabolism of other drugs. Clomipramine inhibits the 

metabolism of other drugs; but a more relevant interaction 
may be the impact of other drugs on the metabolism of clo-
mipramine (e.g., cimetidine).7 The antidepressants poten-
tiate the effects of sedative drugs. The TCAs should not be 
used in combination with other drugs that modify CNS NTs. 
Included are MAO inhibitors and amitraz.27,28 In human 
patients a potentially lethal interaction has been reported 
when a TCA, particularly one that inhibits serotonin uptake, 
is combined with an MAO.7 The term serotonin syndrome 
has been applied to this interaction, which is characterized 
by restlessness, muscle twitches, hyperreflexia, shivering, 
and tremors.30 Drugs or herbal products whose combina-
tion might result in the serotonin syndrome are indicated in 
Table 26-2.

Clinical Use
Most drugs take 2 to 3 weeks for clinical efficacy to be real-
ized. The exception might be amitriptyline, which may cause 
a response in 3 to 5 days; however, maximum response may 
take longer, particularly in cats, for which the half-life may 
be long.27 Dogs can respond to clomipramine in 1 to 2 weeks. 
In an approval study, clomipramine (Clomicalm) treatment 

KEY POINT 26-4 The tricyclic antidepressants have been 
recommended among animal behaviorists for most  
abnormal behaviors manifested in dogs or cats. These 
include, but are not limited to, behaviors associated with 
fear and aggression, stereotypes, obsessive–compulsive  
or self-mutilation disorders, and excessive barking.

Table 26-2  Drugs or Supplements Whose 
Combined Use Increases the Risk 
of Serotonin Syndrome

Drug Class Interacting Drug Class Example Drugs

Monamine oxidase 
inhibitors

Tricyclic antidepressants Amitriptyline

Imipramine
Clomipramine

Miscellaneous Isocarboxazid
Phenelzine

Serotonin uptake 
inhibitors

SSRI Fluoxetine

Fluvoxamine
Paroxetine
Sertraline
Citalopram

Serotonin and norepin-
ephrine uptake inhibitors

Trazazone

Bupriopion Venlaflaxine
Opioids Fentanyl

Mepiridine
Tramadol
Dextromethorphan

Antimicrobials Antibacterials Linesolid
Antivirals Ritonavir

Antiemetics Metoclopramide
Ondansetron
Granisetron

Herbals St. John’s wort
SAMe
Ginseng

Substances of abuse MDMA
Cocaine
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with behavior modification improved separation anxiety in 
dogs compared with behavior modification alone (according 
to package insert). King and coworkers31,32 (manufacturer 
sponsored studies) studied the efficacy of clomipramine for 
treatment of separation anxiety in dogs. Using a parallel, 
randomized, double-blinded design, researchers gave dogs 
with “hyper attachment” behavior (n = 97) either a low dose 
(0.5 to 1 mg/kg twice daily; n = 25), a standard dose (1 to 
<2 mg/kg twice daily; n = 28), or no dose of clomipramine 
(n = 32) along with behavior therapy for 12 weeks. At each 
of three assessment periods, treatment dogs responded bet-
ter, and overall, to therapies three times more rapidly than 
nontreatment dogs in all behaviors (destructive or inap-
propriate elimination) with the exception of vocalization. 
Among the treatment dogs was an epileptic; this dog had no 
seizure episodes during the treatment period. Differences in 
the frequency of side effects among treatment groups were 
vomiting and gastritis, which occurred in 13/25 and 8/28 
dogs in the low and standard group, respectively, compared 
with three in the placebo group, and lethargy or sleepiness in 
four of the standard group compared with two in the other 
two groups. Interestingly, one healthy dog collapsed with 
hyperthermia (111°F) and disseminated intravascular coag-
ulopathy. No other underlying illness was reported; the dog 
survived the episode, but clomipramine was discontinued. 
In their follow-up questionnaire-based study,32 12 dogs con-
tinued to receive clomipramine long term (13 to 16 months 
or more), with 10 of these dogs improving further. No 
increases in adverse events were identified. Behavior changes 
were also studied in dogs for which the drug was either dis-
continued (n = 48) or had not been administered within 4 
months of the questionnaire (n = 16). However, the data are 
confounded by the use of other behavior-modifying drugs. 
Behaviors worsened in the first 2 weeks after therapy was 
discontinued in three of ten dogs receiving low-dose clomip-
ramine; however, no dogs in the standard-dose group exhib-
ited clinical signs potentially consistent with withdrawal. For 
treatment groups, after 2 weeks behavior worsened in 13% to 
15% of dogs compared with 23% of dogs receiving placebo. 
Six of nine dogs for which clinical signs worsened had not 
responded totally to therapy during the trial, whereas three 
of nine had been considered successes. The time to worsen-
ing was longest for the standard dose group. On the basis of 
response to clomipramine, the authors raised the possibil-
ity that treatment accompanied by behavioral therapy might 
allow permanent control.

Clomipramine has been studied for acute management of 
anxiety in dogs. Frank and coworkers33 prospectively studied 
transport-induced stress in Beagles treated with clomipramine  
(2 mg/kg twice daily for 7 days). Compared with placebo, 
treatment only tended to reduce clinical signs of panting or 
drooling; however, cortisol concentrations increased less in 
treated versus untreated controls after three 1-hour trips.

Therapeutic drug monitoring may facilitate the safe and 
effective use of the drugs. In human patients plasma con-
centrations that range between 100 and 250 ng/mL are most 
likely to cause satisfactory antidepressant effects; toxicity can 

be expected at concentrations above 500 ng/mL, with fatal 
consequences likely as concentrations approach 1000 ng/mL.7 
Variability among human patients (and presumably among 
animals) supports the use of monitoring to guide therapy. 
Monitoring to avoid toxicity is, however, complicated by the 
recognition that serum concentrations by themselves are not 
reliable predictors of toxic responses. Because of the risk of 
withdrawal associated with physical dependence, discontinu-
ation of TCAs should occur over a week or longer if therapy 
has been prolonged.7

Selective Serotonin Reuptake Inhibitors
Structure–Activity Relationships and Mechanism 
of Action
The SSRIs enhance CNS serotonin by blocking presynaptic 
neuronal uptake (see Figure 26-1). They may also increase 
postsynaptic receptor sensitivity.3 Among the drugs cur-
rently approved for use in humans are fluoxetine, paroxetine, 
sertraline, and fluvoxamine. Of these, sertraline appears 
more potent (see the discussion of monitoring).7 Potency of 
fluoxetine for 5-HT receptors is similar to that of amitripty-
line, but much less than that of amitryptyline for adrenergic, 
histaminic, muscarinic, opiate, or dopaminergic receptors. 
Consequently, fluoxetine is considered selective for sero-
tonin. Because of their selectivity for serotonin uptake, the 
diverse effects that characterize TCAs are generally absent 
with SSRIs. Fluoxetine is prepared as a 50:50 racemic mix-
ture; enantiomers are equally potent for 5-HT receptors 
although it is not clear if this is true for all species. How-
ever, for the metabolite (also racemic), the S metabolite iso-
mer is fourteenfold more potent than the R isomer for 5-HT 
receptors.34

The lag time described for maximal efficacy of fluoxetine 
may reflect, in part, its impact on serotonin reuptake: Ini-
tially, increased serotonin in the somatodendritic area leads 
to 5-HT(1A) downregulation or desensitization. Aznavour 
and coworkers35 described response of 5-HT(1A) receptors 
in the brains of cats to acute and chronic administration of 
fluoxetine. Described as the primary target of SSRI, these 
receptors are autoreceptors that inhibit the firing and release 
of serotonin by the neurons they regulate. They are acti-
vated in response to increased serotonin concentrations in 
the synapse associated with SSRI treatment. Their ability to 
inhibit 5-HT neuronal firing and release, however, is muted 
by desensitization associated with acute SSRI (or other ago-
nist) therapy. Although initially transient, in 2 to 3 weeks this 
desensitization allows a return to baseline firing and release 
and is paramount for successful therapy with SSRI. The acute 
desensitization probably reflects internalization of the auto-
receptors. In cats therapy with 5 mg/kg fluoxetine intrave-
nously resulted in a marked decrease in 5HT(1A) binding in 
the nucleus raphe dorsalis but not other regions of the brain. 
However, with chronic administration (5 mg/kg subcutane-
ously per day for 3 weeks), binding was not altered in any 
region of the brain, indicating that 5-HT1 autoreceptors are 
fully desensitized and 5-HT neuronal firing returns to base-
line, at least in healthy cats.
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Clinical Pharmacology
As with the TCAs, the clinical pharmacology of the SSRIs is 
complicated. Plasma concentrations thought to be effective 
for human patients range from 100 to 300 ng/mL for fluox-
etine (and its active metabolites). Effective concentrations for 
paroxetine and sertraline are 30 to 100 and 25 to 50 ng/mL, 
respectively.7 Fluoxetine disposition is characterized by high 
protein binding, metabolism to an active compound, long 
elimination half-life of both parent and metabolite, a delayed 
onset of action, and drug interactions.7 For both the dog and 
the cat, because the active metabolite norfluoxetine represents 
a substantial, if not dominant, portion of the AUC (exposure), 
response to therapy cannot be evaluated at least until both 
fluoxetine and its metabolite reach steady state (approximately 
10 to 14 days).

Fluoxetine is available as a chewable tablet approved for use 
in dogs. A number of efficacy studies were implemented during 
the approval process. Pasloske34 reviewed fluoxetine disposi-
tion in dogs and cat in abstract form. In Beagles, after admin-
istration of a single 1 mg/kg dose, oral bioavailability averaged 
72%, yielding a Cmax for fluoxetine of 49 ng/mL at 1.8 hours, 
and for norfluoxetine 79 ng/mL. As in humans, the volume of 
distribution for fluoxetine is large in dogs, averaging 39 L/kg, 
reflecting accumulation that approximates a 100-fold increase 
compared with plasma in some tissues. Despite the very large 
volume of distribution of fluoxetine, elimination half-life aver-
aged between 6 and 10 hours in Beagles. Norfluoxetine is the 
major metabolite formed from hepatic metabolism, accounting 
for more than 56% of the total peak area in dogs. The volume 
of distribution of norfluoxetine is one third of that for fluox-
etine, at 10.7 L/kg, yet the elimination half-life of 48 to 57 hours 
for the metabolite is much longer than that of fluoxetine. The 
shorter half-life of fluoxetine compared with that of its metabo-
lite reflects, in part, fluoxetine clearance, which, at 6 mL/kg/min, 
is threefold higher that that for norfluoxetine at 2 mL/kg/min.34 
The AUC for the S-isomer of fluoxetine (14 times more potent 
than R) was threefold higher than that for the R-isomer.

The disposition of fluoxetine also has been reported in cats 
receiving 1 mg/kg. Oral bioavailability approximates 100%; 
Cmax is 83 ng/mL (at approximately 2 hours), compared with 
25 ng/mL (at 40 hours) for norfluoxetine. The elimination 
half-life (0.5 mg/kg intravenously) of fluoxetine in cats is 34 to 
47 hours, which is much longer than that in dogs. The volume 
of distribution in cats is smaller (by 50%) than that in dogs (18 
L/kg), whereas clearance is similar (6.4 L/kg). The metabolite 
has a much larger volume of distribution compared with the 
parent in cats (32.6 L/kg), resulting in a longer elimination 
half-life (51 to 55 hours) for the metabolite (although clear-
ance is similar to the parent at 7.4 mL/kg/min).

Whereas gradual withdrawal may not be necessary for 
 fluoxetine because of its long half-life (including the metab-
olite), the same is not true for paroxetine, sertraline, or 

fluvoxamine. Several weeks of decreasing dosing should fol-
low chronic dosing.

Fluoxetine has been studied after administration of a single 
dose as a PLO transdermal gel in cats (n = 12) at either 5 or 10 
mg/kg, compared with 1 mg/kg orally.36 For oral administra-
tion Cmax of 94.8 ± 34 ng/mL was achieved at 8.5 ± 2.9 hours, 
with AUC being 5.4 ± 2.4 μg*hr/mL. This compares to a Cmax 
of 23 ± 20.2 at 51 ± 28 hours for 5 mg/kg transdermal (AUC = 
2.9 ± 1.8) and 33 ± 9.1 (Cmax) at 87 ± 34 hours (AUC of 5.4 ± 
0.5 μg*hr/mL) at 10 mg/kg. Although this study demonstrated 
systemic absorption of fluoxetine that approximated oral 
administration after transdermal administration (at 10 times 
the oral dose), single doses may not have been sufficient to 
generate therapeutic concentrations. Further, the variability in 
drug concentrations achieved was substantial, suggesting that 
absorption may not be predictable among animals. Because 
both the parent compound and metabolite have a long half-
life in the cat, accumulation to effective concentrations may 
increase the potential efficacy after transdermal administra-
tion. Monitoring of the parent compound to document drug 
absorption after transdermal delivery should be considered. 
Although cats in this aforementioned study tolerated a single 
10 mg/kg transdermal dose well, a second study of multiple 
dosing was terminated because of substantial dermal irritation 
after several days of therapy.7,36

Drug Interactions
Fluoxetine may inhibit its own metabolism through inhibition 
(both parent and metabolite) of CYPIID6-mediated demeth-
ylation.34 The SSRIs also can inhibit the metabolism of other 
drugs; the order of potency of inhibition is paroxetine>norfluo-
xetine>fluoxetine=sertraline. Because of the risk of drug inter-
actions, SSRIs should not be used in combination with other 
antidepressants (see earlier discussion of serotonin syndrome 
and drug interactions of TCAs and MAO inhibitors).7 Fluvox-
amine minimally affects drug metabolism.

Side Effects
As a class, the SSRIs are generally considered safer than TCA 
in humans. Exceptions may occur for clomipramine in dogs. 
Unlike the TCAs, SSRIs have minimal effects on the cardio-
vascular system.7 Their safety for patients with underlying 
cardiac disease has not, however, been established. Sedation 
is not a common side effect and is least likely with fluoxetine.3 
In humans gastrointestinal side effects are the most common, 
occurring in as many as 25% of patients receiving the drug.3 
Their incidence is minimized by starting with a low dose and 
gradually increasing the dose until efficacy is evident.

Toxicity of fluoxetine has been studied in both dogs and 
cats.34,37 Steinberg and coworkers37 found no adverse cardio-
vascular effects of fluoxetine in anesthetized dogs, concluding 
that it was thus safer than tricyclic antidepressants. Beagles 
survived up to 100 mg/kg when fluoxetine was adminis-
tered as a single dose, although emesis, mydriasis, tremors, 
and anorexia occurred. In contrast, with multiple dosing 
dogs could not tolerate 10 to 20 mg/kg orally per day for 6 
months.34 Intolerance was manifested as tremors, anorexia, 

KEY POINT 26-5 A lag time should be expected for the maxi-
mum effect of selective serotonin inhibitors, particularly for 
drugs (and their active metabolites) characterized by long  
elimination half-lives.
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slow or incomplete pupillary response, mydriasis, aggres-
sive behavior, nystagmus, emesis, hypoactivity, and ataxia. 
Aggressive behavior and anorexia also were evident. All of the 
physical signs of toxicity were reversible within 2 months of 
drug discontinuation. Tremors, slow or incomplete pupillary 
response, and occasional anorexia may be present at 1 mg/kg. 
Histologically, phospholipidosis occurred in the lung, liver, 
adrenals, lymph nodes, spleen, and peripheral leukocytes at 
20 mg/kg and occasionally in the lung and leukocytes at 1 mg/
kg. Cats receiving a single dose of 50 mg/kg also developed 
emesis, mydriasis, tremors, and anorexia. Oral administration 
to cats of 1 and 3 mg/kg once daily was well tolerated, although 
sporadic anorexia and vomiting occurred occasionally at 3 
mg/kg. At 5 mg/kg daily, toxicity appeared at approximately 
60 days and was manifested as body tremors, hypoactiv-
ity, convulsions, low food consumption, and dehydration. In 
contrast to dogs, for which cardiovascular depression did not 
occur, heart rates decreased in a non–dose-dependent manner 
in cats. Infiltration of alveolar macrophages, consistent with 
phospholipidosis, occurred at 3 and 5 mg/kg daily. At 5 mg/
kg, centrilobular hepatocellular degeneration and decreased 
T-lymphocytes were detected.

Side effects also have been reported in animals after clini-
cal use. In 4 of 14 dogs receiving fluoxetine for treatment of 
lick granuloma,38 side effects included lethargy, anorexia, and 
hyperactivity. Another study39 reported the same side effects 
as well as polydipsia, diarrhea, and increased or decreased 
appetite. At least 50% of animals appeared to develop some 
type of side effect, although side effects were described as mild. 
Side effects reported by owners in a study of fluoxetine for 
treatment of canine dominance-related aggression included 
fatigue, lethargy, and decreased appetite.40

A very early study41 demonstrated that fluoxetine potenti-
ates morphine hyperthermia in cats. Although SSRIs are con-
sidered stimulatory in the sense that serotonin increases and 
might thus be considered proconvulsant, Jobe and Browning42 
argued that they may, in fact, be anticonvulsant and that defi-
ciencies in norepinephrine and serotonin contribute to pro-
convulsant tendencies.

Citalopram is the most recent SSRI to be approved for use 
in the United States. However, its approval was delayed after a 
study in which 50% of dogs receiving 8 mg/kg as part of a pre-
approval toxicity study (for humans) died as a result of cardiac 
side effects at 17 to 31 weeks of therapy. Therefore the drug 
probably should not be used in dogs. Diarrhea is a side effect 
reported for both paroxetine and sertraline. Paroxetine may 
be more likely than fluoxetine to cause anticholinergic side 
effects.4 Initiating therapy with a low dose that is increased 
after the first week of therapy may prevent this side effect. Par-
oxetine also is associated with an idiosyncratic, dose-depen-
dent increase in arousal, awakening, and rapid eye movement 
suppression in dogs.4

Clinical Indications and Use
Clinical use also is addressed with specific indications. Prob-
ably no behavior-modifying drug has received more atten-
tion in the veterinary and lay literature than fluoxetine.43,44 

Despite the plethora of opinions or testimonials regarding 
the efficacy of this drug for treatment of animal behavioral 
disorders, few scientific studies existed until its approval in 
dogs. Efficacy for treatment of lick granulomas is supported 
by a double-blind crossover study.38 One third of the ani-
mals studied did not repeat the abnormal behavior when 
fluoxetine was discontinued. Fluoxetine also has been stud-
ied in an open (nonblinded) study of dogs with a variety of 
behavioral problems.39 Approximately 65% of dogs with lick 
granuloma, 100% of animals with separation anxiety, and 
85% of animals with tail mutilation disorders responded to 
fluoxetine. Unfortunately, data were not controlled for other 
treatments, making interpretation of the success of fluoxetine 
in this study difficult. The Freedom of Information Act file 
delineates several clinical trials of field studies that support 
its use. In a European study, doses of 1 to 4 mg/kg for 2 to 
4 weeks were associated with improvement in 80% of dogs  
(n = 47) with separation anxiety. The most frequent adverse 
reactions were anorexia, weight loss, constipation, mydriasis 
and muscle tremors; clinical signs were considered unaccept-
able at 3 mg/kg. A field trial found improvement compared 
with control (n = 112) in dogs (n = 117) with separation anxiety 
treated for 56 days with fluoxetine therapy (1 to 2 mg/kg). All 
dogs received behavior modification. One dog in the control 
and three in the treatment groups developed seizures. Seizures 
developed 10 days after the end of therapy in one dog (this dog 
eventually died as a result of seizures), 45 days into therapy 
and 24 days into therapy. Simpson and coworkers45 and Lands-
berg and coworkers46 reported on the efficacy of fluoxetine 
for treatment of separation anxiety based on manufacturer-
sponsored studies. A multicenter placebo-controlled, paral-
lel double-blinded study was implemented in dogs (n = 208)  
with separation anxiety using fluoxetine (1-2 mg/kg) as a 
chewable tablet; treatment occurred for 6 weeks. At each 
week, dogs in the treatment group had improved compared 
with those receiving placebo; improvement occurred even in 
those dogs not receiving behavior modification. Destructive 
behavior and inappropriate urination were reduced. Seizures 
occurred in one dog in each group.

Fluoxetine also has been used successfully to treat psycho-
genic alopecia in a cat,47 dominance aggression in dogs,40 and 
inappropriate urination in cats.48 As with TCAs, monitoring 
to guide therapy with SSRI is complicated. Effective concen-
trations have not been established in animals and must be 
extrapolated from human studies. The relationship between 
plasma drug concentrations and therapeutic efficacy has not 
been well established3 and is complicated by the presence of 
the active metabolite, which cannot be predicted by the parent 
compound. Paroxetine and fluvoxamine have no active metab-
olites (in human patients). One advantage of paroxetine over 
fluoxetine in veterinary medicine is convenience in dosing 
with the availability of multiple tablet sizes and scored tablets.

Atypical Antidepressants
Trazodone is a mixed serotonergic agonist–antagonist used 
to treat sleep disorders and major depression in humans. It 
is characterized by a wide therapeutic range (typical drug 
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concentrations in humans after administration of the rec-
ommended dose are 800 to 1600 ng/mL.7 The likelihood of 
drug interactions appears to be limited, despite the fact that 
it is an inhibitor of CYP2D6 metabolism. It has been used in 
dogs to treat mild thunderstorm phobias either as sole therapy 
or in combination with a TCA or SSRI. It does not appear to 
be effective, even at high doses (10 mg/kg), for treatment of 
severe thunderstorm phobias in dogs. Side effects reported 
in dogs include vomiting, diarrhea, and sedation. Initiating 
therapy at a low dose with a gradual increase may minimize 
this side effect.

Monoamine Oxidase Inhibitors
Structure–Activity Relationships
The recognition that the antitubercular drug isoniazid tended 
to elevate the mood of patients receiving the drug for treat-
ment of tuberculosis led to further discovery of drugs that 
inhibit MAO. The first drugs used were structurally related 
to hydrazine and were associated with marked hepatotoxic-
ity. An attempt was made to synthesize CNS-stimulant com-
pounds unrelated to hydrazine but similar to amphetamine. 
Ultimately, selegiline was a result of this later effort.7

The MAO inhibitors potentially affect a variety of mono-
amines by inhibiting mitochondrial MAO and the subse-
quent degradation of monoamines, most notably dopamine 
(see Figure 26-1). Most of the clinically relevant drugs are 
nonselective toward two major enzyme groups7 that are 
characterized by different substrate specificities. MAO-A 
prefers serotonin and is inhibited by clorgyline, an MAO-
A–selective inhibitor, whereas MAO-B prefers phenylethyl-
amine and is inhibited by selegiline (deprenyl). Selegiline 
is the only currently used MAO inhibitor characterized by 
selectivity. The drug targets MAO-B and is relatively selective 
for dopamine. It is approved for use in dogs for treatment of 
pituitary-dependent hyperadrenocorticism (purported to be 
a dopamine deficiency) and cognitive dysfunctions. Binding 
to the MAO is irreversible, and recovery from effects requires 
synthesis of new enzyme. In human patients this appears to 
require 1 to 2 weeks. Metabolism occurs more slowly in geri-
atric patients.7

Pharmacologic Effects
The potential antiepileptic effects of selegilinle49,50 are briefly 
addressed in Chapter 27. The behavioral effects of the MAO 
inhibitors occur on systems affected by sympathomimetic 
amines and serotonin. Although as a class the MAO inhibi-
tors inhibit a number of enzyme systems other than MAO, 
generalizations to the class do not necessarily apply to selegi-
line. Selegiline potentiates dopamine in selected neurons and 
has been approved to treat Parkinson’s disease in humans and 
cognitive dysfunctions in animals, conditions assumed to be 
associated with dopamine deficiency. Selegiline also scavenges 
oxygen radicals and reduces neuronal damage caused by reac-
tive products of oxidative metabolism of dopamine or other 
compounds.7 A delay in the therapeutic effect of up to 2 or 
more weeks characterizes the use of selegiline. Reasons for the 
delay are not known.7

Clinical Pharmacology
The MAO inhibitors are readily absorbed after oral adminis-
tration. Maximal inhibition occurs within 5 to 10 days. Despite 
a long biologic activity, efficacy appears to decrease in human 
patients if the drugs are administered at an interval longer 
than 24 hours.7 Selegiline is metabolized to L-amphetamine 
and L-methamphetamine in dogs and, along with an increase 
in CNS phenylethylamine, may contribute to clinical and side 
effects of selegiline.

Side Effects and Drug Interactions
Selective MAO inhibitors appear to be safe. Severe and poten-
tially fatal interactions have, however, been described when 
MAO inhibitors were combined with other antidepressants. 
Particularly problematic is the combination of MAO inhibi-
tors with drugs that inhibit the reuptake of serotonin (see 
earlier discussion of serotonin syndrome with TCAs). Ami-
traz also is an MAO inhibitor and should not be used concur-
rently with selegiline. Other drugs with which MAO inhibitors 
may interact include meperidine and precursors of biogenic 
amines. Selective MAOs such as selegiline are not necessarily 
safer than the older or nonselective inhibitors when combined 
with other drugs. Hypertensive crisis, a serious side effect that 
occurs when aged cheeses containing tyramine (a bacterial 
monoamine by-product) are ingested in the presence of non-
selective MAO inhibitors, does not occur with selective MAO 
inhibitors such as selegiline.

Anxiolytics
Pharmacology
The primary anxiolytics used in veterinary medicine are the 
benzodiazepines (see Chapter 27 for more extensive discus-
sion), including diazepam, its metabolite oxazepam, cloraz-
epate (metabolized in the stomach to N-desmethyldiazepam, 
a major metabolite of diazepam), lorazepam, alprazolam, and 
clonazepam. Differences in the drugs largely reflect pharma-
cokinetic characteristics, although alprazolam is classified as a 
high potency drug. The assumed mechanism of action of these 
drugs is gabaminergic through interaction with the GABAA 
receptor. The anxiolytic effects are separate from the general 
CNS depressant effects caused by these drugs. Their central 
effects are somewhat dose dependent. Sedative effects occur 
at low doses; as a result, excitement is tempered. Antianxiety 
effects are evident at moderate doses, being beneficial to social 
interactions. At high doses hypnotic effects become evident. 
Sedation becomes profound at high doses, ataxia is evident 
and sleep is facilitated.1 Decreased skeletal muscle activity—
particularly of value in animals experiencing seizures—is 
central in nature and is independent of sedative effects. Cats 
appear to be more prone than dogs to muscle relaxation.1 Ben-
zodiazepines may distribute differently in cats, with extensive 
binding of diazepam and its major metabolite, desmethyldiaz-
epam, in the brain.51

KEY POINT 26-6 Although safe as sole agents, a number 
of drugs will interact with monoamine oxidase inhibitors, 
increasing the risk of toxicity.
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The disposition and tolerance to and withdrawal of most of 
the benzodiazepines are discussed in Chapter 27. The effects 
of the benzodiazepines reflect in part metabolism to active, 
inactive, and potentially toxic metabolites. If efficacy reflects 
formation of an active metabolite (e.g., desmethyldiazepam), 
accumulation may be necessary before maximum effects are 
seen. Accumulation will be more likely with twice-daily dos-
ing. The elimination half-life of many benzodiazepines in gen-
eral is short. Efficacy can be prolonged by metabolism to active 
metabolites (in humans). Shorter-acting compounds include 
clorazepate and midazolam. Intermediate half-life drugs such 
as oxazepam, lorazepam, chlordiazepoxide, and alprazolam 
have no active metabolites. Longer-acting benzodiazepines 
include diazepam and clonazepam. Alternatively, clorazepate 
is available as a sustained-release product that can be admin-
istered less frequently.

Tolerance develops to the anticonvulsant and sedative 
effects of many benzodiazepines (see Chapter 27). Tolerance 
appears less likely to develop to the anxiolytic effects of these 
drugs.3 In contrast, withdrawal can accompany rapid discon-
tinuation of the drug. Thus doses should be tapered gradually 
(e.g., 25% per week) as the drug is discontinued.1,3

The cat has served as a sleep model for studies investigat-
ing the effect of therapeutic agents on sleep cycles in humans. 
Accordingly, a fair amount of dated literature is available 
regarding the use of benzodiazepines in cats. Although routes 
(e.g., intraperitoneal, which avoids first-pass metabolism) 
and doses are not always relevant to therapeutic use in cats, 
some information might be gleaned from the studies. For 
example, whereas flurazepam (1.25 to 2 mg/kg intraperito-
neally) depresses reticular formation activity for 72 hours or 
more,52 tolerance develops even after one dose, and depen-
dence (resulting in withdrawal signs) was maximal in 7 days.53 
Because of the diverse impact of benzodiazepines on CNS 
activity (including efficacy, tolerance, and withdrawal) and the 
variability that characterizes their disposition (e.g., variable 
first-pass metabolism, variability in the activity and half-life 
of metabolites), the use of this class of drugs, perhaps more so 
than others, should be based on scientific studies that establish 
not only pharmacokinetics but also acute and chronic phar-
macodynamic responses.

Side Effects
In addition to changes in behavior, the benzodiazepines 
have been associated with a number of side effects in human 
patients. Reaction may be to the parent drug or a metabolite. 
Long-term use in human patients has been associated with 
neutropenia and liver disease. Acute fulminating hepatotox-
icity has been reported in cats receiving diazepam orally.54 
Clinical signs include anorexia, vomiting, lethargy, hypother-
mia, and jaundice. The adversity appears to be dose dependent 
(and thus may be idiosyncratic), occurring in most animals 
within 5 to 11 days after therapy is begun. Mortality rates are 
high (8 of 11 cats in one report) despite intensive therapy. 
Histology revealed severe acute to subacute lobular to mas-
sive hepatic necroses, suppurative cholangitis, and biliary 
hyperplasia. Baseline hepatic function data might be collected 

from cats before therapy is begun and again 3 to 5 days after 
therapy is begun in order to minimize the damage induced 
by diazepam administered to cats at risk. Any evidence of ill-
ness (or evidence of prolonged elimination) should lead to 
discontinuation of the drug. Clorazepate used in combination 
with phenobarbital in dogs for control of seizures has, in the 
author’s experience, also been associated with liver disease. 
Tolerance will generally develop toward ataxia and sedation, 
which may accompany initial therapy. Paradoxical hyperactiv-
ity may require transitioning to another class of anxiolytics.4 
Drug withdrawal should be gradually tapered for any ben-
zodiazepine administered for more than 1 week, particularly 
for high-potency drugs such as alprazolam. The duration of 
withdrawal should be in proportion to the duration of therapy. 
Care should be taken not to miss doses, particularly with high-
potency drugs such as alprazolam; twice-daily administration 
may be necessary to avoid clinical signs of withdrawal.

The Animal Poison Control Center of the American Soci-
ety for the Prevention of Cruelty to Animals has reported 
alprazolam toxicity in dogs. Clinical signs developed within 
30 minutes of ingestion and included ataxia/disorientation, 
depression, hyperactivity, vomiting, weakness, tremors, vocal-
ization, tachycardia, tachypnea, hypothermia, diarrhea, and 
increased salivation. In addition to supportive treatment, flu-
mazenil was suggested to counter severe CNS depression.55

Clinical Indications
The benzodiazepines are less desirable as behavior-modifying 
drugs because of their nonspecific nature.1 Thus a notable 
disadvantage of the long-term use of benzodiazepines is their 
tendency to interfere with the ability to learn in animals under-
going behavior modification as part of their treatment pro-
gram.4,56 Animals may forget previous learned behaviors. An 
exception can be made for chlordiazepoxide, which appears to 
facilitate operant conditioning in nervous dogs (e.g., Pointer).3 
Paradoxical reactions may occur in some animals, including 
rage, hyperexcitability, and anxiety. In addition, the risk that 
pet owners may use the animal’s drug should lead to close 
scrutiny of the animal’s drug needs and use.

Benzodiazepines are indicated for the treatment of anxiety. 
Alprazolam and clonazepam may be associated with fewer 
side effects and might be preferred1; however, fewer reports 
exist regarding their use in animals. The benzodiazepines are 
contraindicated in aggressive patients.1 Simpson and Simp-
son3 noted that the contraindication may depend on the cause 
of aggression. If aggression is a manifestation of an underly-
ing fear or anxiety, then the benzodiazepines may reduce 
aggression. If, however, anxiety or fear is masking aggression, 
the benzodiazepine may increase aggression. Other indica-
tions for benzodiazepines include treatment of inappropri-
ate elimination,1 noise phobias, and selected anxieties such as 
visits to the veterinarian.1,3 Oxazepam and lorazepam are not 

KEY POINT 26-7 The short half-life and nonspecific nature 
of benzodiazepines decrease their efficacy as behavior  
modifiers.
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metabolized to active metabolites; as such, their use might be 
preferred in patients with liver disease.

Anxioselective Drugs: Azapirones (Buspirone)
Structure–Activity Relationships
Buspirone also is referred to as a nonspecific anxiolytic. Mem-
bers of this group were specifically developed for atypical 
depressions, nonspecific generalized anxiety disorders, and 
selected OCDs. Buspirone is the first nonsedating antianxiety 
drug to be marketed.3 Its effects appear to reflect blockade of 
5-HT1 receptors at both presynaptic and postsynaptic sites. Pre-
synaptic inhibition increases serotonergic activity when sero-
tonin is low, whereas postsynaptic control reduces serotonin 
when it is high.3 Buspirone will cause downregulation of 5-HT 
receptors. In addition, it will act as a dopamine agonist through-
out the brain.3 Maximum efficacy may require several weeks.4

Side Effects
In contrast to benzodiazepine anxiolytic drugs, buspirone 
has no sedative, muscle relaxant, or anticonvulsant actions. It 
does not impair motor performance.3 Side effects to buspirone 
manifested in cats include increased aggressiveness (toward 
other household cats), increased affection toward owners, mild 
sedation, and agitation.56 Vomiting and tachycardia also have 
been reported.56 In contrast to the anxiolytic drugs and TCAs, 
buspirone is associated with a low abuse potential. Withdrawal 
symptoms after discontinuation of the drug apparently do not 
occur.1 Because it is not metabolized by CYP enzymes, drug 
interactions are less likely compared with other behavior-
modifying drugs.

Clinical Indications
Buspirone has been used to treat canine aggression, canine 
and feline stereotypic behaviors, self-mutilation, OCDs, thun-
derstorm phobias, and feline spraying.1 Buspirone apparently 
has been particularly useful for treatment of anxiety associated 
with social situations such as aggression or marking behav-
iors.1 One week of therapy may be sufficient to evaluate the 
drug. Buspirone might be used in combination with other 
drugs that target reuptake of serotonin, particularly if intra-
neuronal serotonin is depleted.4

Transdermal delivery of buspirone does not appear to be a 
reasonable method of administration in cats. Drug concentra-
tions were not detectable in circulation in cats (n = 6) receiv-
ing a single dose of 2.5 mg transdermally as a PLO gel. This 
compared with a mean peak concentration of 3.5 + 5.5 ng/
mL after oral administration of 2.5 mg.24 Although a thera-
peutic range has not been established, typical drug concentra-
tions after administration of a recommended dose in humans 
approximate 75 to 100 ng/mL.7

Miscellaneous (Nonspecific) Drugs Used 
To Modify Behavior
Progestins
Progestin interaction with GABA receptors is 10 to 50 times 
more potent than that of barbiturates.1 This may account 
for the nonspecific calming effects of the drugs observed in 

veterinary medicine. The advent of newer behavior-modify-
ing drugs (e.g., TCAs, SSRIs) and the incidence of side effects 
largely limit the use of progestins to animals that have failed 
other medications and are faced with euthanasia.

Several side effects have been well documented in animals 
receiving progestins for long periods. Among the more nota-
ble side effects, because of their magnitude or life-threatening 
nature, are gynecomastia, mammary gland neoplasia, diabetes 
mellitus, aplastic anemia, and pyometra.27,28 Animals should 
be monitored frequently for evidence of adversities.

Progestins are most wisely reserved for adjuvant short-
term therapy until the second drug takes effect (i.e., 4 to 6 
weeks), and only the oral form is recommended. The proges-
tins also are an alternative for animals in whom euthanasia is 
being considered; in such cases, a high dose (4 mg/kg orally 
every 24 hours) has been recommended in order to stimulate 
a rapid response.27

Anticonvulsants
A number of anticonvulsant drugs have been used to treat 
behavioral abnormalities. The most notable used for ani-
mals include the barbiturate phenobarbital (and its congener 
primidone) and phenytoin, a hydantoin derivative. Their use 
has been somewhat efficacious for treatment of overactive or 
aggressive behaviors (which actually may have been an expres-
sion of psychomotor epilepsy).1 Efficacy is, however, generally 
dependent on administration of sedative (and, with long-term 
use, potentially toxic) effects. More notably, their use has 
largely been replaced by the TCAs or SSRIs. The side effects 
of these drugs (discussed in Chapter 27) limit their long-term 
use, although monitoring (as with anticonvulsant therapy) 
may help prevent toxicity.

Phenytoin has been useful for the treatment of explosive 
aggression in human patients. Phenobarbital may prove useful 
for controlling excessive feline vocalization during car travel1 
or canine aggression.57 Carbamazepine (an iminodibenzyl 
derivative of imipramine) also has been used to treat explosive 
aggression in humans. Valproic acid may be useful for treat-
ment of aggression.57

Opioid Agonists and Antagonists
The drugs are discussed more in depth for pain control (see 
Chapter 28). The antagonists in particular have proved useful 
in the treatment of selective OCDs in humans. Efficacy also 
has been reported to treat selected self-mutilation disorders in 
dogs (e.g., acral lick dermatitis or lick granuloma).1,3,57 Pure 
antagonists, including naloxone and naltrexone, the latter an 
orally bioavailable product, and mixed agonists–antagonists 
such as pentazocine appear effective. These drugs block mu 
and kappa receptors. The assumed mechanism of action is 
blockade of self-reward mediated by endogenous opioid 
release that may accompany self-destructive behavior. Using a 
double-blind crossover study, a single dose of naloxone (1 mg/
kg subcutaneously) decreased excessive grooming behavior  
in cats (n = 12) for 2.5 to 24 weeks (median 12 weeks). Like-
wise, a single dose of haloperidol (2 mg/kg intravenously) 
decreased grooming behavior, with effects lasting 16 weeks 
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in 6 of 10 cats. The authors postulated that efficacy of nalox-
one might be limited only to recently developed stereotypic 
behaviors, whereas haloperidol might be effective for more 
chronic behaviors.58 Hydrocodone (for destructive behaviors) 
and naloxone and haloperidone (for OCDs) have shown some 
efficacy for treatment of behavioral disorders. Dextrometho-
rphan, a non-narcotic opioid, also is an N-meth-D-aspartate 
receptor antagonist (see Chapter 28) and has shown some 
efficacy for OCDs. Dodman and coworkers59 prospectively 
compared the effect of dextromethorphan (2 mg/kg orally  
twice daily) with placebo for treatment of chewing or excessive 
grooming in dogs (n = 14) with chronic allergic dermatitis. 
A randomized double-blinded crossover design was used for 
each 2-week phase of the study. The percentage of time that 
abnormal behaviors and pruritus were observed was less in 
dogs in the treatment group.

Antihistamines
The mildly sedative (e.g., with hydroyzine) or hypnotic (e.g., 
with diphenhydramine) effects caused by H1 receptor block-
ade can be of benefit for some behavioral disorders. These 
drugs are discussed in greater depth as antiinflammatories 
(see Chapter 29) and antiemetics at the vestibular apparatus 
(see Chapter 19). Indications as behavior-modifying drugs 
might include the treatment of chronic pruritus, late-night 
activity, car travel, and selected transient behaviors accompa-
nied by pacing and vocalization.1

β-Blockers
β-adrenergic blockers (e.g., propranolol, pindolol) have been 
used in human medicine for the treatment of aggressive out-
bursts associated with self-mutilation or injury problems, 
intermittent explosive behaviors, conduct disorders, demen-
tia, and schizophrenia.1 The use of these drugs for similar 
disorders in animals has not, however, been very successful.1 
Nonselective β-blockers also have been used to treat anxiety 
in human beings. One animal behaviorist reports success with 
propranolol or pindolol (the latter also affecting serotonin 
receptors) for the treatment of fear aggression in dogs.57

Stimulants
Stimulants include dextroamphetamine, methylphenidate 
(Ritalin), and pemoline, a drug whose actions are similar to 
those of methylphenidate. Stimulants are characterized by 
paradoxical effects in that they cause excitement in the normal 
patient but a calming effect in the hyperactive patient. Their 
indication for human patients is for the treatment of atten-
tion deficits. Conditions of hyperactivity are rare in veterinary 
medicine. Proper diagnosis is imperative to successful therapy 
with stimulants.

They act to increase sympathomimetic stimulation. Side 
effects include increased heart and respiratory rate and 
anorexia. Tremors and hyperthermia may occur. The drugs 
are contraindicated for patients with cardiovascular disease, 
glaucoma, and hyperthyroidism. The drugs should not be 
used in combination with other behavior-modifying drugs.1 
Methylphenidate toxicosis was described in a 10-year-old cat 

treated with a 5-mg tablet. Plasma concentrations of 83 ng/mL 
(5 to 16 times the therapeutic range recommended in humans) 
were associated with restlessness, vocalizing, and circling. 
Treatment was environmental (external stimuli minimized); 
clinical signs resolved within 25 hours of ingestion.60

Others
Pheromones are increasingly becoming popular adjuvants 
for the treatment of behavioral and other disorders. Their 
use has been reviewed.61 Pheromones used to modify behav-
ior include Dog Appeasing Pheromone (DAP). A number of 
clinical trials have been performed with DAP, most show-
ing some degree of improvement, regardless of the behavior 
studied. However, study design, including appropriateness of 
sample size, control, blinding, and randomization procedures, 
should be carefully critiqued as the validity of the conclu-
sions and their application to clinical practice is considered. 
Taylor and Mills62 studied the effect of DAP (assumed to be 
maternal appeasing pheromone) in newly adopted puppies. 
Based on the number of nights puppies cried, DAP reduced 
the time compared with placebo, but only in gun dog breeds. 
Incorporation of DAP into a collar was studied as a means to 
reduce travel-related problems in dogs (n = 62).63 The study 
was neither controlled nor blinded. Response was based on 
assessment of 21 behavioral signs assessed every 3 weeks; 
dogs were subjected to car rides at least twice weekly for 9 
weeks. Significant improvement occurred in nine of the signs, 
with reduction in fear intensity the most consistent. DAP 
was also studied for its ability to decrease aggressive behavior 
associated with veterinary examination (n = 15 dogs), but no 
significant effect was found regarding aggression. Dogs, how-
ever, were more relaxed compared with those in the placebo 
group.64 Todd and coworkers65studied the effect on barking 
of DAP administered to shelter dogs treated for 7 consecu-
tive days (n = 37 treated, 13 control). Mean barking ampli-
tude and frequency were reduced. Responses toward strangers 
(e.g., sniffing frequency) also were reduced. DAP has been 
compared with clomipramine to treat separation anxiety66 
and noise phobias67,68 (see later discussions), and feline facial 
pheromone (FFP) has been studied for inappropriate urina-
tion (see later discussions).69

Herbals
Several herbal products have been recommended in humans 
for treatment of behavioral problems. Hypercium and St. John’s 
wort have been studied in controlled trials in humans, with 
variable activity. Hypercium contains at least 10 active agents, 
with hypericin and hyperforin identified as inhibitors of 
amine transport. Sceletium contains mesembrine, which may 
be clinically active. The mechanism is not clear but appears to 
be different than that of traditional SSRI s on the basis of neu-
ronal discharge in cats.70 S-Adenyosyl methionine has demon-
strated mood elevation in humans, and ginkgo biloba extract 
has demonstrated some effects with mild dementia.7 The risk 
of interactions between herbal products and drugs should not 
be ignored. The combination of herbal ingredients that target 
serotonin with one another or with drugs that share a similar 
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pharmacologic effect may contribute to manifestations indica-
tive of the serotonin syndrome.

Other Considerations
Drug Combinations
For patients that are refractory to drug therapy, behavioral 
modification therapy, or environmental changes, combination 
drug therapy might be considered. Drugs should be selected 
on the basis of their having mechanisms that will comple-
ment one another. However, care must be taken to ensure that 
combined drugs do not result in adverse drug reactions as a 
result of drug interactions, particularly at the level of mecha-
nism of action or drug metabolism. Particularly problematic 
will be the combinations of drugs and herbal agents that affect 
serotonin. Among the drugs most likely to be safe when com-
bined with other modifying drugs are the benzodiazepines. 
Examples of combinations that may be reasonable include4 
neuroleptic phenothiazines with drugs that target serotonin 
for treatment of OCDs; buspirone with SSRIs or TCAs, and 
combined use of beta blockers.

Newer Drugs and Therapies
Treatment of human behavioral disorders continues to be a 
major focus of research and development. Newer agents are 
likely to focus on the noradrenergic or serotonergic path-
ways, with selectivity for either receptor or system to be 
expected. The plethora of serotonin receptor subtypes should 
lead to drugs with increasing selectivity (i.e., 5-HT1A, 2A, 2C, 
or 3). Example drugs selectively targeting neuronal transport 
of  norepinephrine include levoprotiline, and a tomoxetine. 
Drugs classified as mixed serotonin–norepinephrine transport 
antagonists such are venlafaxine coupled with serotonergic 
drugs (thus enhancing serotonergic properties beyond SSRIs 
or TCAs) has led to studies of duloxetine and milnacipran, the 
latter an analog of buspirone. Complex atypical antidepres-
sants include the α-2 adrenergic receptors antagonists such as 
mianserin and mirtazapine. MAO inhibition continues to be 
a focus of development, although the risk of drug interactions 
remains high. Other drugs of interest for potential develop-
ment include drugs that target GABA-A receptors, cerebral 
peptides (opioids, neurokinin K), and neuroactive steroids.7

Mirtazapine is a piperazino–azepine antidepressant that is 
structurally similar to serotonin (see Figure 26-2). It is char-
acterized by blockade of 5-HT2 and 5-HT3 receptors and 
histamine (subtype 1) receptors. Sympathetic (norepineph-
rine) and serotonergic (5-HT1) actions reflect antagonism 
of alpha2 autoreceptors (similar to yohimbime) and het-
eroreceptors (receptors that alter release of mediators other 
than their ligand). In humans adverse events to mirtazapine 
tend to be limited in part because of its target selectivity. Its 
actions at 5-HT1 receptors have been referred to as indirect 
agonist. Its antiserotonergic effects contribute to its efficacy 
as an antiemetic, with effects similar to ondansetron. Regard-
ing its behavioral modification, a meta-analysis comparing 

mirtazapine and amitryptyline treatment for behavioral dis-
orders in humans demonstrated equal efficacy. Mirtazapine 
has not yet been studied in animals. In humans disposition 
is complex, warranting scientific studies to support its use in 
dogs and cats. Oral bioavailability in humans is approximately 
50%, largely owing to first-pass metabolism. In addition to 
plasma protein binding (approximately 85%), 40% of the drug 
is bound to erythrocytes. Hepatic metabolism is extensive, by 
way of CYP2D6 and CYP3A4.71 Approximately 50% of the 
AUC of active drug reflects the demethylmirtazapine metabo-
lite (CYP3A4). However, the potency of the metabolite is only 
10% to 20% of the parent compound; as such, the active metab-
olite contributes to only 5% to 10% of bioactivity. Elimination 
half-life is both gender and age dependent, ranging from 14 
to 32 hours in men and 30 to 40 hours in women. Time to 
steady state (in humans) is 4 days. The elimination half-life 
is increased 33% to 40% in the presence of either hepatic or 
severe (but not mild) renal disease. Not surprisingly, mirtazap-
ine is involved in a number of pharmacokinetic drug interac-
tions, involving selected behavior-modifying drugs, as a result 
of pharmacokinetic (e.g., cimetidine, risperidone, fluoxetine, 
and amitryptyline) and pharmacodynamic (behavior-modify-
ing drugs, diazepam) effects. In humans behavior-modifying 
response does not correlate with plasma drug concentrations; 
mean concentrations associated with response range from 5.7 
to about 111 at the lowest (0.21 mg/kg) and highest (0.64 mg/
kg) effective doses, respectively. However, despite its complex 
disposition, mirtazapine is characterized by a wide therapeu-
tic margin such that increased dosing is not associated with 
serious toxicity.71Anecdotally, mirtazapine has been used to 
stimulate appetite in dogs and cats.

TREATMENT OF SPECIFIC BEHAVIORAL 
DISORDERS

Care must be taken to distinguish behavior that is perceived to 
be abnormal by the pet owner and normal behavior. Pharmaco-
logic management of abnormal behavior should be approached 
as an adjunct, and specifically as a facilitator, to normalizing 
behavior rather than as a cure. The treatment of disorders of 
veterinary behavior has been the topic of a 2008 Veterinary 
Clinics of North America conference.72 A number of nondrug 
techniques have been recommended by many animal behav-
iorists.3,73-77 Abnormal behaviors that require drug therapy 
should be simultaneously managed with behavior-modifica-
tion training. For example, decreasing arousal and fear can 
facilitate learning a new behavior.27,28 The evidence support-
ing use of behavior-modifying drugs is increasing, but well-
designed clinical trials are still limited. Before a study involving 
pharmacologic control is accepted as guidance for manage-
ment of behavioral disorders in animals, the study design must 
be closely scrutinized for evidence of randomization; placebo 
control; blinding procedures that minimize bias; equal han-
dling of treatment groups; and perhaps most commonly over-
looked, a sufficient number of animals to detect a significant 
difference. Outcome measures most appropriately support the 
study hypothesis or purpose. The inability of a study to prove 

KEY POINT 26-8 Care should be taken when combining 
drugs or supplements that target serotonin.
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a significant treatment effect should not be interpreted as no 
treatment groups or that the treatment groups are the same.

In addition to the lack of well-designed clinical trials, many 
of the drugs used to modify behavior can cause serious side 
effects, and the clinical pharmacology of the drugs increases the 
likelihood of adversity because of unpredictability of plasma or 
tissue drug concentrations. Many of the side effects may not 
be readily observed by the pet owner, further increasing the 
risk of side effects. Finally, slow response to therapy may lead 
to unsupervised manipulation of dosing regimens by the pet 
owner, again predisposing the animal to adverse reactions. 
Owners should be well counseled regarding the risks and ben-
efits of behavior-modifying drugs, including potential changes 
in behavior that may be less desirable than the behavior tar-
geted by the drug. Although many drugs recommended for use 
in dogs and cats are approved for human, but not veterinary, 
use, behavior-modifying drugs stand out as having potential 
risks of adversity.26 Obtaining informed owner consent may be 
prudent before implementing therapy with these drugs. Cau-
tion should be taken to prevent substance abuse by pet owners.

Monitoring serum drug concentrations may be of benefit 
for selected drugs. Monitoring must, however, be performed 
in conjunction with clinical response, including both efficacy 
and safety. Antidepressants should be used cautiously or not 
at all for patients suffering from metabolic illnesses. Adequate 
time must be allowed before a drug or a dosing regimen is con-
sidered to fail. At least two drug elimination half-lives plus the 
time described to maximum efficacy for the particular drug 
should elapse. In general, combinations of behavior-modify-
ing drugs should be avoided. One drug should be withdrawn, 
often slowly, before another is begun. A drug-free time of two 
drug elimination half-lives is recommended in humans before 
a new drug is begun. Generally, 10 to 20 days should elapse 
until a drug-free period has been sufficiently long for a short-
acting drug and up to 6 to 8 weeks for longer-acting drugs.1

The following description of drug therapy for selected 
behaviors is not intended to be a “cookbook” approach to man-
aging abnormal behavior in dogs and cats. Rather, clinicians 
should familiarize themselves with the assumed behavior and 
its proper nondrug behavioral modification management. Cli-
nicians should be thoroughly familiar with the drug to be used. 
Because indications are less clear with these drugs, an empha-
sis should be placed on side effects, drug interactions, and con-
traindications. Consultation with a veterinary behaviorist is 
strongly recommended before implementing any drug therapy.

COGNITIVE DYSFUNCTION

The use of deprenyl to treat cognitive dysfunction in animals 
is supported by the efforts of Ruehl.78 Reported in abstract, 
using a randomized, placebo-controlled design, dogs (n = 199) 

with cognitive dysfunction received either placebo or 0.2 mg/
kg or 1 mg/kg daily of selegiline HCl (Anipryl). Response in 
the higher-dose group (1 mg/kg) significantly improved com-
pared with the placebo group; response in the lower-dose 
group was not reported.

Among the postulated causes of cognitive dysfunction is 
age-related neuropathy. Among the leading causes of neuropa-
thy is the progressive and accumulated changes in the neuron 
induced by reactive oxygen species generated through normal 
mitochondrial aerobic respiration. Damage reflects not only 
direct effects caused by the radicals but also mutations in DNA 
and formation of aldehydes and secondary toxins.79 Accu-
mulative damage coupled with limited regenerative capacity 
results in changes associated with age. A direct relationship 
between age and loss of oxidative scavenging ability supports 
the free radical theory of aging. As such, attenuation or reversal 
of the process might be achieved through treatment with com-
pounds that facilitate maintenance of or an increase in radical 
scavenging ability. For example, Ikdea-Douglas and cowork-
ers79 demonstrated that 90 days of dietary antioxidant sup-
plementation was associated with improved performance on 
landmark-discrimination tasks in aged (9 to 13 years) Beagles 
(n = 30). Improvements in behavior could be associated with 
concentrations of antioxidant supplementation, although the 
role of inflammation control could not be ruled out. Vitamin 
E (all-rac- α-tocopherol) was supplemented as a lipid-soluble 
antioxidant at low (83 ppm) to high (799 ppm) concentrations. 
Other supplements included vitamin C (an aqueous antioxi-
dant), and L-carnitine and dl-α-lipolic acid as mitochondrial 
cofactors. Osella and coworkers80 reported the efficacy of a 
neuroprotective nutraceutical (Senilife) that contains phos-
phatidylserine, ginkgo biloba extract, d-α-tocopherol, and 
pyridoxine in dogs (n = 8) with cognitive dysfunction. How-
ever, no placebo group was treated. The authors reported that 
animals were markedly improved, although none underwent 
complete remission. The use of other nutraceuticals for treat-
ment of age-related diseases has been reviewed by others.81 
Finally, efficacy of deprenyl may reflect, in part, its neuropro-
tectant ability through scavenging of oxygen radicals.

Canine Behaviors
Dominance-Related Aggression
Aggression appears to be related to noradrenergic, dopami-
nergic, and serotonergic receptors; of these, the serotonergic 
appear most important. Consequently, drugs that are selec-
tive for serotonin receptors may be more effective for aggres-
sion. Among the TCAs, clomipramine might be preferred. 
One group82 found no effect of amitriptyline for treatment of 
aggressive behaviors using both a prospective and retrospec-
tive approach. Prospectively, amitriptyline was compared with 
placebo using randomized, double-blind, placebo-controlled 
crossover design in 12 dogs; retrospectively, no treatment 
effect for amitriptyline was found in 27 dogs. The authors 
concluded, on the basis of both studies, that amitriptyline 
did not improve aggressive behaviors. However, their conclu-
sion is likely to be limited by the power of the study. Variabil-
ity in the underlying causes of aggression may have further 

KEY POINT 26-9 Pharmacologic management of abnormal 
behavior should be approached as an adjunct, and  
specifically as a facilitator, to normalizing behavior rather 
than as a cure.
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limited interpretation. Hewson and coworkers22 also reported 
no effect for clomipramine on dominance aggression in dogs  
(n = 29). Their study was well controlled and blinded, but again, 
the ability to detect a significant difference was not reported.

Fluoxetine, paroxetine, and sertraline are selective for sero-
tonin uptake; among these, fluoxetine has been used in dogs 
for dominance aggression.83 Fluoxetine (1 mg/kg orally every 
24 hours) significantly decreased owner-directed aggression in 
eight of nine dogs in a single-blind crossover study; although 
“placebo controlled,” placebo was administered only 1 of the 5 
weeks of treatment. Behavioral modification was not included 
with drug therapy.83

Administration of tryptophan, a serotonin precursor, has 
been associated with reduced aggression. Other drugs that 
may reduce aggression include propranolol (episodic aggres-
sion in people), carbamazepine, lithium, and phenobarbital.84 
Long-term adverse effects outweigh the potential behavior-
modifying effect of progestin administration for aggression. 
Anxiolytic drugs may reduce dominance-related aggression if 
aggression is a manifestation of fear or anxiety.3,12 Aggression 
may worsen in some patients treated with benzodiazepine 
derivatives, however, especially if normal inhibitory mecha-
nisms are suppressed.3 In human patients anticonvulsants 
have been useful for treatment of “explosive” aggression. Phe-
nytoin and carbamazepine both have been used. In animals 
carbamazepine is preferred for profound aggression that has 
not responded to other therapy.1 Monitoring may facilitate 
successful therapy; concentrations known to be effective for 
control of seizures in human patients (6 to 10 μg/mL) may be 
effective for control of aggression in animals.1

Stereotypic Motor Behaviors, Obsessive Disorders, 
and Self-Mutilating Disorders
Luescher85 has reviewed treatment of compulsive disorders in 
dogs and cats. Stereotypics are repetitive behaviors without an 
obvious goal and thus appear pointless and mindless to the 
observer.57 They are usually derived from normal behaviors 
and may be a component of displacement behavior (reflect-
ing an inability to perform more than one strongly motivated 
behavior) or a compulsive disorder. They are generally asso-
ciated with chronic conflict, confinement, and sensory depri-
vation. OCDs are poorly defined in veterinary medicine. In 
humans OCDs are ritualistic and sufficiently invasive either 
cognitively or physically to interfere with normal function.1,86 
They may reflect a chronic state of conflict anxiety, leading 
to displacement. Abnormal behaviors in animals that might 
be considered OCDs include stereotypic, ritualistic circling, 
spinning, pacing, howling, flank sucking, and fly biting; 
selected ingestive behaviors; polydipsia; and self-mutilation or 
grooming behaviors, including acral lick granuloma.1,2,86,87 In 
humans the disorders may reflect aberrant serotonin metabo-
lism and possibly increased dopamine. Therefore treatment 
has focused on serotonergic metabolism. A similar approach 
seems to work for dogs with OCDs. A series of cases of obses-
sive–compulsive behaviors in dogs provides evidence of the 
potential efficacy of clomipramine but not amitriptyline.1,86 
Other reports support the use of clomipramine for treatment of 

OCDs.25,89 One single-blind crossover study of lick granuloma 
found clomipramine but not desipramine to reduce licking by 
50% in half of patients studied.25 Another clinical report noted 
the efficacy of clomipramine, but not diazepam, naloxone, or 
phenobarbital, in a single dog affected with self-trauma.88

Well-designed controlled clinical trials supporting drug 
therapy for OCDs or stereotypics are increasing. One well-
designed study (randomized, placebo-controlled, double-
blinded, balanced crossover) in dogs (n = 51) with canine 
compulsive disorder (including spinning and acral lick der-
matitis) were fourfold more likely to improve (although not 
be cured) after 4 weeks of treatment with clomipramine.22 A 
retrospective study in dogs (n = 103) and cats (n = 23) with 
OCDs found first that compliance with behavior modification 
was high; second, that the combination of behavior modifica-
tion and medication was associated with a marked decrease 
(>50%) in intensity and frequency of OCDs in most animals; 
and third, that clomipramine was significantly more effica-
cious than amitriptyline.89

Fluoxetine has been reported as useful for treatment of 
OCDs or self-mutilation, including acral lick granuloma38,39,90 
and tail mutilation.39 Wynchank and Berk90 studied the 
efficacy of fluoxetine (20 mg) using a randomized, double-
blinded, placebo-controlled study in dogs (n = 63); dogs were 
treated for 6 weeks. Both owners and veterinarians reported 
improvement. Clomipramine also has been studied. In an 
open clinical trial, clomipramine (2 mg/kg orally once daily) 
was associated with marked healing of acral lick granuloma in 
8 of 10 dogs within 3 weeks. Dogs were studied for 6 months, 
with response maintained in three dogs at least 3 months after 
therapy was discontinued.91

The phenothiazine derivative thioridazine was reported as 
useful in one case of aberrant motor behavior.15

Opioid antagonists also have been reported to be effective 
for stereotypic behaviors in dogs manifested as self-mutilation 
acral lick dermatitis. Release of endogenous opioids may serve 
as a reward system after mutilation. Breaking the reward cycle 
with antagonists may resolve the behavior.57,87 Both naltrex-
one and nalmefene, pure opioid antagonists, were found to 
be useful. In one study self-mutilation activity significantly 
decreased in seven of eleven dogs and was partially effective 
in three more.92 On the basis of accompanying pharmacoki-
netic studies, concentrations of 20 to 50 ng/mL of nalmefene 
were considered therapeutic. The short half-life of the drug (2 
to 3 hours in dogs) may necessitate frequent dosing. Using a 
double-blind crossover study, a single dose of naloxone (1 mg/
kg subcutaneously) decreased excessive grooming behavior  
in cats (n = 12) for 2.5 to 24 weeks (median 12 weeks). Like-
wise, a single dose of haloperidol (2 mg/kg intravenously) 
decreased grooming behavior, with effects lasting 16 weeks in 
six of ten cats. The authors postulated that efficacy of nalox-
one might be limited only to recently developed stereotypic 
behaviors, whereas haloperidol might be effective for more 
chronic behaviors.58 Dextromethorphan inhibits the uptake 
of serotonin (see Table 26-2)93 The successful use of dex-
tromethorphan (2 mg/kg every 12 hours orally for 2 weeks) 
for treatment of self-licking, self-chewing, and self-biting 
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associated with pruritus has been described in a series of 
dogs.59 Pruritus scores also decreased in the dogs. Animals 
(n = 14) were studied using a placebo-controlled, randomized, 
double-blind crossover study. Dextromethorphan was admin-
istered as the pure drug substrate, with filler administered in 
a gelatin capsule. Two dogs were withdrawn because of side 
effects (lethargy and diarrhea, respectively).

Multiple-Animal Households
Abnormal behaviors sometimes accompanying the addition of 
a new pet to the household that already has one or more pets 
(generally dogs) include excessive barking, territorial defense, 
predatory aggression (exhibited in dogs allowed to roam 
unsupervised), or intraspecies aggression (aggression toward 
other dogs either within or outside the household). Drugs 
that modify anxiety or fearfulness should be considered as 
adjuvant therapy. Included are the TCAs amitriptyline27 and 
clomipramine (fear or anxiety), the SSRIs fluoxetine and par-
oxetine, the azapirone buspirone (antianxiety), and progestins. 
Of these drugs, fluoxetine and clomipramine may be most 
preferred. Amitriptyline and buspirone in particular have 
been cited for a potential increase in aggressive tendencies27 
with interdog aggression. Care should be taken to adhere to 
previously stated concerns regarding progestin therapy.

Excessive Barking
Occasionally, excessive barking reflects an OCD. Most cases 
are conducive to behavioral modification. Surgical treatment 
(vocal cordectomy) is a less desirable alternative treatment. 
The use of behavior-modifying drugs should be reserved for 
cases in which fear, separation anxiety, or other compulsive 
component can be identified in association with the behav-
ior.28 Drugs should be administered for a short period (2 to 
4 months) and in conjunction with behavior modification. 
Once the desirable behavior is achieved and maintained for 
4 to 6 weeks, medication can be tapered gradually until it is 
discontinued. Occasional cases may require lifelong medi-
cation in conjunction with behavioral modification. Drugs 
recommended by animal behaviorists include clomipramine, 
amitriptyline, buspirone, and fluoxetine.28 Thioridazine was 
reported useful in one case of excessive barking accompanied 
by tail biting.15

Destructive Behavior
Destructive behavior can be dangerous to the animal (e.g., 
when foreign or toxic material is ingested) and economi-
cally undesirable to the pet owner. Causes of the behavior 
may vary with age. The underlying cause of the behavior may 
reflect exploration and play; attention-seeking behavior; or 
expression of territory, fear, or separation anxiety. Cognitive 
dysfunction in geriatric animals also may be manifested as 
destructive behavior.94 Although behavioral modification is an 
important component of therapy, drug therapy may be urgent 
for animals in which the behavior is potentially harmful and 
for animals whose owners are intolerant of the behavior. Treat-
ment of specific causes of destructive behavior is addressed 
with those disorders.

Tranquilizers such as the phenothiazine derivatives 
(acepromazine) may seem appropriate for destructive behav-
ior and occasionally might prove useful. However, sedative 
effects may cause the animal to sleep rather than interact with 
family members.94 Likewise, use of anxiolytics (e.g., clora-
zepate, diazepam) can cause sedation. Although rapid acting, 
the anxiolytics must be administered frequently. In addition, 
they may interfere with the learning ability of the animal 
undergoing behavior modification.94 The efficacy of buspirone 
is generally poor. In addition, it is costly and characterized by 
a slow onset of action. Because it is safe, however, its use may 
be warranted in some cases.94 For animals whose destructive 
behavior reflects separation anxiety, a TCA (amitriptyline, 
clomipramine) or SSRI (fluoxetine) is indicated. As with bus-
pirone, a long onset of action time and relatively high cost 
should be anticipated.

Anxieties and Noise Phobias
Sherman and Mills95 reviewed anxieties and noise phobias. A 
common complaint of owners is that their dogs exhibit dis-
ruptive behavior when left alone.74 Behaviors include urina-
tion, defecation, barking, howling, chewing, and digging. An 
Internet survey of owners of dogs with noise phobias indi-
cated a high level of frustration regarding attempts to control 
the behavior pharmacologically. Of the 69 respondents, 38% 
attempted some type of therapy, including behavioral therapy, 
training, prescribed medications, herbal remedies, or some 
combination of these treatments. Of these, only five reported 
improvement.96 Riva and coworkers6 demonstrated that plasma 
serotonin and dopamine were increased in dogs (n = 22) with 
anxiety disorders compared with control animals; norepineph-
rine, l-DOPA, and selected other NTs did not differ.

Clomipramine has been approved for use in dogs for treat-
ment of separation anxiety. Its use was reported in 1997 in 
abstract form97 based on a placebo-controlled clinical trial in 
dogs (n = 77). In addition to placebo, dogs were administered 
a low (0.5 to less than 1 mg/kg twice daily; n = 24) or a high (1 
to 2 mg/kg) dose of clomipramine every 12 hours. Response 
was based on changes in four behaviors (vocalization, destruc-
tion, defecation, or urination) monitored at 4, 8, and 12 weeks. 
Significant improvement was detected in the high-dose group 
at 8 and 12 weeks; side effects were limited to more frequent 
vomiting, which was nonetheless described as infrequent 
and mild. In contrast, Podberscek and Serpell98 reported 
the lack of efficacy of clomipramine for treatment of separa-
tion anxiety in dogs (n = 49) following a placebo-controlled, 
double-blinded clinical trial. However, outcome measures in 
this study were based on owner-response questionnaires. The 
power of the study to detect a significant difference was not 
provided. Gaultier and coworkers66 compared DAP (n = 30) 
to clomipramine (n = 27) for treatment of separation anxiety. 
The DAP was administered in paraffin oil by way of a reser-
voir electrical diffuser, which was placed in a room where 
the dog spent most of its time. The study design was a multi-
center, randomized, positive-controlled, parallel clinical trial. 
 Clomipramine (n = 27) was administered as a positive control 
at 1 to 2 mg/kg orally twice a day; the study was designed to 
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confirm noninferiority rather than lack of differences between 
the two treatment groups. A placebo diffuser was placed in 
the home of positive control dogs. Animals were treated for 
28 days. Efficacy outcomes did not differ between the groups; 
however, the lack of a negative control (because of ethical 
considerations) and the significant placebo effect that has 
been demonstrated by other studies98 should lead to cautious 
interpretation. In contrast to efficacy, undesirable effects were 
greater in the clomipramine group (gastrointestinal: vomiting, 
appetite changes).

Melatonin is produced from serotonin in the pineal gland; 
its use as an adjuvant anticonvulsant is addressed in Chap-
ter 27. Its use as an adjuvant for treatment of thunderstorm 
phobias is anecdotally promoted, although no scientific stud-
ies have been reported. A homeopathic treatment has been 
 studied99 for treatment of noise phobias in dogs (n = 15). Dogs 
were studied prospectively using a randomized, placebo-con-
trolled (n = 15) design. All treated dogs and 14 of 15 placebo-
treated dogs responded, resulting in no significant differences 
between the groups; this study exemplifies the importance of 
placebo-controlled studies.

Separation anxiety appears to respond well to fluoxetine; 
one open study reported a 100% response rate.39 Benzodiaz-
epines also may be effective for treatment of anxiety. Examples 
include chlordiazepoxide or diazepam.100 An advantage of the 
latter group is rapid response.

Fear behaviors in dogs are also common.75 Fear is com-
monly manifested toward loud noises such as thunderstorms 
and firecrackers, sudden movements, unfamiliar people, or 
novel environment. Before the advent of specific anxiolytic or 
antidepressant medications, tranquilizers such as phenothi-
azines or anticonvulsants such as phenobarbital were recom-
mended for pharmacologic management of fear behaviors in 
dogs.75 The efficacy of phenothiazine tranquilizers, however, 
reflects reduction of general responsiveness and is only likely 
for episodic anxieties.3 Benzodiazepines (including diazepam, 
clorazepate, and other derivatives) have stood the test of time 
for treatment of noise phobias.57,75 They have been used to treat 
thunderstorm or other noise phobias. They must, however, 
be administered before the inciting event. For thunderstorm 
phobias oral administration should occur at or before the first 
atmospheric sign,1 such as changes in atmospheric pressure, 
wind, or ambient light conditions. Clorazepate (sustained-
release form) may be preferred to diazepam, which requires 
more frequent administration. Alprazolam, characterized by a 
longer half-life, may also prove more beneficial.1

The combination of benzodiazepines with clomipramine 
has been anecdotally supported and subsequently studied.101 
Using an unblinded, uncontrolled design, dogs (n = 40; 32 
completed the study) with storm phobias were treated with clo-
mipramine (2 mg/kg orally every 12 hours for 3 months, then 
decreased to 1 mg/kg for 2 weeks and 0.5 mg/kg for 2 weeks) 
combined with alprazolam (0.02 mg/kg orally, as needed 1 hour 
before anticipated storms and every 4 hours as needed). Dogs 
also received counter conditioning. Improvement occurred in 
94% of patients and was maintained at least 4 months after 
study completion. Although storm phobia was reported (by 

caregiver) to resolve in only two dogs, behaviors associated 
with the phobia (panting, pacing, trembling, remaining near 
the caregiver, hiding, excessive salivation, destructiveness, 
excessive vocalization, self-trauma, and inappropriate elimina-
tion) decreased significantly during treatment. Improvement 
was greater during true storms (rain, thunder, and lightning) 
than during rain only. Response to auditory simulation did not 
change. The authors concluded that the combination of clo-
mipramine, alprazolam, and behavior modification effectively 
decreased but did not cure the phobia.101

Dodman and Shuster57 reported that phobias can be pal-
liatively treated but not eradicated with buspirone. Onset of 
action may, however, take up to 4 weeks.

Nonapproved mediations have been suggested for treatment 
of noise phobias. Two examples include DAP and melatonin. 
The pheromone is marketed as spray (VPL) and might pru-
dently be used in combination with other therapies. It has been 
studied using either retrospective68 or an open noncontrolled 
clinical trial of 30 dogs.67 Owners rated changes in responses 
of 14 behavioral signs, with ratings improving in 9 of the 14. 
The use of melatonin for other behavior disorders and seizures 
has been variably addressed elsewhere, and noise phobias join 
other putative, albeit unproven, uses. Melatonin should not be 
combined with other drugs that increase synaptic serotonin.

Sexual Behaviors
Abnormal sexual behaviors are unusual. Both too “much” 
and too “little” behavior will benefit from a full reproductive 
workup, including serum sex steroidal hormone measure-
ments. Behaviors that reflect “too much” generally are those 
targeted for behavioral modification, which might include 
drug therapy. Sexual behaviors that might be considered 
abnormal in uncastrated male dogs include house soiling and 
possessive or dominance aggression. Care must be taken to 
distinguish soiling from marking. Castration is the preferred 
treatment. Abnormal behaviors of castrated dogs include 
mounting, which may be accompanied by aggression, destruc-
tiveness, house soiling, and barking.76,77 Previous discussions 
regarding these behaviors apply when the behavior is a mani-
festation of sexual behavior.

Psychogenic Dermatoses
Psychogenic dermatoses generally consist of both a dermato-
logic and a behavioral component. Discriminating between 
the two components is difficult but vital to successful therapy. 
Some psychogenic dermatosis will respond only to behavioral 
management, others only to dermatologic management, and 
some will require both behavioral and dermatologic therapy.87 
Dermatoses requiring medical management are discussed in 
greater depth in Chapter 22.

Clinical manifestations of psychogenic dermatoses include 
pruritus, acral lick dermatitis, OCDs (e.g., trichotillomania), 
and self-mutilation manifestations (see previous discussion of 
OCDs). Causes of psychogenic dermatoses are complex and 
may include boredom; endogenous opioid release (previously 
discussed); attention-seeking behavior; and, less commonly, 
separation anxiety.87
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A number of drugs have been recommended for treatment 
of psychogenic dermatoses.87 These include antihistamines 
such as hydroxyzine or chlorpheniramine; TCAs, in particular 
clomipramine and doxepin, followed by amitriptyline102; and 
opioid antagonists (especially for acral lick dermatitis) such as 
naltrexone. Doxepin stands out among the TCAs for its anti-
histaminergic effects.

Hyperactivity
Hyperactivity must be distinguished from overactivity. The 
former is a medical condition. Hyperactivity or hyperkinesia 
is a very rare behavior in dogs and cats. It has been reported in 
association with aggression in dogs.57 Low doses of stimulant 
drugs, such as dextroamphetamine, may be useful. Dextro-
amphetamine can be used to provocatively diagnose the syn-
drome (2.5 to 5 mg orally in a medium-size dog). The patient 
should be calmed, and heart rate and respiratory rate should 
decrease.57 Dextroamphetamine can be used to manage 
hyperactive dogs. The addition of β-blockers has proved use-
ful for human patients, but this use has not been documented 
in animals.57

Narcolepsy
Narcolepsy is an incurable neurologic disease manifested 
as a disturbance in the normal sleep cycle. It is an inherited 
(autosomal recessive) disorder in several breeds. Treatment 
includes methylphenidate or a TCA. Protriptyline is a non-
sedative TCA that has been used successfully in human narco-
leptic patients. The drug has been used successfully in one dog 
in which narcolepsy manifested as hyperinsomnia.103

Feline Behaviors
Inappropriate Elimination
Inappropriate elimination (urinary or defecation) was the 
most commonly identified risk factor for relinquishment of 
pet cats to an animal shelter in one study.104 Treatment of 
inappropriate elimination is highly individualized. Inappro-
priate elimination may reflect a marking behavior (generally 
identified by the location of urine on vertical surfaces). Abnor-
mal or excessive marking behavior may reflect an increase in 
territorialism or anxiety.56 Inappropriate elimination also is an 
abnormal behavior that frequently has a medical rather than 
a behavioral cause. Care must be taken to distinguish between 
the two causes so that correct medical care can be provided 
when indicated.56 For abnormal behaviors, careful history tak-
ing should help identify the cause of the abnormal behavior. 
Care should be taken to discriminate an aversion to the litter 
box from a desire to eliminate elsewhere; the former might 
easily be managed by simply moving the litter box.56 For all 
behavioral causes, environmental and behavioral modifica-
tion should precede any type of pharmacologic management. 
Surgical castration is recommended in males. If inappropri-
ate urination reflects a social behavior or anxiety, the use of a 
behavior-modifying drug may be indicated.56

Buspirone, diazepam, TCA, and progestins have been 
recommended for treatment of inappropriate elimination in 
cats. Male and female cats appear equally likely to respond. 

Buspirone is safe but costly. In an open clinical trial, marking 
decreased by at least 75% in approximately 55% of cats (n = 62); 
however, relapse occurred in 50% of the responders.105 Cats 
that do respond generally do so within 1 week.56 Cats that are 
the sole cat in a household appear to be less likely to respond 
to buspirone (compared with diazepam) than are cats from 
multiple-cat households.106 Cats may, however, become more 
aggressive (or “assertive”) when treated with buspirone.1 
Relapse of inappropriate urination appears less likely when the 
cat is treated with buspirone (approximately 50%) than with 
diazepam (approximately 75% to 91% relapse).12,105,107

Diazepam can be effective for treatment of inappropriate 
elimination in cats (55% to 75% success rates in two stud-
ies). As with buspirone, males and females appear to respond 
equally well, although spayed females are less likely to respond, 
whereas castrated males are more likely to respond.1,56 How-
ever, a potential disadvantage of the benzodiazepines and, 
most notably, oral diazepam is acute hepatic failure.54 In the 
report of 12 cases, acute hepatic disease occurred despite use 
of the drug according to recommended dosing regimens. 
Drugs within the class of benzodiazepines that are less likely 
to undergo oxidative metabolism (e.g., oxazepam) may be 
less likely to induce hepatic failure, although their efficacy for 
treating abnormal elimination has not been validated.1,56 Cats 
treated with diazepam are likely to stagger for the first several 
days of therapy,1 with spontaneous resolution occurring after-
ward. Chlordiazepoxide and clorazepate also have been useful 
for suppressing inappropriate elimination in cats,1 although 
drug concentrations may be less predictable than in diazepam.

Among the TCAs, use of amitriptyline is reported most 
commonly, although evidence is anecdotal rather than scien-
tific.56 The incidence of adverse reactions may preclude use 
of amitriptyline. Clomipramine seems reasonable instead of 
amitriptyline on the basis of a nonrandomized, single-blinded, 
placebo-controlled crossover study in cats (n = 26) expressing 
inappropriate elimination behavior. Placebo was administered 
5 days before and 3 days after a 7-day treatment period with 
5 mg of clomipramine administered orally once daily. Based 
on the number of urine marks, the inappropriate behavior 
resolved in 35% of the cats, and a 75 % reduction in the num-
ber of marks occurred in 80% of the cats.108 The findings of 
Landsberg and Horwitz,72 reported in abstract form, were 
similar. Cats (n = 25) received 0.5 mg/kg daily in an open trial; 
84% responded (at least a 75% reduction in marking behav-
iors), generally within 2 to 3 weeks.

Using a randomized, placebo-controlled multicenter clini-
cal trial, King and coworkers109 reported a response in neu-
tered cats (n = 67) with clomipramine at either a low (0.125 
to 0.25 mg/kg), medium (0.25 to 0.5 mg/kg), or high (0.5 to 1 
mg/kg) dose when administered once daily for up to 12 weeks. 
Behavioral and environmental modifications were encour-
aged. Sedation was reported in 54% of the cats but was not 
sufficient to cause withdrawal from the study. This study sup-
ports the use of a low dose of clomipramine but also supports a 
gradual increase in dose in nonresponders if necessary.

Fluoxetine also has demonstrated efficacy for control of inap-
propriate urination. Using a randomized, placebo-controlled, 
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double-blinded design, the effect of fluoxetine (1 mg/kg orally 
once daily) on urine spraying was studied in neutered cats 
(n  =  17).48 Drug therapy was accompanied by environmen-
tal management. Within 1 week of therapy, all but one cat had 
responded, with the last responding by week 2. Differences 
between the placebo and treatment group increased as drug 
therapy continued, supporting a lag time between initiation 
of therapy and maximal response time noted for fluoxetine in 
humans. Weekly episodes of spraying reduced from 8.6 ± 2 to 1.7 
± 0.6 compared with 5.5 ± 1.8 episodes in placebo-treated cats. 
Cats were treated for 8 weeks and monitored for an additional 
4 weeks after therapy. Marking behavior returned in six of nine 
drug-treated cats, with those cats marking most before drug 
therapy also marking most at the end of the 4-week postther-
apy monitoring period. Appetite decreased in four of nine cats 
receiving therapy; vomiting and lethargy were reported rarely.

FFP has been studied for treatment of urine spraying in cats 
using a double-blinded placebo-controlled design (n = 22).69 
Comparisons were made within each group to baseline but not 
to one another. Spraying decreased compared with baseline in 
the treatment but not the placebo group.

The use of progestins (discussed in Chapter 19) to treat 
inappropriate urination should be reserved for animals that 
have failed all other alternatives. A single case report cited the 
successful use of alprazolam (2.5 mg orally every 12 hours) 
for treatment of soiling. Response occurred within 1 week of 
therapy, with mild sedation the only reported side effect. The 
behavior returned after the alprazolam dose was discontinued 
over the next 6 weeks.110

The use of fluorescein has been recommended to detect the 
soiling culprit in multicat households. The injectable product 
is sold as a 10% (10 g/dL; 100 mg/mL) solution, which can 
be administered orally in the evening (50 mg once daily with 
food or 30 mg once daily without food) for 4 to 5 days.

Social Behaviors and Aggression
Disorders of aggression are the second most common cause of 
abnormal behavior in cats.111 Causes associated with aggres-
sion include dominance; fear; defensive, territorial, or play 
aggression toward another cat; or play and fear aggression 
toward the owner or another person. Intolerance of petting 
often is manifested as an aggressive behavior. For many types of 
aggression (an exception being fear aggression), neutering may 
decrease the undesirable behavior.111 Behavioral modification 
techniques are the preferred method of treatment. Pharma-
cologic management is indicated for cats that do not respond 
to behavioral modification or in conjunction with behavioral 
modification. Little information is available, however, regarding 
treatment of aggression in cats. Benzodiazepines have been used 
with variable results. Chlordiazepoxide or diazepam has been 
recommended for frustration or social anxiety in cats.12,100,112 
Diazepam may, however, increase predatory behavior in cats.3

Psychogenic Dermatoses
Feline psychogenic alopecia manifests as a traumatically 
induced regional alopecia. Underlying dermatologic causes 
include flea allergy, food allergy, and allergic inhalant 

dermatitis. Neurodermatitis also includes evidence of more 
damage (excoriations, crusting) and is more common in high-
strung cats (e.g., Siamese, Burmese, Abyssinian). The lesions 
reflect overzealous grooming. Recommended treatments 
include TCAs (clomipramine and amitriptyline) or antihista-
mines.87 Fluoxetine was successful in a report of a single cat47 
and clomipramine in another.113

Sexual Behaviors
Abnormal sexual behaviors in cats that may require man-
agement generally occur in toms and include urine spraying 
and mounting. Spraying by uncastrated cats is more appro-
priately treated by environmental management or according 
to previous discussions regarding inappropriate elimination; 
mounting that has not responded to behavioral modification 
techniques may respond to amitriptyline or another TCA.76,77

Depression
Among the classic signs of depression in the cat is anorexia; 
early intervention is important. Benzodiazepines should be 
used as appetite stimulants as early as possible. For depres-
sion, clomipramine hydrochloride or fluoxetine has been 
recommended (either drug at 0.5 mg/kg orally once daily).114 
Clomipramine is preferred if anorexia is intermittent and 
associated with endogenous or environmental stressors; fluox-
etine is preferred for long-term management. Treatment may 
be required for 4 to 6 months and should be accompanied by 
behavior and environmental modification.
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Neurotransmitters
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PRINCIPLES OF ANTICONVULSANT THERAPY
PHARMACOKINETIC CONSIDERATIONS
SAFETY
DRUG INTERACTIONS
THERAPEUTIC DRUG MONITORING
ANTICONVULSANT DRUGS

Phenobarbital
Primidone
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Benzodiazepines: Diazepam, Clorazepate, Clonazepam, 

and Lorazepam
Bromide
Carbamazepine
Ethosuximide
Felbamate
Gabapentin
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Topiramate
Valproic Acid
Zonisamide

ACUTE MANAGEMENT OF SEIZURES
Status Epilepticus

CHRONIC CONTROL OF SEIZURES
Combination Therapy
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Alternative Therapies

DRUGS CONTRAINDICATED FOR EPILEPTIC 
PATIENTS

TREATMENT OF OTHER NEUROLOGIC CONDITIONS
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Causes of Severe Brain Injury
Cerebral Edema
Increased Intracranial Pressure
Acute Thoracolumbar Disk Extrusion

OCULAR PHARMACOLOGY
Relevant Anatomy, Physiology, and Drug Preparations
Drugs Targeting Ocular Tissues

Successful control of seizures with anticonvulsant drugs 
reflects a balance in achieving seizure control and minimizing 
undesirable drug side effects. Variability in the disposition of 
anticonvulsants and interactions among them and other drugs 
are important confounders of successful therapy. This chap-
ter reviews selected anticonvulsants, focusing on drugs most 
likely to control seizures in small animals However, drugs that 
have been used historically and selected drugs that are used in 
humans but for which information is available in dogs or cats 
are also discussed, in part to explain why they may be less than 
ideal choices.The proper use of anticonvulsants is discussed, 
with an emphasis on the differences in individual drug dis-
position, detection of these differences (e.g., therapeutic drug 
monitoring), and rational approaches to responding to these 
differences by dose modification. The primary topic of dis-
cussion is treatment of generalized, tonic–clonic seizures, the 
most common type afflicting small animals. Opinions regard-
ing anticonvulsant therapy vary among clinicians. Treatment 
of behavioral disorders that might manifest as seizural type 
activity is discussed in Chapter 26. Some of the comments and 
recommendations offered in the discussions of selected drugs 

reflect personal observations obtained in the direction of a 
therapeutic drug monitoring service or through clinical tri-
als that focus on the use of anticonvulsants either alone or in 
combination with phenobarbital.

It is important to approach epilepsy as a clinical manifesta-
tion of an underlying disease. Thus therapy is more likely to 
be effective if the underlying disease is treated. Such causes 
should be identified and appropriately treated—if possible, 
before chronic anticonvulsant therapy is instituted. Neutering 
of affected animals (male and female) is strongly encouraged 
not only for ethical reasons (i.e., precluding perpetuation of 
contributing genes) but also to minimize the potential adverse 
effect of circulating sex hormones on neuronal membrane sta-
bility. Unfortunately, the underlying cause of epilepsy often 
cannot be identified (idiopathic epilepsy) or, if identified, can-
not be corrected such that seizures are adequately controlled. 
In such instances, regardless of the cause of seizures, manage-
ment is based on control with anticonvulsant drugs. Unde-
sirable side effects are often the limiting factor in the use of 
anticonvulsant drugs, and not all seizures necessarily require 
treatment.
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Certainly immediate, short-term anticonvulsant therapy is 
indicated for status epilepticus (see later definition) or cluster 
seizures. Chronic therapy is generally indicated for seizures 
that last more than 3 minutes, cluster seizures (for which there 
is no delineable interictal period), or seizures that occur more 
frequently than once a month. Seizures that are not sufficiently 
controlled can lead to additional seizuring (kindling) or to the 
development of a second “mirror” focus of seizure activity. 
This might be manifested as a decreasing interictal period or a 
worsening of seizure activity (including duration).

PHYSIOLOGY AND SEIZURE 
PATHOPHYSIOLOGY

Anatomy
Neurons are either layered or clustered (forming nuclei) and 
classified according to function (sensory, motor, or inter-
neuron), location, or the neurotransmitter synthesized and 
released by the neuron.1 Neurons are outnumbered by sev-
eral orders of magnitude by other cells, including macroglia, 
microglia, and cells of the vascular elements. Microglia are 
related to macrophage/monocyte lineage and are either resi-
dent or recruited during inflammation. The macroglia are the 
most abundant of the supportive cells and include, among 
other cells, astrocytes and oligodendroglia. The latter are the 
myelin-producing cells, whereas astrocytes provide metabolic 
support and remove extracellular neurotransmitters.

Barriers to Drug Distribution
The blood–brain barrier and blood–cerebrospinal fluid (CSF) 
barrier form a permeability boundary, rendering the brain a 
sanctuary by limiting penetration of macromolecules. They 
also act as selective barriers to inflow and outflow of small, 
charged molecules, including drugs, neurotransmitters, and 
their precursors or metabolites. The blood–brain barrier is 
absent in selected locations, thus allowing the brain to moni-
tor chemicals. These areas include but are not limited to the 
area postrema, median eminence of hypothalamus, and the 
posterior pituitary and pineal glands. Cerebral ischemia and 
inflammation modify the integrity and function of the barri-
ers. The blood–brain barrier comprises blood capillaries that 
differ in structure compared to other tissues in that they lack 
fenestrae and are joined by tight junctions similar to the epi-
thelium of other tissues. Microvessels comprise about 95% of 
the total surface area of the barrier. Astrocyte foot processes 
encapsulate the capillaries, forming the tight junctions  (Figure 
27-1). Because pinocytosis also is absent, compounds can 
enter the brain only by passive diffusion, limiting penetration 
to small, lipid-soluble, non-ionized molecules. In addition to 
the physical barrier, function mechanisms exist to preclude 
central nervous system (CNS) penetration. These include deg-
radative enzymes, which target not only chemicals but also 
many peptides, and high concentrations of efflux transporters. 

These include adenosine triphosphate (ATP)–binding cassette 
proteins such as P-glycoprotein (among the most abundant 
and most well characterized) and others, resulting in a com-
bined broad substrate specificity that targets many drugs.2 The 
substrate specificity of the P-glycoprotein transporter is large; 
its role in breed susceptibility to CNS adverse drug reactions 
is discussed in Chapters 2 and 3. Interactions involving P-gly-
coprotein (or other efflux transporters) are among the drug 
interactions described at the level of the blood–brain barrier.3 
In the dog this protein is regulated by only one gene (ABCB1).4

The blood–CSF barrier prevents compounds moving from 
interstitial fluid into brain parenchyma.5 This barrier is located 
in the epithelium of the choroid plexus, limiting movement of 
compounds from the blood into the CSF. The choroid plexus 
consists of the highly vascularized pia mater and cells with 
microvilli on the CSF side. The plexus dips into pockets formed 
by folding of ependymal cells onto themselves, forming a dou-
ble layer structure between the dura and pia (i.e., the arach-
noid membrane). This double layer contains the subarachnoid 
space. Although the capillaries of the choroid plexus are fenes-
trated, the adjacent choroidal epithelial cells form tight junc-
tions, precluding movement of most macromolecules. Like the 
blood–brain barrier, the blood–CSF barrier contains organic 
acid transporters that preclude penetration of many therapeu-
tic agents.6 The role of efflux pumps and P-glycoprotein in par-
ticular is discussed later.

The formidable barrier presented to chemical penetration 
of the brain contributes to therapeutic failure when treating 
dysfunction of the CNS. A number of strategies have been 
described to enhance drug delivery to the brain.6 These include 
manipulation of the drugs such that they are chemically more 
likely to penetrate the barrier, administration of prodrugs, the 
combination of drugs with compounds that decrease drug 
efflux, the design of vectors or other carriers that are able to 
penetrate, and temporary disruption of the barriers them-
selves. The use of nanotechnology offers potentially viable 
options.7 Finally, alternative routes of delivery include intra-
ventricular, intrathecal, olfactory, and direct interstitial routes. 
None thus far has proved consistently safe or relevant to all 
therapeutic agents.

Physiology of Neuronal Activation
Neuronal activity can be manipulated through molecular 
mechanisms at several levels: (1) ion channels, which medi-
ate excitability; (2) neurotransmitters and their receptors; (3) 
auxiliary intramembranous or cytoplasmic transductive mol-
ecules that couple receptor signals to intracellular actions; and 
(4) neurotransmitter transporters that facilitate their con-
servation through reaccumulation into the terminal (plasma 
membrane proteins) and then synaptic vesicles (vesicular 
transporters) (Figure 27-2). The combined influence of these 
molecular entities regulate three major cations (Na+, K+ and 
Ca2+) and the major anion (Cl-). The cations are directly regu-
lated through voltage-dependent Ca2+, N+, and K+ channels, 
allowing for rapid changes in ion permeability, thus facili-
tating the excitation–secretion coupling necessary for trans-
mitter release. They also are influenced by ligand-gated ion 

KEY POINT 27-1 Long-term therapy with anticonvulsant 
drugs increases the risk of adverse reactions and drug 
interactions in the epileptic patient.
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channels, which in turn are regulated by neurotransmitter 
binding. These include but are not limited to glutamate recep-
tors and ionophore receptors for acetylcholine (nicotinic), 
GABAA, and glycine.1

Neurons generally release the same substance at each syn-
paptic terminal in which the neuron is involved. Neurotrans-
mitters generally result in either excitation, reflecting an influx 
of positively charged ions, depolarizations, and reduced mem-
brane resistance, or inhibition, resulting in hyperpolarization 
and decreased membrane resistance. Selected transmitters 
(e.g., monoamines and peptides) may enhance or suppress the 
classical neuronal response to the neurotransmitter. Neuro-
hormones receive synaptic information from central neurons 
and respond by secreting transmitters into circulation. Neu-
romodulators originate from nonsynaptic sites but influence 
nerve cell excitability. Examples include CO2; ammonia; circu-
lating steroid hormones (neurosteroids); and locally released 

adenosine, eicosanoids, and nitric oxide. Neuromediators 
participate in the postsynaptic response and are exemplified 
by the secondary messengers cyclic AMP or GMP and inositol 
phosphates.

Neurotransmitters
Amino acid neurotransmitters include the excitatory dicarbox-
ylic amino acids glutamate and aspartate and the inhibitory 
monocarboxylic ω-amino acids glycine, gamma-aminobu-
tyric acid (GABA), β-alanine, and taurine (Figure 27-3, Table 
27-1). Because of their ubiquitous distribution in the brain 
and their rapid, reversible, and reduntant effects, amino acid 

Drug

transporters

Endothelial cells

Astrocyte foot

processesTight junctions

Cerebral SpinalFluid Capillary Lumen

a

Endothelial
cells

Blood CSFBarrier

Blood Brain Barrier

Capillary Lumen

Epithelial cells of

choroid plexus

C
ap

ill
ar

y
L

u
m

en

Capillary

Figure 27-1 Diagrammatic representation of the blood brain (left) and blood–cerebrospinal fluid (right) barriers, structures that 
limit compound movement from blood into the interstitial fluids of brain parenchyma. The endothelium of the capillaries of the 
blood–brain barrier lack fenestrae, are joined by tight junctions, and are encapsulated by astrocyte foot processes. Only small, 
lipid-soluble, non-ionized molecules in the blood stream are likely to move through the endothelium into the brain. The blood–
CSF barrier is formed from the epithelium of the choroid plexus, which forms tight junctions. The plexus dips into a double-
celled structure made from folding of ependymals cells on themselves. (See text for other mechanisms by which drugs might 
be excluded from each of these sites.)

KEY POINT 27-2 Drugs that target the inhibitory neurotrans-
mitter gamma-aminobutyric acid have traditionally been 
among the most effective anticonvulsant drugs.
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Figure 27-2 Potential therapeutic targets of anticonvulsant and behavior-modifying drugs include the presynaptic nerve terminal 
and the postsynaptic neuron. Presynaptically, microtubules allow for bidirectional transport of macromolecules to and from the 
neuronal cell body and distal processes; motors responsible for transport may be subject to drug action. Active uptake, synthe-
sis, storage, and release of neurotransmitters may also be targeted. Postsynaptically, neurotransmitter-receptor interaction can 
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Interaction between the drug and receptor causes a channel in the receptor to open to chloride flux. Increased chloride concen-
trations inside the cell increase electronegativity, thus hyperpolarizing the cell. Intracellular targets that express synaptic activity 
may also be targeted.
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Figure 27-3 Structures of selected amino acids that affect neurotransmission.

Table 27-1  Neurotransmitters Influential in the Treatment of Seizures

Neurotransmitter Receptors Target Agonists Antagonist
Transporter 
blocker Comment

Acetylcholine Nicotinic Inotropic, fast excitatory,  
cationic channels

Alpha and beta 
isoforms

N/A

Muscarinic GPCR modulatory
Aspartate GLU Inotropic, fast, excitatory,  

cationic channels
Kainate, AMPA None

KA
NMDA Inotropic, slow, excitatory,  

Mg2+ gated
NMDA Phencyclidine

NMDA 1,2 
(A-D)

Glutamine,   
aspartate

mGLU GPCR, second messengers Multiple
Dopamine D1-5 GPCR (Gs: D1, D5; Gi: D2-4) Bromocriptine (D2) Domperidone (D2) Cocaine
GABA GABA(A) Inotropic; fast, inhibitory,  

Cl− channel
Barbiturates, 

 Benzodiazepines
Picrotoxin,  Penicillin, 

 pentylenetetrazole
5 Isoforms

GABA(B) Presynaptic and postsynaptic 
receptor actions

Baclofen

GABA(C) Inotropic; slow, sustained, 
inhibitor, Cl− channel

Glutamate AMPA Inotropic; fast, excitatory, 
cationic channel (as with 
aspartate GLU)

Glycine Alpha and beta Inotropic; fast, inhibitory,  
Cl− channels

Strychnine

Histamine H3 Autoreceptor: inhibition  
of transmitter release

Norepinephrine Alpha (1A-D) GPCR Cocaine
Alpha (2A-C) GPCR Yohimbine

Serotonin 5-HT1 (A-F) GPCR Clomipramine, 
 fluoxetine

5-HT2 GPCR
5-HT3 Ligand gated

N/A; Not applicable; GPCR, G protein–coupled receptor; GLU, glutamate; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; KA, kainic acid; NMDA, 
N-methyl-d-aspartate; Mg2+, magnesium; GABA, gamma-aminobutyric acid; 5-HT, 5-hydroxytryptamine.
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neurotransmitters were precluded from initial inclusion as 
classical neurotransmitters. Glycine, glutamate, and GABA 
are now considered central neurotransmitters. GABA is enzy-
matically formed from glutamic acid by glutamic acid decar-
boxylase. The effects of GABA are experimentally identified in 
response to picrotoxin and bicuculline. These include inhibi-
tory actions at the level of the local interneuron and potentially 
presynaptic inhibition in the spinal cord. Convulsant com-
pounds that appear to act through GABA receptors include the 
selective antagonists penicillin and pentylenetetrazole. Non-
therapeutic agents have also been identified that mimic GABA, 
inhibit its active reuptake, or alter its turnover. Three types of 
GABA receptors have been identified: A, B, and C, with type 
A being the most common. It is a ligand-gated, chloride chan-
nel ionotropic receptor and is the site of action of many drugs, 
including benzodiazepines, barbiturates, anesthetic steroids, 
and volatile anesthetics. The B type GABA receptor is a G pro-
tein–coupled receptor (GPCR) that interacts with Gi to inhibit 
adenylyl cyclase, activate K+ channels, and reduce Ca2+ con-
ductance. The B type receptors act presynaptically as autore-
ceptors, inhibiting GABA release. Type C GABA receptors are 
less common, but GABA is much more potent for this receptor. 
The type C receptor is distinguished by its lack of interaction 
with several compounds that interact with type A GABA recep-
tors, including baclofen, benzodiazepines, and barbiturates.

Amino Acids
Glycine receptors are located primarily in the brainstem and 
spinal cord, where they are inhibitory in nature.

Glutamate and aspartate occur in very high concentra-
tions and are powerful excitatory signals throughout the 
brain. Glutamate receptors are either ligand-gated ionotropic 
receptor channels or G protein coupled. Ligand-gated ion 
channels include N-methyl-d-aspartate (NMDA) and non-
NMDA receptors (alpha-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid [AMPA] and kainic acid [KA]).1,8,9 The 
NMDA receptors, derivatives of aspartic acid, are pH sensi-
tive, and response to endogenous signals, including zinc ions, 
selected neurosteroids, arachidonic acid metabolites, redox 
regions, and selected polyamines. Although NDMA receptors 
are involved in normal synaptic transmission, they appear to 
be more closely involved with induction of synaptic plastic-
ity. This includes long-term potentiation, which reflects an 
increase in the magnitude of the postsynaptic response to 
presynaptic stimulation of a specific strength. The activation 
of NMDA receptors requires simultaneous firing of at least 
two neurons, including binding of glutamate released from 
the synapse and simultaneous postsynaptic depolarization 
from different neurons. High concentrations of glutamate can 
cause neuronal death. The mechanism partially, but not solely, 
reflects excessive activation of NMDA or AMPA/KA recep-
tors and calcium influx. For example, ischemia or hypoglyce-
mia may be associated with massive glutamate release; when 
coupled with impaired cellular reuptake, cell death may occur. 
Depletion of Na+ and K+ and increased extracellular Zn2+ may 
play a role in activation of necrotic or apoptotic cascades.1 The 
role of these receptors in pain is discussed in Chapter 28.

Monoamines
Acetylcholine is an excitatory neurotransmitter for Renshaw 
interneurons and other CNS cells. Actions reflect interactions 
between nicotinic and muscarinic receptors.

Several catecholamines act as neurotransmitters in the 
CNS. Dopamine comprises more than 50% of CNS catechol-
amine and is found in high concentrations is selected areas. Its 
effect depends on the subreceptor targeted, with five thus far 
identified in the brain (see Table 27-1). Epinephrine is pres-
ent only in limited areas, and its role has not yet been identi-
fied. However, norepinephrine is found throughout the brain 
but in very large concentrations in the hypothalamus, certain 
zones in the limbic system, and other regions. All three recep-
tor types (alpha 1, alpha 2, and beta) and subtypes are located 
in the brain. The nonclassical electrophysiologic synaptic 
effects of norepinephrine vary with the state but are consid-
ered “enabling.” Although excitatory in nature, the effects of 
norepinephrine (and serotonin) can be anticonvulsant, rather 
than proconvulsant.10

Biogenic Amines
Serotonin is one of two biogenic amines active in the CNS. 
Thus far 14 receptor (5-hydroxytryptamine [5-HT]) types or 
subtypes are found in CNS nuclei that are located in or adja-
cent to the midline regions of the pons and upper brainstem. 
Up to five different 5-HT1 receptor subtypes inhibit adeny-
lyl cyclase or regulate K+ and Ca2+ channels. 5-HT2 receptor 
subtypes (three) are linked to G proteins and phospholipase 
C. 5-HT2C may modulate CSF production. 5-HT3 receptors 
are located in the area postrema and solitary tract nucleus, 
where they cause emesis and antinociception. Members of 
the 5-HT4 through 5-HT7 receptor types have not yet been 
studied in the CNS.

Histamine is the second biogenic amine that serves as a 
neurotransmitter. Four subtypes have been described in the 
CNS, all acting through G proteins. Most neurons that synthe-
size histamine are located in the ventral posterior hypothala-
mus and extend throughout the entire CNS through ascending 
and descending tracts.1

Synaptic Vesicle Protein
The importance of the synaptic vesicle protein 2 (SV2) 
emerged as part of the research into the mechanism of action 
of levetiracetam. Levetiracetam, but not other anticonvul-
sants, binds to synaptic vesicle (SV) protein through the brain 
in a steroselective, concentration-dependent manner.11 How-
ever, ethosuximide, pentobarbital, and pentylenetetrazole 
compete with levetiracetam for binding. The distribution of 
the protein does not follow any pattern consistent with clas-
sical receptors, and the protein is located in synaptic vesicled 
(SVs). Three isoforms exist (A, B, C), with SV2A the most 
widely distributed. Knockout mice without SV2A die within 
3 weeks as a result of spontaneous seizures. The role of SV2A 
is not clear, but it may modulate exocytosis that precedes neu-
rotransmitter release; disruption of activity appears to result 
in calcium accumulation and increased neurotransmitter 
release.11
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The Action Potential
The normal resting membrane potential (RMP) of the neu-
ronal cell is 70 mV. The electrical difference across the cell 
membrane is maintained by a Na+, K+-ATPase pump. Depo-
larization and the generation of an action potential occur when 
the RMP becomes sufficiently positive to reach threshold. As 
with other membranes, the RMP of a neuron is determined 
by the concentration of negative and positive ions across the 
membrane. Important ions include Na+, K+, Ca2+, and Cl–. The 
concentration reflects ion fluxes and thus permeability of the 
cell membrane to the ions. Fluxes resulting in an increase in 
positive ions inside the cell relative to the outside hypopolarize 
the RMP, bringing it closer to threshold and subsequent depo-
larization. The tendency of a neuron to depolarize reflects, in 
part, the sum total effect of neurotransmitters (NTs) that inter-
act with the cell membrane. Inhibitory NTs such as GABA 
render the RMP more negative and less susceptible to depolar-
ization (see Figure 27-2).12 The principal postsynaptic receptor 
for GABA is the GABAA receptor; activation increases inflow 
of Cl- ions into the cell, hyperpolarizing the neuron. Glycine 
and serine are also inhibitory neurotransmitters. Excitatory 
neurotransmitters, such as acetylcholine and glutamate, elevate 
the RMP to a more positive status, rendering it more suscep-
tible to reaching the threshold necessary for depolarization.12

Pathology
Conventional evidence indicates that neurons are terminally 
differentiated cells and do not respond to proliferate stimuli. 
The presence of neuronal stem cells may, however, offer an 
avenue of treatment for degenerative conditions or damage. In 
the absence of proliferation, neurons have developed adaptive 
functional and structural responses to injury.1

Several animal models have been used to study either sei-
zures or epilepsy. Models intended to study epilepsy ideally 
include both seizure activity as well as chronic epileptiform 
behavior (i.e., spontaneous seizures).13 The attributes of ani-
mal models are generally based on their relevance to human 
epilepsy in regard to electrophysiologic activity, etiology, 
pathologies, signalment, associated behavioral changes, and 
response to anticonvulsant drugs. That multiple models have 
been developed for study reflects the more than 100 human 
seizure or epileptic disorders. Chemical convulsants that cause 
seizures after systemic or direct administration include KA (a 
glutamate analog), pilocarpine, NMDA, and GABA antago-
nists, Pentylenetetrazole is among the most commonly used 
chemicals; repeated injections mimic electrical kindling. Injec-
tions of high doses consistently and predictably cause tonic–
clonic seizures, allowing its use as a screen for new drugs. 
Lower doses induce absencelike seizures. Kindling models are 
considered epileptic models and involve periodic stimulation 
of low-intensity signals in the amygdala, resulting in tonic–
clonic seizures. The animal remains sensitive to electrical 
stimulation, with the number of stimuli necessary to induce 
seizures quantifiable. Genetic models have been either devel-
oped or genetically designed;13 for example, deletion of the 
gene encoding tyrosine kinase prevents the genesis of epilepsy 
in the kindling model administration of chemoconvulsants.1

Seizures are the clinical results of rapid, excessive neuronal 
discharge in the brain. Seizures are classified as primary (i.e., 
genetic) or acquired, and as generalized or focal. Generalized 
seizures are much more common in small animals; the incidence 
is greater in dogs than in cats. With seizure onset of a generalized 
character, convulsive electroencephalographic activity begins 
simultaneously in all brain regions.14 Epilepsy is a disorder of the 
brain characterized by an enduring predisposition to generate 
seizures and by the neurobiologic, cognitive, psychological, and 
social consequences of this condition. The definition of epilepsy 
requires the occurrence of at least one epileptic seizure.10

Seizures in epileptic subjects often are attributed to a cortical 
origin. However, the brainstem, particularly the pontine reticu-
lar formation, also can manifest self-sustained seizure discharge 
and may be important in the generation and expression of gen-
eralized tonic convulsions.15 Depression of reticular core activ-
ity is an essential characteristic of antiepileptic drugs, suggesting 
that the reticular formation is involved in the spread and gen-
eralization of clinical seizures.16 In the dog the most common 
form of epilepsy is generalized tonic–clonic or grand mal sei-
zures.17 Epilepsy or seizure disorders of the CNS in the dog may 
be caused by an acquired organic lesion such as brain tumor, 
head trauma, toxicosis, electrolyte imbalance, hypoglycemia, 
renal failure, or hepatic disease (acquired or secondary epilepsy) 
or may be genetic or inherited (“true,” idiopathic, or primary 
epilepsy). An autosomal gene associated with a sex-linked sup-
pressor on the X chromosome may explain the higher incidence 
of seizures in male dogs. Interestingly, in human medicine the 
role of autoantibodies is emerging as a potential underlying 
cause of neurotoxicity and associated epileptic seizures.18

Status epilepticus (SE) refers to failure of the patient to 
recover to a normal alert state between repeated tonic–clonic 
attacks or episodes that last at least 30 minutes.19 Convulsive 
or tonic–clonic SE is a medical emergency in which convulsive 
seizures must be terminated by treatment with anticonvulsant 
agents. In humans epileptic seizures must not be allowed to per-
sist more than 60 minutes if severe, permanent neurologic injury 
or death is to be avoided.19 The longer an epileptic seizure per-
sists, the greater the incidence of mortality and morbidity. Hyper-
thermia caused by continuous muscle contraction may become 
life threatening during continued seizure activity. Brain damage 
resulting from hypoxia or the sequelae of hyperthermia is more 
likely if more than 30 minutes of uninterrupted seizures occur.

During seizures individual neurons depolarize and fire 
action potentials at high frequencies. Increased excitabil-
ity reflects increased extracellular potassium and decreased 
extracellular calcium. Once initiated, the seizure discharge 
may synchronize with other neurons and propagate or spread 

KEY POINT 27-3 Epilepsy is a clinical manifestation of an 
underlying disorder and is not likely to be cured unless the 
cause is corrected.

KEY POINT 27-4 Permanent neurologic damage may occur 
if seizures persist longer than 60 minutes.



939CHAPTER 27 Anticonvulsants and Other Neurologic Therapies in Small Animals

to surrounding areas in the brain. Seizures can be initiated by 
four general mechanisms:
 1.  Altered neuronal membrane function. Permeability 

changes may occur as a result of hypoxia, inflammation, 
trauma, or other disease. Changes may reflect altered volt-
age-gated ion channels (calcium, sodium, or potassium) or 
ion exchangers (e.g., sodium/hydrogen/potassium).

 2.  Altered receptor number, sensitivity, or function. Examples 
include nicotinic cholinergic or glutamate receptors. As an 
example, glutamate receptors initiate seizures experimen-
tally with antagonism of NMDA receptors blocking the 
excitatory effects and AMPA/kainate.3,20,21

 3.  Altered neurotransmitter physiology, including changes in 
concentration, transporter, or function. Potential contribu-
tors include either decreased inhibitory neurotransmitters, 
such as GABA, the most potent inhibitory neurotransmit-
ter in the CNS, or increased excitatory neurotransmitters, 
such as glutamate. The role of gabaminergic mechanisms in 
seizure activity has been well established in animal models, 
based on seizure activity caused by GABA agonists or drugs 
that impair GABA synthesis (e.g., glutamic acid decarboxyl-
ase) and eradication of seizure activity in response to GABA 
antagonists (as reviewed by Ellenberger and coworkers).22 
Altered neurotransmitters have been described in epileptic 
dogs, including increased glutamate concentrations and 
decreased GABA concentrations.23 More recently, Ellen-
berger and coworkers22 reported lower CSF concentra-
tions of both GABA and glutamate in epileptic Labrador 
Retrievers (n = 35; 14 treated with phenobarbital ≤ 3 weeks) 
compared with other epileptic dogs (n = 94; 42 treated with 
phenobarbital <2 weeks) or non-epileptic controls (Bea-
gles). Lower aspartate concentrations also were detected in 
all epileptic dogs compared with control dogs.

 4.  Changes in extracellular potassium and calcium concentra-
tions might also contribute to seizure activity.12,24

PRINCIPLES OF ANTICONVULSANT 
THERAPY

Anticonvulsants block seizure initiation and propagation by 
blocking either abnormal events in a single neuron or the 
synchronization of related neurons. Thus a goal of therapy is 
reduction in the firing frequency. A common mechanism by 
which this goal might be achieved is prevention of sodium 
channel recovery from inactivation (i.e., prolongation of the 
refractory period) (Table 27-2). It is during this period that 
membranes are nonresponsive to other signals. Example drugs 
that target this mechanism include carbamazepine, phenytoin, 
valproic acid, toparimate, and zonisamide.25 Another com-
mon mechanism is increased interaction between agonists 
and GABAA, which facilitates hyperpolarization. Drugs that 
act as agonists at the GABA(A) receptor include the barbitu-
rates, and the benzodiazepines. At high concentrations these 
drugs also may also inhibit high-frequency firing. Other drugs 
include tiagabine, which targets the GABA transporter, GAT-
1, decreasing neuronal and glial uptake of GABA and leve-
tiracetam, which targets SV proteins. In general, drugs that 

target more than one mechanism tend to be most effective. 
Alternatively, combination therapy with drugs that target dif-
ferent mechanisms of neuronal function may be effective in 
seizures that do not respond to single-drug therapy.

Anticonvulsant drugs target seizures; antiepileptic drugs tar-
get epilepsy. For the remainder of this chapter, the terms may be 
used interchangeably, in part because most antiepileptic drugs 
are also anticonvulsant drugs. Because successful anticonvul-
sant therapy may depend on the maintenance of plasma drug 

Table 27-2   Indications for Anticonvulsants 
in Humans Based on Seizural 
Activity

Partial Generalized
Mode  
of Action

Absence Myoclonic Tonic-Clonic
Ameltolide a
Bromide (Na+, K+) d or e?
Carbamazepine x x a,j,k,l,p
Clonazepam x e
Clorazepate e
Diazepam e
Ethosuximide x x c
Felbamate x x a,b,e,f,
Gabapentin x e
Lamotrigine x x x x a,h,l,m
Leviteracetam x x x x i
Oxycarbazepine x
Phenobarbital x b,e,h
Phenytoin x x a,b,o,j,k
Primidone x
Tiagabine x
Topiramate x x x x b,g,q,r
Valproic acid x x x x e,f,a,b
Zonisamide x x x a,c,g,j,k,n,r,s

Key:
Inhibition of sodium channel of flux a
Inhibition of calcium channels or flux b
Inhibition of T-calcium channels c
Increase GABA concentration d
Increase or potentiate GABA receptors e
Decrease NMDA receptor activity f
Decreased glutamate receptors g
Inhibition of glutamate release h
Altered synaptic vesicle function i
Enhanced serotonin j
Enhanced dopamine k
Decreased serotonin release l
Decreased dopamine release m
Altered acetylcholine release n
Reduced aspartate o
Decreased GABA p
decrease carbonic anhydrase q
Neuroprotection r
Enhanced GABA transport s

KEY POINT 27-5 Mechanisms of action should be 
 complementary when combining anticonvulsant drugs.
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Figure 27-4 Structures of selected clinically useful anticonvulsant drugs. Note the similarities in structures of primidone and its 
active metabolite, phenobarbital.

concentrations within the therapeutic range, understanding the 
disposition of each anticonvulsant is paramount to therapeutic 
success.26,27 Epilepsy is controlled, not cured, with historical 
rates of success in only 60% to 70% of the cases, although control 
might be improved to at least 85% if monitoring supports therapy 
(see later discussion).28 Generally, but not always, treatment for 
epilepsy involves drug administration for the rest of the animal’s 
life.29 The most common anticonvulsant drugs that have been 
used in veterinary medicine are phenobarbital, diazepam, and 
potassium bromide (Figure 27-4). A number of newer (human) 
drugs are increasingly being used, including zonisamide, leve-
tiracetam, several benzodiazepines (clorazepate, clonazepam), 
gabapentin, and (less frequently) felbamate. Older drugs whose 
historical use has declined include primidone, phenytoin, and 
valproic acid. Drugs commonly used in humans that are mini-
mally used in dogs or cats include ethosuximide, lamotrigine, 
and topiramate. Scientific support of efficacy for each of these 
drugs in dogs or cats generally is limited; differences compared 
with humans should be anticipated, not only because of differ-
ences in the underlying pathophysiology of disease but also in 
the disposition of the drugs among species and pharmacody-
namic response. Even if pharmacokinetic information is avail-
able, generally the data were generated in a small sample size 
of healthy, drug-free animals. Pharmacokinetic differences in 
anticonvulsant drugs among and within breeds and species can 
be profound, with drug disposition often affecting the efficacy of 
the drug. Studies in Beagles or other pure breeds may not reflect 
the canine population as a whole. Antiepileptic drugs are gener-
ally administered chronically. As such an understanding of the 
determinants of drug disposition (Chapter 1) is paramount to 

understanding their most effective use, particularly as it pertains 
to drug toxicity and avoidance of drug fluctuations during a dos-
ing interval that might contribute to either therapeutic failure. 
The more important points are as follows.

PHARMACOKINETIC CONSIDERATIONS

Absorption determines the magnitude of, but also the time to, 
peak anticonvulsant effect. Most anticonvulsants are adminis-
tered either orally or intravenously, although alternative routes 
such as nasal and rectal administration are proving increasingly 
useful for emergency administration (Table 27-3). Most of the 
anticonvulsants used as antiepileptic drugs are well absorbed 
after oral administration, with the notable exception of phe-
nytoin. Because food may slow the absorption of anticonvulsant 
drugs, peak plasma drug concentrations may occur as late as 
4 to 6 hours after administration. This generally is not a prob-
lem with chronic dosing for drugs that accumulate, but it may 
affect the time of peak sample collection. Fasting before sample 
collection might be prudent. Rectal administration has offered 
a clinically effective alternative for administration for several 
anticonvulsant drugs. The colonic absorption of anticonvulsant 
drugs can be predicted to some degree by hydrophilicity. For 
example, whereas gabapentin is poorly bioavailable compared 
with phenytoin, maximum plasma concentration of phenytoin 
after colonic administration equals that after oral administra-
tion.30 A potentially emerging problem — suggested by the 
author’s therapeutic drug monitoring service — are differences 
in oral bioavailability of human generic products prescribed for 
animals. The therapeutic equivalence (including bioavailability) 
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Table 27-3   Doses of Drugs Used To Treat Disorders of the Peripheral or Central Nervous System
Drug Indication Dose Route Interval (hr)
Bethanechol Urinary bladder atony, 

 dysautonomia
2.5-25 mg/dog PO 8

Bromide, potassium  
or sodium

Anticonvulsant Loading dose: 90-150 mg/kg PO (with food) 5 days for a total of  450-600 
mg/kg

Maintenance: 30-90 mg/kg PO (with food) 24; monitor
Carbamazepine Anticonvulsant 15-20 mg/dog PO 12

2-3 mg/kg (D) PO 8-12
Chlorpromazine  

hydrochloride
Muscle relaxation during  

tetanus
0.5 mg/kg (D) IM, IV 12

Amphetamine poisoning 10-18 mg/kg IV Once
Clonazepam Adjunctive anticonvulsant 0.5-1.5 mg/kg (D) PO 8-12

Status epilepticus 1-10 mg/dog PO 6-24
50-200 μg/kg (D) IV To effect

Clorazepate  dipotassium Behavioral disorders,  
anxiolytic drug

1-2 mg/kg (C) PO 8-12

Anticonvulsant 0.5-2 mg/kg (D) PO 8-12
Diazepam Behavioral disorders,  

psychogenic alopecia
1-2 mg/cat PO 12

Behavioral disorders,  
separation anxiety

0.5-2.2 mg/kg (D) PO As needed

Restraint 0.2-0.6 mg/kg (D) IV To effect
0.25 mg PO 8

Diazepam Sedation 0.5-2.2 mg/kg PO As needed
Anticonvulsant 0.15-0.70 mg/kg (C) PO 8

2-5 mg/cat PO 8
Anticonvulsant (acute) 1-4 mg/kg (D) PO 6-8
Anticonvulsant 2-5 mg/kg IV, PO 8

1-2 mg/kg Per rectum As needed
Status epilepticus, certain 

 toxicoses
0.5-5 mg/kg IV As needed. Start with a 

lower dose and increase 
in increments of 5-20 mg.

Strychnine-induced seizures 2-5 mg/kg IV As needed
Acquired tremors 0.25 mg/kg (D) PO 6-8
Scotty cramps 0.5-2 mg/kg (D) IV, PO To effect or every 8
Preanesthetic 0.1-0.2 mg/kg (D) IV (slowly)

0.22-0.44 mg/kg.  Maximum 
of 5 mg

IM, IV To effect

0.5 mg/kg IV To effect
Irritable colon syndrome 0.15 mg/kg (D) PO 8
Reflex dyssynergia (urethral 

obstruction)
2.5-5 mg/cat PO 6-8

1.25-2.5 mg/cat PO 8-12
0.5 mg/kg IV To effect

Appetite stimulant 0.05-0.4 mg/kg (C) IM, IV, PO 24 or 48
1 mg/cat PO 24

Functional urethral obstruction 2-10 mg PO 8
Ethosuximide Seizures Loading dose: 40 mg/kg PO Once

Maintenance dose: 20  
mg/kg

PO

Felbamate Anticonvulsant 15-65 mg/kg (D). Maximum  
of 200 mg (small) and 400 
mg (large)

PO 8-12 as needed

Flumazenil Hepatic encephalopathy 0.01-0.02 mg IV As needed
Gabapentin Analgesic adjuvant, cancer pain 3 mg/kg PO 24

Analgesic, neuropathic pain 10-30 mg/kg (D) PO 8
Anticonvulsant 10-30 mg/kg PO 8

Continued
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Table 27-3   Doses of Drugs Used To Treat Disorders of the Peripheral or Central Nervous 
System—cont’d

Drug Indication Dose Route Interval (hr)
Glyceryl monoacetate Sodium fluoroacetate toxicosis 0.55 mg/kg. Maximum of  

2-4 mg/kg
IM Hourly until maximum  

dose reached
Levetiracetam Anticonvulsant 20 mg/kg PO 8; monitor
Lorazepam Status epilepticus 0.2 mg/kg (D) IV, intranasal As needed
Methocarbamol Controlling effects of strychnine 

and tetanus
55-220 mg/kg. Maximum  

of 330 mg/kg/day
IV Give first half of dose 

rapidly until relaxation 
occurs then continue.

Initial: 44-66 mg/kg (D) PO 8-12
Followed by: 20-66 mg/kg PO 8-12

Methylprednisolone 
sodium succinate

Spinal trauma Loading dose: 30 mg/kg (D) IV Once

Followed by: 5.4 mg/kg IV CRI 24-48
Or followed by: 15 mg/kg IV, SC Once in 2, then every 6 × 2 

days. Taper dose over 5-7 
days.

4-Methylpyrazole 5% Ethylene glycol toxicosis Loading dose: 20 mg/kg (D) IV Once
Followed by: 5 mg/kg (D) IV 12 × 2 treatments
Then: 5 mg/kg (D) IV Once (at 36 hours after 

initial injection)
Pentobarbital Status epilepticus 5-15 mg/kg IV To effect

Sedation 2-4 mg/kg IV, PO 6 or to effect
Anesthesia 10-30 mg/kg (D) IV Administer first half as a 

bolus, then to effect
25 mg/kg (C) IV Administer first half as a 

bolus, then to effect
Phenobarbital Status epileptic Loading: 3-30 mg/kg (D) IM, IV, PO Increase by 3 mg/kg 

 increments to effect
3-6 mg/kg IM, IV, PO 12-24; monitor
Each 3 mg/kg increases  

plasma drug concentrations 
by  approximately 5 μg/mL

IV, IM, PO

Maintenance antiseizure therapy 2-4 mg/kg IV, PO 12; monitor
Irritable colon syndrome 2.2 mg/kg (D) PO 12
Sedation 1-2 mg/kg (D) PO 8-12

1 mg/kg (C) PO 12
Phenytoin Tumor-induced hypoglycemia 6 mg/kg (D) PO 8-12

Anticonvulsant 20-40 mg/kg (D) PO 8
2-3 mg/kg (C) PO 24

Physostigmine Ivermectin toxicity 0.06 mg/kg IV (slowly) 30-90 min, as needed
Muscarinic mushroom 

 intoxication
0.5-3 mg/dog IM 30-90 min, as needed

Physostigmine 0.5% Dysautonomia Apply 0.3 cm (0.125 inches)/ 
cat

Topical 8

Picrotoxin (use is 
 controversial)

Ivermectin toxicity 1 mg/min IV (over 8 min) Once

Pilocarpine 1% 
 ophthalmic solution

Dysautonomia 1 drop Both eyes 6

Potassium permanganate 
(1:2,000)

Strychnine toxicosis 5 mL/kg PO (gastric lavage) As needed

Pregabalin Chronic pain, anticonvulsant 4 mg/kg (D) PO 8
Primidone Anticonvulsant Loading dose: 55 mg/kg (D) PO Once. Efficacy of primidone 

reflects metabolism to 
phenobarbital; monitor.

Maintenance dose: 10-15 mg/
kg (D)

PO 8 to 12
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that characterizes human generic products may not translate to 
therapeutic equivalence when that product is used in animals. 
Pharmacies may change a generic product intermittently as 
product prices change. Dispensing pharmacists may not under-
stand the potential risk of differences in bioavailability between 
animals and humans. The prudent client should query pharma-
cists regarding changes in products, and the discerning clinician 
might encourage monitoring with new prescriptions, particu-
larly in patients at risk for life-threatening seizures.

Rectal availability of diazepam has been well demonstrated. 
Intranasal administration has also been demonstrated as an 
effective route for selected drugs, particularly benzodiaze-
pines. However, the physical volume that can be administered 
intranasally may limit practical application.

Distribution into the CNS is important for all anticonvul-
sant drugs, although at steady state, each generally distributes 
sufficiently into the CNS. Indeed, most anticonvulsant drugs 
are sufficiently lipid soluble that they are distributed to a vol-
ume that exceeds total body water (i.e., more than 0.6 L/kg). 
In contrast to chronic use, for acute situations rate and amount 
of drug movement into the CNS may not be sufficient for the 
rapid response necessary to resolve life-threatening seizures. 
Drug binding to serum proteins may limit the amount and rate 
of drug moving into the CNS. However, diazepam is the most 
lipid-soluble anticonvulsant and very rapidly distributes in the 
CNS despite its 90% protein binding (see Figure 27-4). Pheno-
barbital is less lipid soluble and is 50% protein-bound, and ther-
apeutic effects may take as long as 15 minutes to be achieved. 
Löscher and Frey31 described the relative half-times to penetra-
tion of anticonvulsant drugs into the CSF of dogs. For diazepam 
its active metabolites desmethyldiazepam and oxazepam, clon-
azepam, and ethosuximide, the distribution half-time was 3 to 
7 minutes, compared with 12 to 18 minutes for valproic acid, 
phenytoin, phenobarbital, and carbamazepine. In contrast, 
distribution half-time for primidone, its metabolite phenyl-
ethylmalonamide, and the active metabolite of carbamazepine  

(i.e., carbamazepine-10, 11-epoxide) was 40 to 50 minutes. 
Lipophilicity, rather than extent of protein binding or degree of 
ionization, was the major determinant of the rate of distribution.

The role of P-glycoprotein and other ABC transporters in 
CNS drug distribution is well recognized, being present at both 
the blood–brain and blood–CSF barriers. The efflux pumps, 
often accompanied by drug-metabolizing enzymes, contrib-
ute to the poor CNS drug penetrability. However, Mealey and 
coworkers32 suggest that the impact of P-glycoprotein is very 
limited at the blood–CSF barrier compared with the blood–
brain barrier in dogs, based on similar penetration of a radio-
labeled P-glycoprotein substrate into the CSF, but not brain, of 
normal (wild-type) dogs compared with ABCB1 knockout dogs. 
The role that efflux pumps contribute toward epilepsy, particu-
larly refractory, is emerging.2 Increased concentrations of Ppg 
are associated with seizures and refractory in human patients. 
In animal models of refractory epilepsy, efflux pump inhibi-
tors have been associated with an increase in drug response. 
Yet several studies have demonstrated that the anticonvulsant 
drugs often are not substrates for Ppg. Using a canine osteosar-
coma cell line, West and Mealey4 demonstrated that diazepam, 
gabapentin, lamotrigine, levetiracetam, and phenobarbital were 
weak substrates, whereas carbamazepine, felbamate, phenytoin, 
topiramate, and zonisamide were not substrates. However, 
other factors may affect the state of P-glycoprotein. For exam-
ple, glutamate induces P-glycoprotein expression, which may 
contribute to a pre-epilpetic condition. Pekcec and coworkers33 
demonstrated upregulation of P-glycoprotein in dogs after an 
episode of SE. Furthermore, a number of other transporters may 
exist in the brain that might also affect anticonvulsant drugs.

Lipid solubility, which characterizes many anticonvulsants, 
necessitates hepatic metabolism if the drugs are to be elimi-
nated. Metabolism of anticonvulsant drugs can have a profound 
effect on therapeutic success. The effect in part depends on the 
sequelae of phase I metabolism on the particular drug (i.e., 
inactivation, activation, or generation of toxic compounds). 
The rate of metabolism of anticonvulsants is variable: Pheno-
barbital is slowly metabolized, characterized by a long half-life, 
whereas diazepam is metabolized rapidly and is character-
ized by a short half-life (Table 27-4). The rate of metabolism 

KEY POINT 27-6 Bioequivalence required of human drugs 
may not translate to bioequivalence in animals.

Table 27-3   Doses of Drugs Used To Treat Disorders of the Peripheral or Central Nervous 
System—cont’d

Drug Indication Dose Route Interval (hr)
11-22 mg/kg (C) PO 8. Not effectively converted 

to phenobarbital in cats.
20 mg/kg (C) PO 12

Propofol Refractory status epilepticus 0.1-0.6 mg/kg IV, CRI To effect
Taurine Anticonvulsant (adjuvant) 5 mg/kg (D) PO 12

Anticonvulsant (adjuvant) 500 mg/cat PO 12
Tetanus toxoid Tetanus treatment 0.2 mL (test dose) SC Once. Watch for anaphylaxis 

× 30 min.
Topiramate Anticonvulsant 5-10 mg/kg PO 12
Valproic acid Anticonvulsant 25-65 mg/kg PO 8 (monitor)
Zonisamide Anticonvulsant 3-8 mg/kg PO 12 (monitor)

PO, By mouth; D, dog; IV, intravenous; C, cat; IM, intramuscular; CRI, constant-rate infusion; SC, subcutaneous.
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Table 27-4   Pharmacokinetics of Selected Anticonvulsant or Antiepileptic Drugs in Dogs or Cats

Species
Dose  
mg/kg Route

Cmax 
μg/mL

Tmax 
hr

Vdss 
L/kg

Cl  
mL/min/kg

ke 
hr (-1)

HL  
hr MRT F

Bromide (Na+, K+) Dog(n=4; 0.2%) 14 PO 80** 0.6 69±22 D
Dog (n=4; 0.4%) 14 PO 96 1 46±6 D
Dog (n=1.3%) 14 PO 85 0.7 24±7 D

Carpamazepine138 Dog 40 PO-liquid 32 nmole/mL  
(30-64)

0.48(0.37-0.63) 1.45(1.1-1.9)

PO-tablet 16 (8.5-30) 1 0.43 (0.36-0.52) 1.6(1.3-1.9)
(carpamazepine 10,11 

epoxide)
PO-liquid 48(28-84) 0.255-0.45 2.2(1.6-3.1)

PO-tablet 29(14-60) 3.7(2.3-5.9) 0.099-0.25 2.8-7
Clonazepam105 Dog 0.2 IV 0.110±0.26 (Co) 2.1(1-4.5) 2.15±0.66 19(12-90) 0.53+0.115 1.4±0.34 0.013

PO 0.012(0.012-0.032) 4.2(2.9-6.3) 0.51+0.131 1.4±0.34
Clorazepate101 Dog (n=3) 2 IV 0.1-0.54

PO 0.03-0.05 1 to 3
Diazepam96,97,99 Dog 2 IV 2.4 (1-3) (Co) 5.6±1.3 19±4.2 0.22(0.14-0.33) 3.2 (2.1-4.9)
Desmethyldiazepam IV 1.1 (0.7-1.5) 0.19 (0.12-0.29) 3.6(2.4-5.6)
Oxazepam IV 0.1 (0.076-0.15) 0.12(0.094-0.16) 5.7(4.4-7.3)

PO 0.135(0.065-0.280) 0.33(0.21-0.51) 2.1(1.3-3.3) 0.01-0.03
Desmethyldiazepam PO 1.2 (0.75-1.9) 0.7(0.2-2.4) 0.2(0.17-0.23) 3.4 (2.9-4.1)
Oxazepam PO 0.125(0.079-0.2) 2.2(1-4.6) 0.13(0.1-0.16) 5.3 (4.2-6.6)
Ethosuximide140 Dog 40 IV 68±9 (Co) 0.75-1 0.59±0.066 0.42±0.09 0.042±0.12 17±3.9

40 PO see text 1 to 2 0.04±0.008 18±5.1 91±2.8
Felbamate Dog (n=20F) 60 PO 52.9±8.6 2 (1.6-2.5) See text See text 4.68±1.09

Dog (n=20M) 48.6±8.4 See text See text 6.71±1.64
Gabapentin 163 Dog (n=4;  

Beagle)
600/dog PO-IR 32.5±4.4 0.229±0.016 3.1±0.2

PO-SR 27.2±1.8 2 0.196±0.02 4.0±0.6
Lamotrigine 4.7±1.6
Levetiracetam174,175 Cat 20 IV 37.5±6.8 4,8±2.3 0.53±0.09 2.0±0.6 2.9±0.7 4.6±0.9

20 PO 25,5±8.0 2.95±1.0 5.65±1.25 1
Dog 60 IV 254±81 2±0 0.48±0.08 1.4±0.28 4±0.82 6±0.9
Dog (Hound;  

n=6)
20 IV 37±5 N/A 0.55 55 mL/min 3±0.3

20 IM 30±3 113±13
20 PO 30±4 100±7
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Oxycarbazepine 2.3±0.3
Phenobarbital40, 44,43, 48 Dog (n=8) 5.5 IV 8.25 0.7±0.15 5.6±2.3 96±23 124±34

Dog (n=8) 15 IV 19.75 0.69±0.15 6.7±0.8 72±15.5 106±23
Dog (n=8) 5.5 PO 7 0.88
Dog (n=8) 15 PO 19.5 0.97
Dog (n=6) 2 (tid) × 5 

days
PO 13-24 1.67±1.73 53±15

Dog 15 IV 21± 2.1 (Co) 0.68±0.029 7.0±1.3 0.011±0.0028 64±15
10 PO 15(14-17) 0.014 (0.0112-

0.0157)
91(86-96)

Phenytoin188,190-192 Dog (n=10) 11 IV 12.9 (Co) 0.85 0.212 3.65
Dog (Bassett; n=6) 15 IV

30 PO 2.66-7.9
10 PO 0.99-1.94

Dogs 15 IV 10±0.95 (Co) 1±0.91 2.8(2-3.8) 4.4±0.78 36 (19-68)
Kitten 3 IV 1.1 41.5
Dog (Beagle, n=5) 12 IV X 5 d Appr 12 1.14±0.15 0.42±0.03 1.89±0.11 2.6±0.12

Primidone83 Dog 10 IV 12.6±3.6 (Co) 0.815±0.27 0.375 1.85
Dog 30 PO 10.5 (7.5-15) 0.058 (0.044-0.07) 10 (9.3-11.5)
Beagle 30 PO 17±4.7 0.138±0.02 5.1±0.81

PEMA 10 IV 14±4.2 6(4-8) 0.73±0.2 0.0098 7.1
Topiramate201 Dog (Beagle; n=1) 10 IV 1.1 6.5

Dog (Beagle; n=4) 10 PO (tablet) 9.2±1.8 2.4+2.5 3.7±0.2 33
40 PO 45.4±10.8 1.4+0.3 2.6±0.3
150 PO 137.7±47.8 3.9±1.8 2.9±0.6

Valproic acid202 Dog 20 IV 85 (Co) 0.31±0.97 3.03±0.74 0.35 to 0.46 1.5-2.8
20 PO (sol) 30-60 19 89±8.2
40 PO (tablet) 30-75 42 78±17

Zonisamide217,218 Dog 6.9 IV 8.4±2.7 1.2±0.5 0.9±0.4 16.4±7.8 22.4±7.8
10.3 PO 13.2±2 17.4±4.9 26.8±6.6 68±12
10 (bid)  

for 12 wk
PO 52±8.7 2.5±0.65 0.03±0.01 21.4±5.4

Cat 10 PO 13(
13.1 (10.1-14.3) 31.5(21.3-

22.8)

Cmax, Maximum concentration; Tmax, maximum time; Vdss, volume of distribution at steady state; Cl, clearance; ke, elimination rate constant, HL, half-life; MRT, mean residence time; PO, by mouth; D, dog; IV, intravenous; F, female; M, male; 
N/A, not applicable; IR, immediate release; SR, sustained release; IM, intramuscular.
*Multiple dose.
**Normally reported in mg/mL
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Figure 27-5 Phase I metabolism of diazepam yields metabolites of active, although less potent, metabolites. Clorazepate is 
metabolized in the stomach. Desmethyl diazepam, nordiazepam.

may vary markedly among species: Phenytoin is metabolized 
slowly in humans but is characterized by a half-life of less than 
2 hours in dogs. Phase I metabolism often yields an active com-
pound; anticonvulsant efficacy of the metabolite may be equal, 
greater, or less than that of to the parent drug. Primidone must 
be metabolized to its active metabolite, phenobarbital before it 
is effective in dogs. Clorazepate, a benzodiazepine, is a prodrug 
derivative of a diazepam metabolite that is converted in the 
stomach to its active form (Figure 27-5). Although diazepam 
is rapidly metabolized, its duration of pharmacologic effect is 
prolonged because most of its metabolites have some degree of 
anticonvulsant effect. The half-life of the metabolites may also 
be longer than those of the parent compounds.

Hepatic metabolism affects both efficacy and safety, in part 
because of its influence on fluctuation of drug concentrations 
during the dosing interval. Although it is clearance (regardless 
of hepatic or renal) that physiologically affects drug concen-
trations throughout the dosing interval, half-life is the prac-
tical pharmacokinetic measure of its impact (Box 27-1; see 
also Chapter 1). Neither antiepileptic efficacy nor safety of an 
anticonvulsant drug should be evaluated until at least 87% of 
steady-state concentrations has been reached, plus one seizure 
interval (such that the brain is challenged; see Table 27-1). 

Every time a dosing regimen is changed, a new steady-state 
equilibrium should be reached before final reevaluation. The 
time that must elapse before steady-state concentrations and 
maximum therapeutic response can occur may be unaccept-
ably long for patients suffering from severe, life-threatening 
seizures or from unacceptable adverse effects to the initial 
antiepileptic drug. For such patients a loading dose might be 
administered such that therapeutic antiepileptic drug concen-
trations are achieved rapidly. The amount of the loading dose 
necessary to achieve steady-state concentrations (not equilib-
rium) increases proportionately with the half-life of the drug to 
be loaded: The loading dose is a sum of all the daily doses that 
would have been administered before steady state occurs, less 
any drug that will be eliminated from the body during that time 
period. The major disadvantage of a loading dose is the sud-
den effect of therapeutic concentrations in the CNS; no time 
is allowed for adaptation, and adverse effects (sedation, ataxia) 
are more likely than with gradual increases in drug concentra-
tions. The maintenance antiepileptic drug dose that follows the 
loading dose is designed to maintain concentrations achieved 
by the loading dose. Both loading and maintenance doses 
are based on population disposition parameters; monitoring 
should be used to ensure that dosing regimens achieve targets 
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for the patient. Generally, antiepileptic drug monitoring is indi-
cated immediately after the loading dose is completed (e.g., the 
next day). Patients should be monitored again one half-life later 
to ensure that the maintenance dose is able to maintain con-
centrations achieved with the loading dose. If the maintenance 
dose does not maintain what is achieved with the loading dose, 
the majority of the change as new steady state is reached with 
the new dose will occur during the first half-life of the drug.

SAFETY

The safety of anticonvulsant drugs is profoundly affected by 
metabolism, not only by virtue of short elimination half-lives 
(for some drugs) but also because of toxicity. Phase I metabo-
lites, by their nature, are reactive. Although intended to prog-
ress to phase II metabolism (with subsequent detoxification, 
particularly by glutathione), some reactive metabolites can 
interact with and damage surrounding tissues; concentration in 
the liver can lead to predictable (type A or type I, also referred 
to as “intrinsic”) hepatotoxicity. Thus the risk of hepatotoxic-
ity is likely to be increased with dose and frequency of admin-
istration.However, idiosyncratic toxicity (i.e., neither dose nor 
duration dependent) may also be the sequelae of a metabolite. 
Although dogs receiving chronic anticonvulsant therapy often 
develop abnormalities in serum biochemistries and hepatic 
function tests,34-36 only about 15% of dogs receiving long-
term anticonvulsant therapy have been estimated to be at risk 
to develop serious hepatotoxicity. This risk is, however, greatly 
increased if drug concentrations approach the maximum thera-
peutic range. Primidone is probably most commonly associated 
with hepatotoxicity in dogs, followed by phenobarbital and then 
phenytoin in combination therapy.34-36 One of the many reasons 
that phenytoin is no longer used as an anticonvulsant in dogs is 
hepatotoxicity. The risk of hepatotoxicity is discussed with each 
individual anticonvulsant. Toxicity may be enhanced by concur-
rent administration of drugs (e.g., phenobarbital) that induce 
drug-metabolizing enzymes and therefore increase the forma-
tion of potentially toxic (particularly phenytoin) intermediates.

Selected anticonvulsants (including phenytoin, phenobarbi-
tal, and zonisamide) can affect thyroid hormones; testing before 
initiation of anticonvulsant therapy might be prudent. Mecha-
nisms include displacement from binding proteins (e.g., phe-
nytoin), increased peripheral metabolism (e.g., phenobarbital), 
or decreased synthesis (e.g., zonisamide).These effects are dis-
cussed with the individual drug. Several anticonvulsants have 
been associated with changes in serum lipids (e.g., phenobarbi-
tal, carbamazepine, valproic acid) in both dogs37 and humans.38

DRUG INTERACTIONS

Most drug interactions involving antiepileptic drugs occur 
at the level of hepatic drug-metabolizing enzymes. Hepatic 
metabolism increases the risk of drug interactions; use of any 
drug metabolized by the liver should be lead to a focus on 
potential drug interactions. For some anticonvulsants (espe-
cially phenobarbital), drug interactions and sequelae have 
been well described; both induction and inhibition of drug-
metabolizing enzymes have been reported. Phenobarbital is 
the most potent hepatic drug-metabolizing enzyme inducer 
known and will increase the rate and extend of hepatic metab-
olism of many drugs, including phenobarbital. Combinations 

Impact of Dosing Interval and Half-Life
The shorter the half-life of the drug compared with the dosing 
interval, the more drug concentrations will fluctuate during a 
dosing interval; the longer the elimination half-life is compared 
to the dosing interval, the less fluctuation and the more accumu-
lation across time. For example, if the half-life of phenobarbital 
approximates 72 hours in dogs, 50% of the first dose remains in 
the body by the sixth dose if the drug is given twice daily. Con-
sequently, phenobarbital accumulates across time and will con-
tinue to do so until a steady-state concentration is reached. With 
a 72-hour half-life, only a small amount of each dose is eliminated 
during a 12-hour dosing interval—that is, before the next dose is 
administered. Accordingly, peak and trough concentrations will 
vary little during a 12-hour dosing interval, as long as the half-life 
does not dramatically shorten (i.e., due to induction). As steady-
state equilibrium is reached (three to five drug half-lives), accu-
mulated phenobarbital concentrations will be much greater than 
concentrations were after the first dose. The magnitude of accu-
mulation (i.e., maximum drug concentration after the first dose 
compared with steady-state concentrations) increases as the dif-
ference between the dosing interval and half-life increases. Doses 
for such drugs are designed such that therapeutic concentrations 
are achieved at steady state. From a clinical standpoint, response 
to therapy should not be evaluated until steady state is reached; 
however, by one half-life, concentrations should be at 50% of max-
imum, which may be enough to affect seizure activity. For such 
drugs each daily dose contributes little to the total amount of drug 
in the animal, and therefore adding a single extra dose in a sei-
zuring (or pre-ictal) patient will generally not affect drug concen-
trations. Rather, a “mini” loading dose generally must be given to 
rapidly increase drug concentrations sufficient to control seizures. 
On the other hand, should the patient miss a single dose (and for 
some drugs, multiple doses), the patient may be “protected” by the 
slow decline in drug concentrations reflecting the long half-life. In 
contrast, for drugs with a short half-life compared with the dos-
ing interval, most of each dose is eliminated between doses. Fluc-
tuation between peak and trough concentrations during a dosing 
interval can be dramatic and dangerous. For example, for a drug 
with a 12-hour half-life, concentrations will fluctuate 50% during 
a 12-hour dosing interval and 75% with a 24-hour dosing interval. 
For such drugs accumulation either does not occur or is minimal. 
Likewise, steady-state equilibrium does not really apply. Because 
each dose essentially achieves the maximum (and minimum) con-
centrations, response to therapy can be assessed rapidly. Likewise, 
should the patient need rapid control, an additional dose may be 
helpful because the total amount of drug in the body is generally 
provided with each dose. However, should a dose be missed for 
such drugs, a rapid decline in drug concentrations can precipitate 
seizures, including status epilepticus. 

Box 27-1 KEY POINT 27-7 The impact of drug half-life on therapeutic 
efficacy may be profound. Attention to detail becomes 
more important for drugs with a short half-life.
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of anticonvulsants can lead to unpredictable effects on drug 
metabolism. Antiepileptic drugs metabolized by the liver like-
wise can be affected by other drugs that alter drug-metaboliz-
ing enzyme. Cimetidine, ketoconazole, and chloramphenicol 
are drugs that decrease drug metabolism and have the poten-
tial to profoundly increase concentrations of the anticonvul-
sant. Drug interactions may also involve P-glycoprotein or 
other efflux transporters.2 The impact of these interactions is 
an emerging area of research for antiepileptic drugs.

Drug interactions also can occur for drugs renally excreted, 
as is exemplified by bromide and drugs that affect urine chloride. 
Drug–diet interactions also have been described for bromide.

THERAPEUTIC DRUG MONITORING

Therapeutic drug monitoring can be a critically impotant tool 
in the successful control of the difficult epileptic patient. How-
ever, not all anticonvulsant drugs can be nor need be monitored 

(see Chapter 5). For example, a therapeutic range must be 
established for the drug (and, if established in humans, be rele-
vant for dogs or cats), and response must correlate with plasma 
drug concentrations. An easy, cost-effective assay that requires 
minimal sample handling must be available. Among the anti-
convulsants to be discussed, automated assays are available for 
several anticonvulsants whereas more tedious and thus costly 
assays (e.g., high performance liquid chromoatography) must 
be implemented for others. Regardless of the methodology, 
clinician should confirm that the laboratory has validated any 
procedure used to quantitate drug in the target species and 
implements an external quality-assurance program.

In human medicine, the use of therapeutic drug monitor-
ing for newer anticonvulsants (which tend to be safer) is not 
as well established compared with that for older drugs, in 
part because of the lack of generally accepted target ranges 
(Table 27-5). However, Bialer and coworkers27 demonstrated 
a concentration–response relationship for antiepileptic drugs 
in humans, justifying monitoring. Controlled clinical trials 
establishing concentration–response relationships are needed 
in both human and animals to establish therapeutic ranges. 
Currently, the range in serum concentration associated with 
efficacy is large for some drugs and overlaps with toxicity in 
some patients.39 Nevertheless, therapeutic drug monitoring 

KEY POINT 27-8 The clinician should anticipate that the risk 
of drug interactions and hepatotoxicity is directly propor-
tional to the proportion of the antiepileptic drug metabo-
lized by the liver.

Table 27-5   Therapeutic Drug Monitoring Data for Drugs in Dogs or Cats

Drug
Dose1 
mg/kg Route Interval Half-life Time to SS2 MW Therpeutic Range(3)

Low High Units Low High Units

(+)Bromide 25-30 PO 12-24 21-24 d(D) 14 d  
(C) 4-6 (d);  
5-10

2-3 mos 79 1405 3937 mmoI/L 0.8-110,11 311 mg/mL

Clonazepam 70
Clorazepate 0.5-1 PO 8 hrs 4-6 (d); 5-10 <24 hrs 409 367 978 nmoI/L 1503 400 ng/mL
Diazepam 1-2 PO 8 hrs <24 hrs 284 528 1408 nmoI/L 1503 400

0.5-24 IV 5-10 min
5 to 205 

total
IV inf 60 min

Felbamate 15 PO divided 5-8(d) <24 hrs 238.2 125 250 μ/L 30 60 mcg/mL
Gabapentin 10-30 PO 8-12 <14 hrs 2-3 days 171.25 70 120 μ/L 12 21 mcg/mL
Leviteracetam 2-3 170 32 120 μ/L 6 21 mcg/mL
Phenobarbital 2 PO 12 hrs 45-90 (D); 45(C) 2 to 3 wks7 232.2 86 194 μ/L 20 45 mcg/mL

3-6 IM (9-12; d) 2 to 3 days
3-166 

total
IV inf 60 min

6-128 IV slow
Phenytoin 2.5 after multiple 

dosing
<24 hrs 252 40 80 μ/L 10 20 mcg/mL

Pregabalin 3-4 PO 8-12 7 <24 hrs 159 3 9.5 mcg/mL
Topiramate 212.2 15 60 μ/L 2 13 mcg/mL
Zonisamide 4-6 PO 8-12 16-44* 2-3 days 339 35 180 μ/L 10 40 mcg/mL

(+)Bromide (K+) 119
Bromide (Na+) 103
D= Dog
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remains a recognized tool for individualization of drug therapy. 
The author suggests a “start-up”, “follow-up”, “check-up,” and 
“what’s-up” approach to monitoring (Box 27-2). Clearly, moni-
toring should be implemented to avoid toxic concentrations 
and to establish the minimum effective range for the epilep-
tic patient This latter reason is particularly relevant for previ-
ously controlled patients suffering from breakthrough seizures 

(previously well controlled): a decrease in drug concentrations 
compared with baseline should lead to a focus on owner com-
pliance, drug interactions, changes in disposition, and so forth, 
whereas seizures despite no change in concentrations might be 
interpreted as worsening of underlying disease and the poten-
tial need to control seizures more aggressively. therapy not be 
considered failed until trough concentrations are in the higher 

When to monitor:
Start-up: To establish base-line concentrations, and ideally the 

minimum effective concentration for the patient. This is particularly 
important in the patient that subsequently has break-through sei-
zures or a sudden change in clinical signs suggestive of side effects or 
adverse events. Start up monitoring should be designed to establish a 
minmum effective dose such that the patient is not exposed to higher 
than necessary concentrations. Start-up is also indicated to establish 
when a uncontrolled patient has exceeded the maximum therapeutic 
range and further increases in therapy are not likely to contribute 
significantly to seizure control. At that point (and ideally only at that 
point) is combination therapy implemented. Start-up monitoring 
also should be implemented within a day of a loading dose.

Follow-up: Every time a new dosing regimen is implemented the 
patient should be remonitored at steady-state (this might be with-
held until response is realized). A new dosing regimen is defined 
by any change in dose or interval, or the appearance of a patient 
factor that might change drug disposition. This includes transition-
ing from a loading dose to a maintenance dose or adjusting a main-
tenance dose. Monitoring also should be implemented if a change 
is anticipated in the patient that might alter drug half-life and thus 
drug concentrations. Examples include the addition (or discon-
tinuation) of one or more drugs (antiepileptic drugs or nonantiepi-
leptic drugs that can influence the disposition of the antiepileptic 
drug), a change in the diet (e.g., for bromide), or a change in patient 
health such that disposition might change as disease progresses or 
responds to therapy. Determining the most appropriate time point 
for monitoring will be complicated in patients in which drug half-
life has changed and is no longer predicted by sample population 
statistics. For such patients more frequent monitoring is suggested.

Check-up: Monitoring proactively is particularly important for 
patients at risk for therapeutic failure. Monitoring is also important 
as patients age, are placed on diets, etc. The interval of routine mon-
itoring should be individually determined, ranging from 3 months 
in patients with proven history of variability in drug concentrations 
to yearly as part of the annual physical examination.

What’s-up? Monitoring should be implemented if a previously 
controlled patient begins to experience seizures or clinical signs 
emerge suggested of side adverse events. Availability of baseline 
greatly facilitates interpretation. Monitoring helps identify fac-
tors which might cause drug concentrations to change (e.g., drug 
interactions, change in diet, poor owner compliance). Monitoring 
should also be implemented to help clarify the role of disease in 
clinical signs.

Loading dose: If a loading dose is used, drug concentrations 
should be monitored after a loading dose, one drug elimination 
half-life later and, to establish a new steady state, three to five drug 
half-lives later. The sample collected at one drug elimination half-life 
should be equivalent to the loading dose sample; if not, the mainte-

nance dose must be adjusted accordingly. The collection of a sample 
one half-life after a loading dose is minimally useful unless a postload 
sample has been collected; because the patient is not yet at steady state 
with the maintenance dose, plasma drug concentrations are still in a 
state of flux. No loading dose: If a loading dose is not administered, 
and the drug is characterized by a long half-life (i.e., several weeks 
to months until steady state is reached), a sample can be collected 
at one half-life to allow proactive evaluation of the appropriateness 
of a chosen dosing regimen: doubling the concentration measured 
at one half-life predicts baseline steady-state concentrations. If the 
predicted concentrations are not on target, the maintenance dose can 
be adjusted. Otherwise, for most drugs, monitoring can begin with a 
baseline sample collected at three to five drug half-lives.

Number of samples: The need for peak, trough, or both samples 
depends on the half-life of the drug. If the half-life in the patient is 
substantially longer than the dosing interval (we recommend greater 
than 2 to 3 times), peak and trough concentrations will be very simi-
lar, and a single trough sample collected just before a dose is suffi-
cient (e.g., bromide, and for the majority of patients, phenobarbital; 
zonisamide). The trough sample is preferred: not only does it reveal 
the lowest concentration to which the patient is exposed during a 
dosing interval, it also is not impact by absorption and distribution 
and thus is most likely to be consistent for across-time comparisons. 
For drugs that might fluctuate markedly during a dosing interval 
(e.g., levetiracetam, gabapentin, pregabalin, and zonisamide in some 
pateints), both a peak and trough sample should be taken to deter-
mine patient half-life. If the half-live is revealed to be long, then sub-
sequent single trough samples are indicated.

Other considerations: Animals should be fasted before samples 
are collected, particularly for drugs that do not accumulate (i.e., 
those that are characterized by a short half-life). Special handling 
preparations generally are unusual, although each laboratory 
should be called to confirm special handling procedures. Serum 
separator tubes are contraindicated because the silicon separator 
can bind anticonvulsant drugs and falsely decrease serum drug 
concentrations. If used, serum should be immediately harvested 
after centrifugation.149

Interpretation of therapeutic drug monitoring results can be 
facilitated by a clinical pharmacologist. Monitoring should be used 
to identify the therapeutic range for the individual patient.Thera-
peutic failure should not be considered if a patient is having sei-
zures simply because the therapeutic range has been achieved, nor 
should a drug be discontinued or the dose increased if a patient 
is not having seizures despite subtherapeutic concentrations. For 
a patient that is not sufficiently controlled, doses can be gradually 
increased until the maximum range has been reached and the risk 
of adverse affects becomes too great. Many patients require and can 
tolerate concentrations of less toxic drugs (e.g., bromide) that are 
well above the maximum. 

Box 27-2
Therapeutic Drug Monitoring and Antiepileptic Drugs
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end of the therapeutic range. Serum separator tubes should not 
be used for collection of samples intended for therapeutic drug 
monitoring.

ANTICONVULSANT DRUGS

Phenobarbital
Mechanism of Action
Phenobarbital sodium (see Figure 27-4) specifically depresses 
the motor centers of the cerebral cortex, thus enhancing anti-
convulsant properties. Electroshock experiments with cats 
and other species established phenobarbital as one of the most 
potent anticonvulsants available. It has the widest spectrum 
of activity in different convulsive seizure patterns. Many AED 
have been synthesized as structural variants of phenobarbital. 
For example, primidone is a close congener of phenobarbital.

Phenobarbital is the most effective anticonvulsant to delay 
progressive intensification of seizure activity that may accom-
pany epilepsy. Phenobarbital both increases the seizure thresh-
old required for seizure discharge and decreases the spread of 
discharge to surrounding neurons; its primary mechanism is 
enhancement of responsiveness to the inhibitory postsynaptic 
effects of GABA. Interaction of GABA opens a chloride chan-
nel, resulting in higher intracellular concentrations of chloride 
and hyperpolarization of the RMP (see Figure 27-3). Pheno-
barbital also, however, inhibits glutamate activity and prob-
ably calcium fluxes across the neuronal membrane. A study 
that compared CSF concentrations of GABA and glutamate in 
epileptic Labrador Retrievers versus non–Labrador Retrievers 
and in non-epileptic Beagles also compared concentrations in 
those epileptic dogs treated with phenobarbital and those not 
treated.22 Within the non–Labrador Retriever phenobarbital-
treated group, GABA, glutamate, and aspartate CSF concen-
trations were lower compared with those of their untreated 
counterparts. This difference was not detected in the Labrador 
Retrievers treated versus untreated groups; however, only 14 
Labrador Retrievers were receiving phenobarbital, which may 
have limited the power to detect a significant difference.

Phenobarbital might be considered a broad-spectrum anti-
convulsant. Despite introduction of new antiepileptic drugs, 
phenobarbital has generally been the anticonvulsant of choice 
for the cat and dog.17 It is effective in all types of epileptic sei-
zures observed in cats and dogs.

Disposition
As a weak acid (pKa 7.3), phenobarbital is well absorbed after 
oral administration, although peak plasma concentrations may 
not be reached for 4 to 6 hours after administration. The absorp-
tion half-life in dogs is 1.27 ± 0.21 hours.40 With an elimination 
half-life of 0.26 ± 0.18, about 6.4 hours may be required for near 
complete absorption of phenobarbital from the gastrointestinal 
tract. Absorption is 88% to 95% complete.41 Phenobarbital is 

45% bound to serum protein in dogs.42 The volume of distribu-
tion of phenobarbital in dogs is 0.7 ± 0.15 L/kg and 0.7 ± 0.4 in 
cats.43 Approximately 16 days (8 to 15.5 days) of multiple dos-
ing is necessary to attain steady-state serum concentrations in 
the normal (uninduced) animal; however, induction may cause 
this period to be shorter after a change in the dosing regimen of 
an animal already receiving phenobarbital. Maintenance doses 
of 5.5 mg/kg daily (in one to three equal doses) administered 
orally are required to reach an average serum concentration of 
20 μg/mL, according to one study.44

Through microsomal enzyme action, phenobarbital is 
metabolized by oxidative hydroxylation to form hydroxy-
phenobarbital. This metabolite has a weak anticonvulsant 
activity that does not contribute significantly to the action of 
phenobarbital. Hydroxyphenobarbital is rapidly eliminated 
from blood by conjugation with glucuronide and excretion in 
urine of the dog. Up to 25% of the parent drug is eliminated 
renally in dogs. Individual variability in the rate of phenobar-
bital elimination is marked owing to differences in hepatic 
metabolism. Half-life varies not only between and within spe-
cies but also in the same animal, in part because of induction 
(discussed later).

Breed differences may exist in phenobarbital clearance. Frey 
and Löscher42 reported a half-life of phenobarbital at 64 ± 15 
hours in largely mongrel dogs, but 32 ± 4.8 in Beagles; clear-
ance was 7.0 ± 1.3 and 13 ± 1.7 mL/kg/min, respectively. Alka-
linization of urine (pH >7.5) accelerates excretion of unaltered 
phenobarbital by reducing back-diffusion (tubular reabsorp-
tion) through drug ionization.45 Fukunaga and coworkers46 
demonstrated that a twice-daily fed diet containing either 0.6 
gof potassium citrate (pH 7.8 to 8.2) or 0.2 g of ammonium 
chloride (pH approximating 5.9 to 6.5) increased urine clear-
ance of a single dose of phenobarbital compared with a water 
vehicle (pH 6.8 to 7.5) in Beagles (n = 5; female). However, the 
effect did not significantly (statistically nor clinically)impact 
peak plasma drug concentrations (μg/mL: 3.25, 2.96, and 2.97 
μg/mL for water placebo, ammonium chloride, or potassium 
citrate, respectively) or area under the curve. Yet, half-life was 
affected (52, 59.6, and 51.1 hours, respectively), and as such 
peak concentrations might be slightly affected if the drug is 
dosed to steady state.

Phenobarbital is a potent inducer of hepatic drug-metabo-
lizing enzymes and is capable of increasing the rate of clearance 
of other drugs metabolized by the liver as well as increasing its 
own rate of metabolism.47 In the dog phenobarbital (2 mg/kg) 
administered orally 3 times a day for 5 days results in an 
elimination half-life between 37 and 75 hours, with a mean 
elimination half-life of 53 ± 15 hours.44 After a single 5-mg/kg 
intravenous dose, clearance is 5.6 to 6.6 mL/kg per hour, and 
elimination half-life is 92.6 ± 23.7 hours in dogs40 and 47 ± 3 
hours after oral administration (5 mg/kg) in cats. The effects 
of multiple doses of phenobarbital were documented by Ravis 

KEY POINT 27-10 The efficacy of phenobarbital must be 
balanced with the risk of liver disease, which increases as 
drug concentrations increase.

KEY POINT 27-9 Among the most important reasons for 
monitoring antiepileptic drugs is to establish a baseline for 
comparison in the event of breakthrough seizures.
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and coworkers.48 After 90 days of treatment (5.5 mg/kg), mean 
elimination half-life decreased from 88.7 ± 19.6 hours to 47.5 
± 10.7 hours in dogs. In cats 21 days of oral phenobarbital at 5 
mg/kg resulted in a half-life of 43 ± 3 hours.43

Preparations
Phenobarbital is available as either an oral or an injectable 
preparation. Oral tablets contain 0.25, 0.50, or 1 grain (15, 
30, and 65 mg, respectively) phenobarbital. An elixir is also 
available (4 mg/mL) for treatment of very small animals. The 
injectable form is intended for intravenous use but can be given 
intramuscularly and rectally. Under the 1970 Controlled Sub-
stances Act, phenobarbital is classified as a Schedule IV drug.

Clinical Use
Phenobarbital is reportedly effective in 60% to 80% of canine 
patients suffering from epilepsy if serum concentrations of 
the drug are maintained within the recommended thera-
peutic ranges of 20 to 45 μg/mL.49 This is consistent with the 
early work of Farnbach,50 who reported that the concentra-
tions of phenobarbital necessary to control seizures (control 
defined as interictal interval prolonged at least twice that of 
the pretreatment period). Concentrations considered effective  
(n = 22) ranged from extremes of 6.5 to 81.3 μg/mL, with oth-
ers ranging from 14.2 to 46 μg/mL (mean 23 μg/mL); however, 
concentrations not associated with control (n=20) ranged 
from 4.7 to 42 μg/mL. Efficacy might be higher if therapeutic 
failure is not considered until the maximum end of the range 
(i.e., 35 to 45 μg/mL) has been reached (Figure 27-6.). The 
author has reported 85% efficacy in eradication of seizures in 
spontaneous canine epilepsy with phenobarbital concentra-
tions at 25.4 ± 5.7 μg/mL with such an approach.28 In this same 
study, phenobarbital was found to be superior to bromide for 
first choice control of seizures in dogs (see the discussion of 
bromide). Phenobarbital has been used successfully to treat 
hypersialosis.51

Patients should not considered refractory to phenobar-
bital therapy until plasma concentrations reach 35 to 40 μg/
mL unless unacceptable side effects persist at lower concen-
trations. However, because of the potential for phenobar-
bital-induced hepatotoxicity, the author often recommends 
adjuvant therapy once phenobarbital concentrations exceed 25 
μg/mL in an uncontrolled dog. The dose necessary to achieve 
target concentrations may vary dramatically among dogs and 
in the same dog across time because of differences or changes 
in drug disposition. Changes are likely to reflect, in part, 
induction of drug-metabolizing enzymes; monitoring should 
occur 1 to 2 months after baseline is established to detect the 
possible impact of induction. Measurement of both a peak 
and trough sample can detect a short half-life; for patients in 
which phenobarbital half-life is 24 hours or less, the same or 
a slightly higher (e.g., 25% increase) total dose divided into 
8-hour rather than 12-hour intervals may minimize fluctua-
tion of plasma drug concentrations. Clearly, once-daily dosing 
should be avoided in the face of induction that decreases half-
life to 36 hours or less. Phenobarbital elimination half-lives of 
9 to 12 hours have been documented in the author’s laboratory 

in some dogs that have been receiving phenobarbital for sev-
eral months.

Phenobarbital can be administered intravenously for acute 
control of seizures, although a lag time (i.e., 20 to 30 minutes) 
may be observed before control of seizures. An intravenous 
loading dose of 12 mg/kg is designed to achieve therapeu-
tic concentrations (20 μg/mL) immediately; the dose can be 
decreased proportionately (on the basis of serum phenobar-
bital concentrations) if the patient is currently receiving phe-
nobarbital. Alternatively, the calculated dose can be given in 
four to six equal hourly doses. Collection of a postload moni-
toring sample would be prudent once seizures are controlled; 
this sample can provide a target for maintenance therapy. A 
second sample 2 or 3 days later should be used to assess the 
oral maintenance dose. If used in combination with intrave-
nous diazepam (for its more immediate effects) to prolong the 
control of seizures, the phenobarbital dose might be adminis-
tered intramuscularly to avoid respiratory and cardiovascular 
depression. Once seizures are controlled with phenobarbital 
alone, monitoring should establish the target concentration 
for chronic therapy in the patient.

Limited information is available regarding the use of phe-
nobarbital in cats. Phenobarbital administered at 6 mg/kg 
daily was useful in suppressing experimentally induced hip-
pocampal generalized seizures in cats; drug concentrations 
ranged between 15 and 25 μg/mL. After-discharge was totally 
suppressed in 33% of cats at 35 to 50 μg/mL (12 mg/kg daily). 
However, phenobarbital was less effective for amygdaloid-kin-
dled seizures.52

Drug Interactions
Hepatic microsomal enzyme activity, especially mixed-
function oxidase (cytochrome P450 [CYP]) induction, is 
accelerated by phenobarbital.53-56 Enzyme induction by phe-
nobarbital appears to be dose related.57 Long-acting barbitu-
rates are better inducers of microsomal enzyme activity than 
are short-acting compounds. For example, compared on a 
molar basis, phenobarbital has been described as the most 
potent enzyme stimulatory agent known,58 whereas pento-
barbital and thiopental sodium are less potent inducers of 
microsomal enzyme activity, in part because duration of ther-
apy dose, and thus impact, is limited. Enzyme induction may 
take weeks to months and may occur with each dose increase. 
Induction has been documented in dogs59-62 but apparently 
not in cats. Although it may occur occur in the latter species, 
saturation of drug met. Phenobarbital was associated with a 
twofold increase in CYP protein and increased clearance of 
the hepatic metabolism marker antipyrine in Beagles treated 
with 5 mg/kg orally every 12 hours for 35 days. Among the 
CYP isoenzymes characterized by an increase in activity were 
CYP1A, CYP2B, CYP2C, and CYP3A; in contrast, CYP2D did 
not appear to increase.63

KEY POINT 27-11 The long half-life of phenobarbital pre-
cludes rapid response unless a mini “loading” dose is 
administered.
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Seizures

Seizures �1/month

First choice drug*

Refractory to
monotherapy

Add second drug

Phenobarbital

Single seizureDon’t treat?

Dose 15 mg/kg bid
Monitor trough
  3 weeks (50% baseline)
  12 weeks (baseline)
Initial target
  Mild: 1 mg/ml
  Moderate: 1.5-1.75 mg/mL
  Severe: 1.5-2.5 Bromide

Controlled Not controlled

Increase dose 25-50%
to PDC 0.5 mg/mL
Monitor at 3 (ideal)

and 12 (baseline) wks
Repeat until patient develops

unacceptable side effects or further
increases are not likely to control
seizures (i.e., PDC at or above

maximum theraputic range)

Dose and monitor
as with monotherapy

Monitor
  Every 6-12 mos

prior to and 3 weeks
after change in chloride
content caused by diet

change (amount or
content) or medication

Felbamate

Monitor hepatic
function

Increased risk of
hepatic disease if

combined with
phenobarbital

Zonisamide
(*alternative first choice)

Monitor baseline thyroid function
Initial dose 3 to 5 mg/kg bid
Initial target 10 to 15 µg/mL

Monitor at 2 weeks: Peak and trough or trough only

Controlled: Monitor trough sample at 6 to 12 months

Uncontrolled: Increase dose by 25 to 50% increments
targeting and increase in 5 to 10 µg/mL with each

dose increase.  Monitor 2 weeks after each dose change.
Continue incremental increase until side effects or
further increase is unlikely to increase response

(�50 µg/mL)
Monitor thyroid function as concentrations exceed

maximum therapeutic range
Consider monitoring bicarbonate

Failed therapy
Add third drug

Figure 27-6 Algorithm for modification of anticonvulsant dosing regimens. The goal of monitoring in a stepwise fashion is to 
achieve adequate control of seizures with the lowest plasma drug concentration possible. This approach minimizes side effects 
and drug interactions and may allow for the least adaptation by the brain. The highest concentration is generally not initially cho-
sen, particularly for drugs associated with side effects. Combination therapy generally should not be pursued until monotherapy 
fails (i.e., seizures remain unacceptable despite drug concentrations at the maximum end of the therapeutic range, or in the 
presence of unacceptable side effects). If initial combination therapy fails, a third drug may be necessary. If the patient responds 
to combination therapy and if seizure history warrants doing so, the drug that is least effective or associated with the most side 
effects might be gradually discontinued. Monitoring during withdrawal might be prudent to determine the minimum effective 
concentration necessary to control seizures should the patient develop breakthrough seizures. Should grogginess emerge with 
the addition of a second or third anticonvulsant drug, a 25% decrease in the drug most sedative and with the shortest half-life 
should be considered.
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Induction does not immediately resolve once a drug is dis-
continued: For example, once phenobarbital initiates induc-
tion, up to 7 months may be required for complete resolution 
in the dog. Fukunaga and coworkers64 demonstrated that anti-
pyrine clearance was increased in response to phenobarbital at 
4 weeks but not 6 weeks in dogs receiving 5 mg/kg of pheno-
barbital twice daily. Clearance was increased by close to 60% 
during phenobarbital therapy. Interestingly, volume of distri-
bution increased almost threefold, and half-life increased, as 

did mean residence time, despite the change in clearance. The 
investigators did not include a control group that did not receive 
phenobarbital, complicating interpretation. Clinically, as per 
the author’s therapeutic drug monitoring laboratory, however, 
induction often decreases the elimination half-life and thus 
duration of therapeutic response to other drugs metabolized 
by those enzymes induced by phenobarbital (see Chapter 2). 
In the dog, experimental documentation includes digoxin and 
digitoxin44,65,66 and thiopental.67 However, induction does not 

Seizures

Seizures �1/month

First choice drug*

Refractory to
monotherapy

Add second drug

Bromide

Failed therapy
Add third drug

Dose 3 mg/kg bid
Monitor trough
  2 to 4 weeks baseline
Initial target
  Mild: 10-15 µg/mL
  Moderate: 15-20 µg/mL

Phenobarbital

Not controlled
Increase dose 25-50%

to PDC 5 mg/mL
Monitor at 2 to 4 wks

(baseline)

Repeat until patient develops
unacceptable side effects or

further increases are not likely
to control seizures (i.e., PDC at
or above maximum theraputic

range)

Dose and monitor as with monotherapy
Once seizures controlled, decrease

phenobarbital by 25% if patient gets groggy.
If goal is to d/c phenobarbital, wait 2-4 weeks
plus one seizure interval and monitor prior to

each subsequent 25% decrease

Controlled
Monitor

Every 6 to 12 mos
before and 4 weeks after

additon of drug which targets
CYP450 enzymes

Monitor every 2 to 6 months
hepatic function tests (bile

acids, albumin, BUN) as PDC
�25 µg/mL

Levetiracetam
*(alternative first choice)

Initial dose 10 mg/kg tid
Initial target: trough concentration 7 µg/mL

Monitor as early as 3 to 5 days
Monitor both 2 hr peak and just before next dose trough

such that half-life can be determined
Controlled: Monitor trough sample at 6 to 12 months

Uncontrolled: Increase dose by 25 to 50% increments
targeting an increase of 5 µg/mL in trough concentration with
each dose increase.  Continue until further increase is unlikely

to increase response (�30 µg/mL trough concentration).

Gabapentin
Initial dose 20 to 30 mg/kg

Pregabalin
Initial dose 3 to 4 mg/kg

bid to tid

Monitor in 3 to 5 days

Figure 27-6—cont’d
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KEY POINT 27-12 Phenobarbital is among the most potent 
inducers of drug-metabolizing enzymes. Serum alkaline 
phosphatase also may be induced.

appear to affect thiopentone (thiopental) dose requirements in 
the dog.68 For drugs in which toxic metabolites are produced, 
the induced liver will produce more metabolites; therefore 
potentially hepatotoxic drugs should not be used with phe-
nobarbital. N-Acetylcysteine should be used in cases of drug-
induced acute hepatopathy, regardless of the cause (exceptions 
might be made in the presence of hepatic encephalopathy). 
Longer term support might include s-adenosyl methionine 
(SAMe) or milk thistle as well as other therapies.

Phenobarbital therapy (2.5 mg/kg orally every 12 hours 
for 30 days) was associated with a decrease in the peak con-
centrations of benzodiazepines (diazepam/oxazepam) after 
single-dose administration of 2 mg/kg either intravenously 
(about 10%, from 5963 to 5565 ng/mL) or rectally (about 60% 
decrease, from 630 to 270 ng/mL). However, the target associ-
ated with seizure control (150 ng/mL) was achieved in five of 
six dogs within 8 minutes of rectal administration.69

Side Effects
Behavior. Polyphagia, polydipsia, and polyuria are side 

effects that occur in animals receiving clinical dosages of phe-
nobarbital. The polyuric effect is apparently due to an inhibi-
tory action in the release of antidiuretic hormone. 70 Identical 
sedative side effects are observed in the dog after treatment 
with phenobarbital or primidone (discussed later).17 Dogs 
appear fatigued and listless after receiving either drug; some 
are weak in the rear legs, and ataxia occurs. All of these effects 
may be long lasting and may persist in some cases for the dura-
tion of treatment; however, tolerance to these effects generally 
develops in most dogs 1 to 2 weeks after initiating the dosing 
regimens.

Bone marrow dyscrasias and others. Phenobarbital can 
cause what is an apparent allergic reaction manifested as a 
bone marrow dyscrasia in dogs. Pancytopenia or (more com-
monly) neutropenia is detected after a complete blood count 
in animals that presented with a variety of clinical signs. Bone 
marrow suppression generally resolves rapidly once pheno-
barbital is discontinued.71 Bone marrow necrosis also has 
been associated with phenobarbital. 72 Care should be taken 
to begin an alternative anticonvulsant drug (e.g., bromide) in 
animals that are at risk for worsening of seizures should phe-
nobarbital be rapidly discontinued. It is likely that a metabolite 
is the cause of the dyscrasia; as such, an anticonvulsant mini-
mally metabolized by the liver may be a wiser choice for drug 
replacement. Phenobarbital-induced coagulopathy has been 
reported in the cat.73 Superficial necrolytic dermatitis has been 
reported in dogs receiving phenobarbital.74

Thyroid. Phenobarbital can induce tissue (peripheral tis-
sues and the liver) metabolism of thyroid hormones. Serum 
total thyroxine (T4), total triiodothyronine (T3), free T4, and 
thyroid-stimulating hormone (TSH) concentrations were 
compared in epileptic dogs (n = 78) with seizure disorders 
and treated with phenobarbital (n = 55), phenobarbital and 

 bromide (n = 15), and bromide (n = 8) and clinically normal 
dogs (n = 150). Whereas T3 and TSH total did not differ among 
groups, total and free T4 were lower in phenobarbital and phe-
nobarbital plus bromide compared with concentrations in 
clinically normal dogs. Bromide-treated dogs did not differ 
from clinically normal dogs. Serum total and free T4 concen-
trations were lower than normal (i.e., in the range typical for 
dogs with hypothyroidism) in the dogs treated with phenobar-
bital.75 In a second study of experimental dogs (n = 12), Gieger 
and coworkers76 demonstrated that phenobarbital at 4.4 to 6.6 
mg/kg adminstered orally twice daily for 27 weeks resulted in 
significant decreases in serum T4 and free T4 and increased 
TSH. These changes persisted for up to 4 weeks after discon-
tinuation of therapy.76 Thyroid screens in apparently normal 
animals that yield results indicative of hypothyroidism do not 
necessarily indicate the need for treatment; indeed, overtreat-
ment may result in undesirable CNS stimulation. On the other 
hand, if an animal presents with clinical signs consistent with 
hypothyroidism, replacement therapy may be indicated.

Osteomalacia. In humans long-term (more than 2 years) 
treatment of epileptic patients with selected anticonvulsants 
(phenobarbital and primidone but not phenytoin) has been 
associated with development of osteomalacia; subnormal 
serum calcium is seen in such patients. The mechanism is not 
clear, although accelerated conversion accelerated of vitamin 
D3 to 25-hydroxycholecalciferol (25-OHD3) but not 25-OHD3 
to 1,25-dihydroxycholecalciferol (1,25-(OH)2D3) is a docu-
mented effect of phenobarbital.76

Hepatotoxicity. At high plasma drug concentrations (i.e., 
more than 30 to 40 μg/mL), phenobarbital appears to be hepa-
totoxic.77 Animals whose liver is induced and thus requires 
high doses of phenobarbital to maintain drug concentrations 
in the lower therapeutic range may also be more susceptible to 
toxicity because of increased formation of metabolites. Phe-
nobarbital will also cause nonpathologic changes in hepatic 
clinical laboratory tests because of induction of enzymes. 
Serum alkaline phosphatase (SAP) and the transaminases are 
likely to increase with chronic therapy.34,36,77-79 These are not 
necessarily indicative of liver disease. However, Gaskill and 
coworkers79a suggest that changes in SAP associated with phe-
nobarbital are indicative of hepatopathy rather than hepatic 
disease. Changes associated with true hepatic pathology 
appear to be more likely with primidone (see later discussion). 
Moderate elevations in alanine transaminase and SAP, coupled 
with changes in hepatic function (e.g., serum bile acids, albu-
min, and serum [blood] urea nitrogen) are more indicative of 
hepatic pathology (i.e., liver disease). Hepatic function tests 
(e.g., serum bile acids) should be studied to monitor the devel-
opment or progression of liver disease. Bilirubin has not been 
a sensitive indicator of liver disease induced by phenobarbital 
in the author’s experience; indeed, it generally increases only 
with end-stage liver disease, if at all. Interestingly, decreased 
serum cholesterol levels have occurred relatively early. Liver 
enzymes should not be monitored until several days after a sei-
zure to avoid the impact of hypoxia and other effects on hepatic 
leakage enzymes. Consistent increases in serum bile acids and 
decreased serum urea nitrogen and albumin concentrations 
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are supportive of phenobarbital-induced hepatic disease and 
the need for rapid but cautious withdrawal of phenobarbital in 
concert with initiation of an alternative anticonvulsant. Toxic-
ity can occur within several months but appears reversible if 
the drug is discontinued before fibrotic disease develops.79 The 
incidence of serious liver toxicity might be reduced by avoiding 
combinations of drugs in which more than one is character-
ized by hepatic metabolism, using therapeutic drug monitor-
ing to achieve adequate serum concentrations at the smallest 
dose possible,and evaluating clinical pathology changes every 
4 to 6 months (or more frequently in animals at risk) while the 
patient is receiving therapy. Although liver disease associated 
with phenobarbital therapy has been occasionally noted at 
phenobarbital concentrations ranging from 12 to 25 μg/mL in 
patients being monitored in the author’s laboratory, the direct 
cause and effect was not established.

Decreasing drug concentrations should also reduce the pro-
gression of chronic disease to cirrhotic disease, although what 
constitutes a safe target phenobarbital concentration in these 
patients has not been documented. Bromide therapy should 
be initiated for patients with liver disease (regardless of the 
cause) who must also receive anticonvulsant therapy. Despite 
its ability to cause hepatotoxicity, phenobarbital appears to be 
a safe and effective anticonvulsant if drug concentrations can 
be maintained well below the recommended maximum.

Hypertriglyceridemia. Phenobarbital is among several anti-
convulsant drugs (others being carbamazepine and valproic 
acid) associated with serum lipid profiles in children.38 Effects 
of phenobarbital are described as transient. Phenobarbital has 
been associated with hypertriglyceridemia in dogs.37 Median 
fasting serum triglyceride (mmol/L) was 0.6 (range 0.9 to 1.6) 
for phenobarbital (n = 28) and 0.6 (range 1.2 to 3.6 mmol/L) 
for the combination of phenobarbital and bromide (n = 29); 
compared to non-epileptic control dogs at 0.4 (n = 57) (range 
0.6 to 0.9) not receiving phenobarbital.37 Of the 57 dogs stud-
ied, triglycerides were increased in 33% when compared with 
a reference range established in the non-epileptic dogs. Pheno-
barbital was higher and more variable in dogs receiving phe-
nobarbital with bromide (109 ± 47 μmole/L) only compared 
with dogs receiving phenobarbital alone (83 ± 21 μmole/L). 
Body condition score was significantly related to increased 
triglycerides. Although no correlation was found between 
phenobarbital and triglyceride concentrations, a trend was 
identified between phenobarbital dose and triglycerides. 
However, the control group consisted of normal healthy ani-
mals rather than epileptics not receiving anticonvulsants, and 
an additional study is warranted to address the potential risk 
of higher triglycerides in epileptic dogs receiving phenobarbi-
tal compared to no phenobarbital.

Phenobarbital may be associated with pancreatitis. 
Although studies have focused on bromide , studies support-
ing this association have documented an increased risk in 

patients receiving both bromide and phenobarbital, as well as 
phenobarbital alone.80,81

Treatment of Acute Phenobarbital Toxicosis
Treatment of acute phenobarbital toxicosis is generally sup-
portive. Dogs apparently can tolerate marked acute overdos-
ing (in the author’s experience, concentrations approximately 
150 μg/mL) without persistent effects, once the drug has been 
discontinued. Sedation is the most detrimental effect. Artifi-
cial respiration with oxygen should be administered to pre-
vent respiratory arrest induced. Although less effective than 
oxygen, doxapram or other analeptic drugs might stimulate 
the respiratory center. Alkalinization of the urine accelerates 
renal excretion of phenobarbital because of ion trapping in 
the urine, although this is not easily accomplished.45 Activated 
charcoal effectively accelerates the body clearance of pheno-
barbital.82 When charcoal is administered in the human, the 
biological half-life of phenobarbital is decreased from 110 ± 8 
to 45 ± 6 hours; it increases the total body clearance of pheno-
barbital from 4.4 ± 0.2 to 12.0 ± 1.6 mL/kg per hour.82 Assum-
ing drug metabolizing enzymes are not saturated (threshold 
not known in the dog or cat), the time needed for phenobar-
bital concentrations to decline such that sedation is no longer 
present depends on the drug concentrations (i.e., the extent 
of overdose) and the elimination half-life of the drug in the 
patient. For example, at 150 μg/mL, approximately three half-
lives must elapse before concentrations drop below 35 μg/mL; 
for a 72-hour half-life, 9 days must elapse. Both the magnitude 
and half-life (assuming saturation has not occurred) of phe-
nobarbital can be monitored in an overdose patient; a sample 
should be collected on presentation and again 24 hours later. 
Timing of sample collections must accompany the samples if 
a half-life is to be calculated. A follow-up sample 2 or 3 days 
later can confirm that the original half-life was correct (i.e., 
saturation has not occurred). In cases indicative of acute hepa-
topathy, N-acetylcysteine should be administered, as for acet-
aminophen toxicosis.

Primidone
Primidone is metabolized in the liver to phenylethylmalonic 
acid (PEMA) and phenobarbital (see Figure 27-4).83 Although 
all three compounds have anticonvulsant activities, phenobar-
bital is much more potent and has a longer half-life than prim-
idone and PEMA (and thus accumulates). Thus phenobarbital 
contributes up to 85% of the anticonvulsant activity, and phe-
nobarbital concentrations, not the parent drug, correlates 
with primidone efficacy.49 Frey and Löscher42 studied both 
primidone and PEMA after intravenous and oral administra-
tion in dogs and Beagles (see Table 27-4). Primidone is char-
acterized by a short half-life (6 to 12 hours) compared with 
phenobarbital, although concentrations decrease, presumably 
as a result of induction, after 14 days of therapy. Phenobarbi-
tal reached approximately 65 mmol/mL (11 μg/ml) compared 
with 50 mol/mL for PEMA, with primidone at 14 mol/mL. 
The rate of entry into the CNS ranged from 0.01 to 0.023/min  
for primidone and 0.11 to 0.022/min for PEMA. In 15 epileptic 
dogs,49 primidone administered at a range of 10.6 to 20.3 mg/kg 

KEY POINT 27-13 Hepatic function tests (serum albumin, urea 
nitrogen, and bile acids) should be the basis for diagnosis 
of phenobarbital hepatotoxicity.
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every 8 hours yielded mean phenobarbital, PEMA, and primi-
done concentrations were (presumably at steady state) 31.9, 
16.5, and 0.9 μg/mL, respectively. As such, phenobarbital 
should be monitored rather than primidone, using the pheno-
barbital therapeutic range. Further, all attributes and detrac-
tors previously discussed for phenobarbital generally apply to 
primidone. Primidone has been used in patients refractory to 
phenobarbital at the maximum therapeutic drug concentra-
tion (i.e., 40 μg/mL), but its efficacy in this scenario has not 
been proved.17,84,85 Efficacy may simply reflect improved con-
version to phenobarbital (i.e., animals that are induced may 
metabolize the drug to greater concentrations of phenobar-
bital than generated from administration of phenobarbital 
alone). Farnbach50,86 reported that the concentration of phe-
nobarbital associated with effective anticonvulsant therapy in 
dogs given primidone (n = 12) ranged from 4.8 to 70.7 μg/mL 
(median 27; dose 15.2 to 81 mg/kg daily), compared with inef-
fective concentrations (n = 11), which ranged from 0.3 to 52.8 
(dose 5.5 to 83.3 mg/kg). According to Farnbach,50,86 there is 
no advantage to using primidone rather than phenobarbital 
for control of epilepsy in most dogs.

The conversion ratio of primidone to phenobarbital is 
3.8:1. A patient should receive approximately 65 mg (1 grain) 
of phenobarbital for each 250 mg of primidone. Because this 
rate does not reflect the potential effects of phenobarbital 
(i.e., primidone) induction, however, animals may convert 
primidone to phenobarbital at different rates. Baseline pheno-
barbital concentrations should be established before conver-
sion. Conversion should probably be progressive (e.g., 25% 
change each month) in at-risk patients (i.e., those whose sei-
zure history includes prolonged or cluster seizures). Cats do 
not metabolize primidone to phenobarbital as efficiently as 
dogs.87 Phenobarbital, PEMA, and primidone concentrations 
(μg/mL) were 4.1, 11.5, and 5.1, respectively, in cats (n = 11) 
receiving 20 mg/kg primidone orally twice daily for up to 90 
days. The elimination half-life was 7 hours. Although primi-
done was considered safe, anticonvulsant concentrations were 
not therapeutic. Thus the safety of primidone at effective con-
centrations has not been established in cats, and its use is not 
recommended for the treatment of feline seizures.

Side Effects
All side effects noted for phenobarbital are caused by primi-
done. Primidone may induce nystagmus, nausea, drowsiness, 
and ataxia. According to Schwartz-Porsche et al.,17 polydipsia 
is more common in dogs treated with primidone. In humans 
it is recommended that therapeutic plasma concentrations of 
primidone and its metabolite phenobarbital not exceed 15 and 
30 μg/mL, respectively. Megaloblastic anemia is one of the 
more serious adverse effects of primidone in humans. Pruritis 
characterized by alopecia, scaling, ulceration, pigmentation, 
and fissuring has been recorded in dogs.86

In the dog primidone induces progressive hepatic injury, as 
manifested by increases in liver enzyme values.89 In a clinical 
study, signs of liver toxicity were reported in 14 of 20 dogs.17 
Hepatic cirrhosis associated with primidone and phenobarbi-
tal after 7 years of use has been reported in a dog.90 Primi-
done-induced dermatitis has been reported in a dog.88

Drug Interactions
Drug interactions previously described for phenobarbital also 
occur with primidone. Primidone should not be used concur-
rently with chloramphenicol, which is a potent inhibitor of the 
microsomal enzyme system. Severe CNS depression and inap-
petence occur in the dog after concurrent use of these drugs.91

Pentobarbital Sodium
Pentobarbital sodium (pentobarbitone sodium; Nembutal 
Sodium), administered intravenously, is considered to be the 
most efficacious drug for abolishing refractory SE in the dog. 
Pentobarbital is a general anesthetic (not an anticonvulsant), 
but it is nonetheless an effective drug for control of nonre-
sponsive seizures; extreme care is required not to overdose. 
An added advantage of pentobarbital is its ability to scavenge 
oxygen radicals and decrease cerebral oxygen consumption 
(see later discussion of increased intracranial pressure). The 
effective dose varies considerably from one animal to the next. 
Consequently, pentobarbital is carefully given to effect. Care-
ful monitoring of the cardiovascular and respiratory systems 
is necessary. Prolonged treatment may be necessary for some 
patients; some human patients remain anesthetized for up to 9 
days before seizures are controlled.

In humans tonic–clonic SE, which is refractory to pheno-
barbital, phenytoin, or diazepam, may respond to an intrave-
nous infusion of pentobarbital given continuously for 3 days.92 
It is then discontinued, and oral phenobarbital, along with 
other anticonvulsants, is advocated to control recurring epi-
leptic episodes.

Pentobarbital intoxication has been reported after inges-
tion of drug-tainted tissue. One case report93 described a 
bitch that became intoxicated after consuming a puppy that 
had been euthanized with pentobarbital. Other reports have 
involved zoo animals ingesting food derived from barbiturate-
contaminated horse meat.94

Benzodiazepines: Diazepam, Clorazepate, 
Clonazepam, and Lorazepam
Mechanism of Action
Benzodiazepines enhance the inhibitory effects of GABA in 
both the brain and spinal cord (see Figure 27-2). Thus they 
not only decrease seizure spread but also block arousal and 
centrally depress spinal reflexes (see Chapter 26 for additional 
discussion). In dogs, tolerance to the anticonvulsant activity of 
diazepam develops rapidly, within 1 week, and as such, diaz-
epam is not an effective anticonvulsant for chronic therapy in 
dogs. Intravenous diazepam is, however, the drug of choice for 
the treatment of SE in both dogs and cats, in part because of its 
mechanism bt also because it rapidly crosses the blood–brain 
barrier into the CSF.

KEY POINT 27-14 The use of primidone, a prodrug for phe-
nobarbital, is discouraged because of the increased risk of 
liver disease.
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Disposition
Diazepam is the prototype benzodiazepine used in small ani-
mals. The drug is well absorbed after oral administration but 
undergoes rapid and extensive hepatic metabolism. Although 
only 1% to 3% of diazepam is orally bioavailable, 74% to 100% 
of the drug and all active metabolites are available.42 Diaz-
epam is generally administered intravenously but can also 
be administered intramuscularly, although absorption is not 
predictable using this route. In human pediatric and canine 
patients, diazepam has been administered rectally.95,96

The metabolites of diazepam (nordiazepam [desmethyldi-
azepam] and oxazepam) are active (see Figure 27-4), although 
less so (25% to 33%) than the parent compound. 3-Hydroxyd-
iazepam also is a metabolite, although its anticonvulsant 
activity is not known.96 Although less potent than the parent 
compound, the half-lives of the metabolites are slightly lon-
ger than that of diazepam (3.6 hours for desmethyldiazepam 
and 5.2 hours for oxazepam, compared with 15 minutes for 
diazepam).94,96 After oral administration diazepam undergoes 
rapid first-pass metabolism, with diazepam representing only 
1% to 3% of the total (parent and metabolite) area under the 
curve, compared with 7% to 21% after intravenous administra-
tion. Oral bioavailability of all compounds approximates 74% 
to 100%. After oral administration metabolite concentration 
surpasses that of the parent compound.96 Using a crossover 
study in both mixed-breed dogs (n = 6) and Beagles (n = 4),  
intravenous (0.5 mg/kg) or rectal (2 mg/kg to mixed-breed 
dogs and 0.5 mg/kg to Beagles) administration, and high-per-
formance liquid chromatography to detect either diazepam 
and its active metabolites, desmethyldiazepam (nordiazepam) 
and oxazepam, Papich and Alcorn95 demonstrated that the 
sum total of metabolites will surpass the parent compound. 
Löscher and Frey97 reported that the sum bioavailabililty (%) 
of parent compound and metabolites ranged from 74 to 100 
(median 86). Although rectal bioavailaibity of diazepam was 
only 7.4 ± 5.9% and 2.7 ± 3.2 % for the high and low dose 
(or mixed breed and Beagles), respectively, bioavailability of 
diazepam and its two metabolites increased to 79.9 ± 20.7 and 
66.0 ± 23.8 for the high dose and low dose, respectively. After 
intravenous administration, diazepam was characterized by 
an elimination half-life of approximately of 15 minutes, com-
pared with approximately 2.5 hours disappearance half-life for 
desmethyldiazepam and 3.8 hours for oxazepam. Peak con-
centrations of both diazepam and desmethyldiazepam after 
intravenous administration (0.5 mg/kg) approximated 800 
ng/mL; oxazepam peaked at approximately 350 ng/mL. How-
ever, whereas diazepam concentrations were below 100 ng/
mL within 45 minutes of administration, concentrations were 
above 300 ng/mL (adjusting for 30% potency of diazepam) 
for desmethyldiazepam at 8 hours and oxazepam at 1.5 hours. 
Rectal administration of 2 mg/kg diazepam yielded peak diaz-
epam concentrations of only 75 ng/mL; this compared to peak 
desmethyldiazepam and oxazepam concentrations of approxi-
mately 1600 and 550 ng/mL, respectively. Both desmethyldi-
azepam and oxazepam concentrations remained above 300 
ng/mL at study end (8 hours). As such, rectal administration 
of diazepam can be expected to yield effective anticonvulsant 

activity, with concentrations remaining above the minimum 
recommended for about 8 hours for desmethyldiazepam.95

Diazepam has also been studied in dogs (n=6) after intra-
nasal administration (0.5 mg/kg) either as drops or a commer-
cially available atomizer. Bioavailability approximated 40%. 
Of the two routes, the atomizer was well tolerated. 98 Another 
study diazepam administered IN (0.5 mg/kg; drug measured 
as benzodiazepines) in dogs (n = 6, crossover design) reported 
mean peak plasma concentration of benzodiazepine was 448 
± 41 ng/mL at 4.5 minutes, compared with 1316 ± 216 at 3  
minutes after intravenous administration. Intranasal bio-
availability of benzodiazepine was 80  ±  9%. Plasma drug 
concentrations exceeded the recommended anticonvulsant 
therapeutic concentration (300 ng/mL).99

The generation of active metabolites complicates the util-
ity of therapeutic monitoring for benzodiazepines as a guide 
to therapy because anticonvulsant activity is not necessarily 
correlated with concentration of the parent compound. For 
diazepam all metabolites and parent drugs should be mea-
sured. Methods based on polarized immunofluorescence 
appear to correlate with total activity relatively well but are 
likely to underestimate concentrations by 50% or more;94,95 
the amount of underestimation does not appear to be predict-
able but probably reflects failure to detect oxazepam.

Benzodiazepines enter the CSF rapidly, with peak concen-
trations usually occurring within 15 minutes of intravenous 
administration. The more lipophilic drugs enter CSF most 
rapidly. CSF to plasma drug ratios generally are less than unity, 
although concentrations may stay higher in CSF compared to 
plasma, prolonging the duration nof effect.100 Both diazepam 
and desmethyldiazepam rapidly pass into the CSF.96,101

Diazepam and nordiazepam have been studied in cats after 
intravenous administration of 5, 10, and 20 mg/kg of diaze-
pam and 5 and 10 mg/kg of nordiazepam. Elimination of both 
drugs was linear over the range of doses covered. Total body 
clearance of diazepam (4.72 ± 2.45 mL/min/kg) was sixfold 
greater than that of nordiazepam (0.85 ± 0.25 mL/min/kg). 
Approximately 50% of an administered dose of diazepam was 
biotransformed to nordiazepam in the cat.102

Clorazepate is metabolized in the stomach to its active 
metabolite, nordiazepam (desmethyl diazepam), which is also 
a major, although less efficacious, metabolite of diazepam. 
After oral administration of 2 mg/kg, clorazepate reaches peak 
benzodiazepine concentration of 446 to 1542 ng/mL in dogs; 
mean residence time was 8.5 hours. After multiple administra-
tion, mean residence time was significantly longer (approxi-
mately 12 hours).103 Scherkl and coworkers101 described the 
consequences of long-term use of clorazepate in dogs. After 2 
hours of clorazepate infusion, only nordiazepam was detected 
in CSF. The elimination half-life of nordiazepam ranged from 
7.2 to 12 hours and did not change with 6 weeks of oral ther-
apy. Only nordiazepam and oxazepam were in plasma. Oral 

KEY POINT 27-15 Benzodiazepams tend to be the most rap-
idly acting anticonvulsants and thus are indicated for acute 
seizure management.
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KEY POINT 27-16 Dogs, but not cats, develop tolerance to 
diazepam and will become refractory to its anticonvulsant 
effects after approximately 2 weeks.

doses of 2 mg/kg were associated with ataxia and difficulty 
standing; these signs resolved 3 to 4 days after treatment. 
Concentrations of 0.180 to 0.780 μg/mL were associated with 
decreased seizure threshold. Tolerance was demonstrated in 
two of six dogs, with some, but not total, loss of anticonvulsant 
activity. Withdrawal also was demonstrated by manifestation 
of generalized tonic-clonic seizures in two of six dogs rapidly 
withdrawn from therapy; death occurred in one of the dogs. 
The remaining four dogs exhibited no signs of withdrawal.

Clorazepate anecdotally is an alternative anticonvulsant in 
cats (3.75 to 7.5 mg/cat orally every 8 to 12 hours). However, 
because it is an active metabolite of diazepam in other species, 
its role in diazepam-induced hepatotoxicity cannot be ruled 
out and caution is probably indicated with its use in cats.

Lorazepam is a benzodiazepine derivative used as an anx-
iolytic in human medicine. It has been studied after intrave-
nous and rectal administration in dogs,104 although its role in 
the management of seizures has not been identified. After IV 
administration of 0.2 mg/kg IV, concentrations remained above 
190 ng/mL for 20 min in two of three dogs, and above 30 ng/
mL for 90 min in all dogs. However, lorazepam was not detect-
able after rectal administration of 1 mg/kg, presumably due to 
high first pass metabolism. Lorazepam also has been studied 
after intranasal administration. Lorezpam is absorbed almost 
3 times as rapidly after intranasal administration compared 
with oral administration, yielding a relative bioavailability that 
approximates 2.5 times that after oral administration.105 Mari-
ami reported in abstract form that the IN administration of 0.2 
mg/kg in dogs yielded peak plasma lorazepam concentrations 
of 106 ng/mL compared with 165 ng/mL following intravenous 
administration. Concentrations of lorazepam achieved 30 ng/
mL (effective anticonvulsant target in humans) by 9 minutes 
after IN administration in six of six dogs and remained at or 
above the target for 60 minutes in three of six dogs. Midazolam 
also has been studied after IN administration with IN aadmin-
sitration exceeding oral administration by 2.5 fold.106

Clonazepam (Klonopin) is a benzodiazepine derivative and 
chemically is 5-(o-chlorophenyl)-1,3-dihydro-7-nitro-2H-
1,4-benzodiazepine-2-one (see Figure 27-4). It is more potent 
than diazepam and is used only in the emergency treatment of 
SE in the dog.42 Clonazepam is given orally or intravenously 
(0.05-0.2 mg/kg; the intravenous preparation is not available 
in the United States). Accumulation occurs with continued 
administration. Tolerance develops within days to weeks after 
administration, however, as a result of hepatic enzyme induc-
tion. Consequently, clonazepam, like diazepam, is unsatisfac-
tory for long-term control of epilepsy in dogs. However, it 
might be considered for long-term use in cats (0.016 mg/kg/
day; target concentration 70 ng/mL). The relationship between 
clonazepam and liver disease has not been addressed in cats. 
The disposition of clonazepam has been described in the dog 
(see Table 27-4).107,108

Preparations
Diazepam is available as both an intravenous and an oral prep-
aration; clorazepate is available as an oral preparation and a 
sustained-release preparation.109 It is classified as a Schedule 
IV drug under the 1970 Controlled Substances Act. Clonaz-
epam is available as an intravenous preparation (not in the 
United States) and as oral tablets.

Safety
Sedation is the most common direct side effect of the benzodi-
azepines. Adverse effects (sedation, ataxia, increased appetite, 
and in some cases hyperactivity) are likely to occur if concen-
trations reach 500 ng/mL. An 8-hour rather than a 12-hour 
dosing interval may be indicated to avoid both toxic and side 
effects. Care must be taken not to discontinue benzodiaz-
epines abruptly because of the potential for SE.110

Diazepam may cause hepatotoxicity in cats.111 Reports have 
focused on cats receiving diazepam as an appetite stimulant 
rather than as an anticonvulsant. Manifestations include vom-
iting, depression, jaundice, lethargy, and acute death. Clini-
cal laboratory tests associated with toxicity include increased 
serum alanine transaminase, aspartate transferase, and alka-
line phosphatase activities and increased bilirubin. Toxicity 
does not appear to be associated with the dose or duration. 
Toxicity has not been experimentally induced, suggesting that 
the reaction is idiosyncratic (i.e., nonpredictable).

Physical dependency toward benzodiapenes has been 
described in dogs, with the risk and severity of signs of with-
drawal dependent on dose and drug. Studies that demonstrate 
dependency often are based on precipitation of clinical signs 
after administration of a benzodiazepine antagonist; the sever-
ity of withdrawal also appears to be dependent on the dose of 
flumazenil. Both diazepam and lorazepam can be associated 
with withdrawal in dogs, although only high doses (60 and 
1000 mg/kg per day, respectively, for diazaepam and loraze-
pam) have been studied. Clinical signs included, but were not 
limited to, tremor, “hot foot walking,” rigidity, and decreased 
food intake. Lorazepam withdrawal appears to be much less 
intense but has a shorter latency to onset than the diazepam 
in manifestation of abstinence syndrome. For diazepam, with-
drawal signs include bi-phasic clonic and tonic–clonic con-
vulsions, appearing at 24 and 48 hours. Diazapam syndrome 
was lethal in two dogs studied experimentally. Administration 
of diazepam can reduce but not obliterate the major signs of 
the diazepam withdrawal. The syndrome was worsened by 
the administration of a benzodiazepine antagonist, although 
tonic–clonic seizures were not precipitated112 A follow-
up study described withdrawal after oral administration of 
increasing doses of diazepam administered every 8 hours for 
5 to 6 weeks: 0.05625, 0.225, 0.5625, 4.5, 9, or 36 mg/kg daily 
every 8 hours. Abstinence was precipitated by administration 
of a benzodiazepine antagonist, flumazenil, at 0.66, 2, 6, 18, 
36, and 72 mg/kg, but included a placebo. Withdrawal inten-
sity increased proportionately with the dose of diazepam and 
the dose of flumazenil. The pattern of withdrawal signs varied 
with dogs receiving high doses of diazepam more sensitive to 
flumazenil than those receiving lower doses. Seizure activity 
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occurred only in dogs receiving 9 and 36 mg/kg/day of diaz-
epam. Withdrawal signs increased linearly with plasma and 
brain concentrations of diazepam, oxazepam, and nordiaz-
epam but not with free concentrations of diazepam alone.113

Although desmethyldiazepam (nordiazepam) has been 
theorized to be the metabolite causing physical dependence 
in dogs receiving diazepam (in part because the area under 
the curve for nordiazepam is much greater than that for diaz-
epam),114 follow-up studies using benzodiazepines whose 
area under the curve is not surpassed by nordiazepam suggest 
otherwise.115,116

The ability of flumazenil to induce clinical signs of withdrawal, 
including clonic seizures, in dogs, is well described.114 Flumaze-
nil precipitated withdrawal scores were higher in dogs receiving 
diazepam (and halazepam, which is converted to nordiazepam) 
compared with nordiazepam, although clonic seizures were 
greater in the diazepam- and nordiazepam-dependent dogs, 
compared with halazepam-dependent dogs. The magnitude of 
withdrawal does not appear to reflect a predominance of one 
parent compound or metabolite but rather a combined effect.115 
Oral flunitrazepam at 7.6 mg/kg per day caused more severe 
clinical signs of precipitated withdrawal, compared with diaze-
pam (at 6 to 9 mg/kg every 6 hours) administered in four equally 
divided doses. However, precipitated signs persisted longer with 
diazepam than flunitrazepam, leading investigators to conclude 
that diazepam and flunitrazepam were equivalent in their abil-
ity to produce induced signs of withdrawal. Difference in kinet-
ics, including protein-binding, among drugs and metabolites, as 
well as receptor interactions are likely to play a role in differ-
ences in response. For example, the estimated free plasma con-
centration of flunitrazepam and its metabolites was equal to or 
greater than that of diazepam and its metabolites; further, affin-
ity of flunitrazepam for the benzodiazepine receptor is greater 
than that of either diazepam, nordiazepam, or oxazepam.116 The 
disposition of flumazenil in dogs has been described after oral 
dosing. Rapid absorption is followed by rapid elimination with 
concentrations being essentially nondetectable in 4 hours.117 
Interestingly, benzodiazepine withdrawal induced by flumaze-
nil was described in one study to occur particularly as plasma 
concentrations markedly decreased.117

Drug Interactions
Clinically important drug interactions resulting from chronic 
diazepam therapy have not been reported. Despite reports to 
the contrary,118 interactions between clorazepate and pheno-
barbital appear to confound therapy. In our studies cloraz-
epate consistently increases phenobarbital concentrations in 
patients that have been receiving long-term phenobarbital 
therapy if doses of clorazepate exceed 1 mg/kg every 8 to 12 
hours. The increases are usually evident by the first month of 
therapy but may take longer. It may be necessary to decrease 
phenobarbital doses. Yet clorazepate concentrations tend to 
decrease across time despite no change in dose, presumably 
because of the inductive effects of phenobarbital. As cloraz-
epate concentrations decrease, phenobarbital concentrations 
may also decrease, which may put an epileptic at risk, particu-
larly if the dose of phenobarbital has been reduced.

Therapeutic Use
As in humans, efficacy, including rapidity of onset, coupled 
with lack of toxicity, leads to intravenous diazepam as the first 
drug of choice for control of SE in humans.45 Likewise, diaz-
epam is the drug of choice for emergency treatment of SE in 
dogs and cats.42 However, because of its short half-life, diaz-
epam is likely to have to be repeated once or twice during the 
first 2 hours of stabilization.49 Not surprisingly, various meth-
ods of administration have been recommended in an attempt 
to maintain effective diazepam concentrations necessary  
to maintain efficacy. Intravenous doses vary, beginning at 5 to 
20 mg or 0.5 to 1 mg/kg.42 The dose can be repeated in 1 to 
2 minutes if necessary; giving the same dose intramuscularly 
may provide longer therapeutic concentrations. If a response 
has not occurred after the second dose of the drug, an intra-
venous infusion can be implemented (note that the infusion 
line should first be flushed with the diazepam solution to 
allow diazepam binding to the polyvinyl). Alternative anti-
convulsants might be considered in animals failing to respond 
(discussed later). Patients that respond to the first or second 
dosages of diazepam are carefully monitored, and if SE returns 
within 2 to 4 hours after the initial treatment, the diazepam 
regimen is repeated. Intravenous diazepam may be replaced 
with other benzodiazepines, such as clonazepam (0.05 to 0.2 
mg/kg), toward which tolerance develops more slowly. For cats 
an intravenous dose (5 to 10 mg) generally is given to effect. 
The dose may need to be repeated; up to 20 mg may be nec-
essary. High doses should be injected slowly. Diazepam (0.5 
mg/kg using 5 mg/mL solution) has been used successfully by 
rectal administration for home control of cluster seizures.119

For chronic therapy rapid metabolism coupled with rapid 
development of tolerance precludes long-term treatment with 
diazepam and several other benzodiazepines in dogs.29 How-
ever, compared with diazepam, tolerance does not appear to 
develop as readily to the anticonvulsant effects of clorazepate 
in dogs. Clorazepate has been studied when added to pheno-
barbital in dogs still seizuring despite phenobarbital concen-
trations that exceeded 32 μg/ml (author, unpublished data). 
Seizures were eradicated in about 35% of animals and reduced 
50% or more in another 15%. However, its use in combina-
tion with phenobarbital was complicated by drug interactions 
(including marked fluctuations in nordiazepam disappear-
ance half-life), and an apparent increased risk of hepatotoxic-
ity. Drug interactions between phenobarbital and clorazepate 
may necessitate dose modification in response to changes in 
drug concentrations. The short half-life (which might be doc-
umented with sequential peak and trough plasma drug con-
centration measurements) may increase the risk of seizures 
if drug concentrations decrease below effective concentra-
tions in the patient. The therapeutic range of benzodiazepines 
(including metabolites) in dogs has been extrapolated from 
human studies and does not reflect combination therapy. For 
efficacy, trough concentrations should be maintained at least 
above 100 ng/mL, although monitoring should establish each 
patient’s range. Dogs receiving phenobarbital are likely to 
become groggy when peak clorazepate concentrations exceed 
300 to 500 ng/mL (varying with the patient).
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For chronic control in cats, diazepam can be given orally 
in doses of 2 to 5 mg 2 or 3 times daily; diazepam may be 
increased or decreased in increments of 2 mg with or with-
out phenobarbital. Whereas distribution of diazepam in the 
cat brain reflects blood flow, nordiazepam accumulates to high 
concentrations throughout all brain matter, which may be the 
reason for its efficacy with long-term use.120

Bromide
Bromide is an old anticonvulsant that was used in the 1800s 
for control of seizures. However, it has enjoyed a resurgence 
in veterinary medicine, proving to be an effective add-on anti-
convulsant for refractory (canine) seizures, as well as a sole 
anticonvulsant for some canine patients.

Mechanism of Action
Bromides mechanism of action is not completely under-
stood.121 The original proposed mechanism—replacement of 
negatively charged chloride with bromide in the neuron—is 
unlikely because bromide is less negatively charged than chlo-
ride.122 In vitro, bromide enhances GABA-activated currents, 
leading the authors to conclude that bromide potentiates 
inhibitory postsynaptic potentials of GABA. Regardless of the 
mechanism, the anticonvulsant effects of bromide correlate 
with plasma concentration.123

Disposition
The pharmacokinetics of bromide have been described using 
either the sodium or potassium salt. In a small study, the half-
life in dogs was reported as 21 to 24 days after oral adminis-
tration, suggesting steady-state concentrations being achieved 
only at 2.5 to 3 months.124 Distribution is to extracellular 
fluid,125 yet sufficient quantities penetrate the CNS. Bromide is 
eliminated slowly (presumably as a result of marked reabsorp-
tion) in the kidney. Bromide appears to compete with chloride 
for renal elimination, with elimination appearing to decrease 
proportionately to the amount of chloride in the diet.126,127

Bromide (20 mg/kg bromide; approximately 26 mg/kg 
sodium bromide) has been studied in Beagles as the sodium 
salt after intravenous (n = 4) and oral (n = 4) administration, 
but only at the daily maintenance dose (which is about 1⁄15 to 1⁄20 
the loading dose).128 Dogs received a diet containing 0.4% 
chloride on a dry-matter basis. Elimination half-life after 
intravenous administration was 39 ± 10 days and after oral 
administration, 46 ± 9 days; clearance (reported in ml/kg/
day) was 9 ± 3.9, and apparent volume of distribution (Vd 
area) was 0.45 ± 0.07 L/kg. Oral bioavailability (calculated 
from mean area under the curve from intravenous and oral 
groups) was 46%. A study by the same investigators127 in Bea-
gles measured changes in bromide (sodium; 14 mg/kg orally) 

disposition in response to dietary chloride content (0.2, 0.4, 
and 1.3%, dry-matter basis). Mean apparent elimination half-
life decreased from 69 ± 22 days (0.2%) to 24 ± 7 days (1.3%). 
Predicted maximum drug concentrations were quite variable 
within treatment groups but were profoundly influenced by 
dietary chloride content, ranging from 1.95 ± 1.1 mg/mL at 
0.2% chloride, 1.27 ± 0.36 mg/mL at 0.4% chloride, to a low of  
0.3 ± 0.15 mg/mL at 1.3% dietary chloride.

A study of potassium bromide (20 mg/kg per day bromide 
or approximately 30 mg/kg potassium bromide), mixed as a 20 
mg/mL solution in canned dog food, in Beagles (n = 6) receiv-
ing 0.55 to 0.72% dietary chloride reported a median bromide 
concentration at 115 days of 2.45 mg/mL (low of 1.8 and high 
of 2.7 mg/mL); the time to steady state was not provided, but 
concentrations were within 90% of steady-state concentrations 
by 60 days.129 The median elimination half-life, estimated 
from time to reach steady state, was 15 days (low of 12, high 
of 20 days). Renal clearance (based on 24-hour urine collec-
tion) ranged from 6 to 12 .6 mL/kg per day (median 8.2). The 
median ratio of bromide in CSF to serum at day 9 was 0.63; 
this improved to 0.86 (0.82 to 0.99) by day 120. An increase 
in dose sufficient to generate serum bromide concentrations 
3.4 mg/mL (median; does not provide but designed to target 4 
mg/mL) resulted in an increase in the CSF: serum ratio to 0.86, 
suggesting a greater risk than anticipated of CNS side effects. 
Whereas neurologic side effects were not described at the dose 
of 60 mg/kg per day, caudal paresis and ataxia developed in 
two of six dogs. Electrodiagnostic changes were mild even at 
the high dose; within individual dogs, latency shifts were mild 
and either progressively increased over time or appeared with 
doses designed to target 4 mg/mL.

Bromide was studied (report in progress by the author) after 
rectal administration in normal hound dogs after a loading 
dose (600 mg/kg) of sterile potassium bromide solution (con-
centration 250 mg/mL) over 24 hours, either by 6 intrarectal 
boluses of 100 mg/kg, each every 4 hours, or constant-rate infu-
sion (CRI) throughout the 24-hour period. The average peak 
serum bromide concentration after intrarectal loading was 
0.91 mg/mL (range: 0.81 to 1.11 mg/mL), compared with 1.10 
mg/mL after intravenous loading (range: 0.89 to 1.22 mg/mL). 
The average peak serum K+ concentration during potassium 
bromide loading was 5.80 mEq/L (range: 5.5 to 6.8 mEq/L) 
and 6.14 mEq/L (range: 5.6 to 7.7 mEq/L) for intrarectal and 
intravenous loading, respectively (normal range: 3.5 to 5.5 
mEq/L). The mean half-life (t1⁄2) of intrarectally administered 
bromide was 488.8 hours, or 20.4 days. A side effect of both 
intrarectal and intravenous potassium bromide loading was 
mild sedation, and of intrarectal loading was transient (24 to 
48 hours) diarrhea. Bioavailability (F) of intrarectally admin-
istered bromide for the 24-hour loading period was calculated 
to be 107% for the five dogs. In two dogs overall bioavailability 
(F) of intrarectally administered bromide was calculated to be 
57.7%. Results of this study indicate that potassium bromide 
is well absorbed rectally and that a 24-hour intrarectal loading 
protocol is safe to administer in normal dogs.

Bromide has been studied in cats after oral administration 
of the potassium salt at the lower end of the canine dose. After 

KEY POINT 27-17 As a renally excreted compound, bromide 
is not likely to be involved in drug interactions. However, 
serum bromide concentrations will change proportionately 
and inversely with the amount of chloride consumed by the 
patient.
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a dose of 30 mg/kg, maximum serum bromide concentration 
was 1.1 ± 0.2 mg/mL at 8 weeks. Mean disappearance half-life 
was 1.6 ± 0.2 weeks. Steady state was achieved at a mean of  
5.3 ± 1.1 weeks.129a However, the use of bromide in cats is dis-
couraged due to safety reasons.129a

Preparations and Sources
Bromide is available as a potassium or sodium salt. Triple bro-
mide salt preparations (Na, K, and NH4) also may be available 
through some pharmacies. The accompanying cation does 
not appear to alter efficacy, although sodium bromide is more 
difficult to solubilize in water than is potassium bromide. In 
addition, because potassium weighs less than sodium, 1 g of 
sodium bromide contains more bromide (78% bromide, or 
780 mg) than does 1 g of potassium bromide (67% bromide, or 
670 mg). Thus the amount of sodium bromide used to make a 
solution should be less (211 mg/mL) than potassium bromide 
(250 mg/mL) to achieve equivalent amounts of bromide in the 
solution. At the time of publication, a commercial product of 
potassium bromide is being marketed as a chewable tablet and 
solution. The product contains B vitamins as well. This product 
has not been approved by the Food and Drug Administration. 
It is being marketed under the “generally recognized as safe” 
category reserved for food of food ingredients; however, this 
status does not apply to drugs It is important to recognize that 
the product has not undergone premarket evaluation by any 
regulatory agency for safety, efficacy, or quality and although 
its use is not necessarily discouraged, clinicians should be 
aware that this is a manufactured-compounded product.

Potassium bromide can be compounded by veterinarians 
or pharmacists on an individual-need basis. It can be pur-
chased through chemical companies (request medicinal or 
ACS grade [Curtin Matheson]). Chemical companies have 
refused to sell bromide for medicinal purposes without an 
investigational new animal drug application (INADA). This 
application is no longer necessary, however, because the Food 
and Drug Administration (Division of Drug Compliance) will 
grant regulatory discretion.

Bromide can be compounded in a syrup or water solu-
tion or administered in a gelatin capsule. A number of com-
pounding pharmacies now offer this service, although the 
compounded solution can be much more costly when com-
pounded by a pharmacist compared with the cost of the ingre-
dients. The solution can be compounded by the clinician with 
minimal equipment, particularly if monitoring is used to doc-
ument maintenance of drug concentrations with compounded 
preparations. If purchased (1-kg bottle) from a chemical com-
pany, potassium bromide can be weighed and divided into 
250-g (four equal) packets. A liter bottle of distilled water can 
be purchased from any grocery store. Before the bromide is 
mixed, a line should be drawn at the 1-L volume mark and 
approximately 50% of the water removed and set aside. One 
of the four 250-g packets of bromide is added to the bottle 
and the bottle shaken well to dissolve the bromide (this may 

require aggressive shaking and the addition of more water). 
Once the bromide is dissolved, the volume should be returned 
to 1 L with either water or a flavored syrup. The final solution 
will approximate 250 mg/mL. The solution should be stable for 
at least 6 months, and refrigeration should minimize micro-
bial growth in the solution. Refrigerating the solution may 
cause the salt to crystallize; warming the solution should cause 
the drug to redissolve. Note that while this solution can be dis-
pensed from a practice, it cannot legally be sold to others.

Side Effects
Adverse reactions to bromide tend to be dose dependent. They 
appear to be related to the anticonvulsant or other centrally 
acting effects of the drug and predominantly affect the CNS 
(e.g., ataxia, grogginess). This is supported by the recent ret-
rospective report of Rossmeisl and Inzana,130 which described 
signs of “bromism” in epileptic dogs (n = 31). Clinical signs 
included ataxia and stupor, with one dog being comatose. 
Other clinical signs included bilateral mydriasis; head pressing 
was evident in two dogs. Mean bromide concentration at time 
of admission was 3.7 ± 0.3 mg/mL compared with the most 
recent monitoring result before admission (1.9 ± 0.3 mg/mL) 
and compared with a control group of epileptic dogs without 
bromism at 1.7 ± 0.1 mg/mL. Of the 31 dogs, 26 dogs also 
were receiving phenobarbital at a mean concentration of 31 
± 12 μg/mL; control group phenobarbital was 26 ± 1 μg/mL. 
Causes for the increase in bromide were attributed to reduc-
tion in renal function, dosing error, shifting from potassium to 
sodium bromide, and exposure to bromide in drinking water 
or alternative medications. Changes in diets, the most com-
mon reason for increased bromide in the author’s therapeutic 
drug monitoring laboratory, was not addressed. Diuresis was 
implemented in affected dogs (n = 27); four of these dogs had 
breakthrough seizures. Furosemide therapy was initiated in 
five dogs; however, it is not clear what impact furosemide has 
on bromide clearance.

Up to 3 months may be required for accommodation to the 
sedative effects of bromide. This reflects in part the time neces-
sary to reach steady-state concentrations. Gradual reduction 
of phenobarbital in 25% increments may resolve some of the 
side effects and may be preferred to saline diuresis in those 
patients for which nonthreatening clinical signs of bromism 
emerge. Alternatively, the bromide dose can be decreased by 
25%, although 1 to 2 weeks may elapse before a response is 
seen. Sodium bromide administered as a loading dose suffi-
cient to achieve steady-state concentrations has been reported 
to be well tolerated in dogs.131

Fluids containing sodium chloride can be used to treat 
acute bromide toxicity; monitoring should occur immediately 
after saline treatment to establish a new baseline. Note that 
diuresis may increase the risk of breakthrough seizures and 
SE. Diuresis should be reserved for animals with profound 
sedation for which a decrease in phenobarbital (if on com-
bination therapy) or bromide will not provide a sufficiently 
rapid response. Pruritic skin lesions may occur, particularly 
in patients that had pruritic disorders before starting therapy. 
A short period of glucocorticoid therapy may control pruritis. 

KEY POINT 27-18 Bromide in cats may lead to signs consis-
tent with bronchial asthma.
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Hyperactivity is an occasional side effect and may or may not 
be dose dependent. Like other anticonvulsants, bromide tends 
to increase the appetite of dogs. Vomition is not uncommon 
and appears to reflect the hypertonicity of the salt and direct 
gastric irritation. Solutions appear to be better tolerated than 
capsules, although this may vary. Dividing the daily dose into 
smaller, more frequent doses or feeding before or with medi-
cation may decrease gastrointestinal side effects. Sodium bro-
mide may be more tolerated than other bromide salts.

Pancreatitis has been associated with the use of bromide 
when combined with phenobarbital. A retrospective report 
found 10% of dogs receiving a combination of potassium bro-
mide and phenobarbital developed clinical signs consistent 
with pancreatitis, compared with 0.3% of dogs receiving phe-
nobarbital alone.80 Serum pancreatic lipase immunoreactivity 
was found to be increased in the serum of dogs receiving either 
bromide or phenobarbital, alone or in combination, indicating 
that the risk may occur with either drug. 81

Although cats tolerated 8 weeks of oral potassium bromide 
dosing (experimentally) at 30 mg/kg, clinical patients do not 
appear to tolerate the drug as well. However, in a retrospec-
tive study, bromide (n = 4) or bromide and phenobarbital  
(n = 3) was associated with eradication of seizures in 7 of 15 cats 
(bromide dosage range, 1 to 1.6 mg/kg [0.45 to 0.73 mg/lb]); 
however, bromide administration was associated with adverse 
effects in 8 of 16 cats. Coughing developed in six of these cats, 
leading to euthanasia in one cat and discontinuation of bro-
mide administration in two cats. Although somewhat effective 
in seizure control, the incidence of adverse effects may not war-
rant routine use of bromide for control of seizures in cats.

Because it is renally eliminated, bromide does not nega-
tively interact with other anticonvulsants metabolized by the 
liver. However, dietary (or therapeutic) chloride will compete 
with bromide for renal excretion and can shorten bromide 
half-life, probably because the kidneys will selectively resorb 
chloride.127 In addition, laboratory assays may not be able to 
distinguish among anions; for some, bromide may artificially 
increase serum chloride measurements.132

Therapeutic Use
Bromide has been used to treat seizures in dogs for over 15 
years. Initially, it was used as an adjunct to phenobarbital ther-
apy, an indication that persists.133,134 However, it is increasingly 
being used as sole therapy.28 Therapeutic ranges vary, with ini-
tial studies indicating 0.7 to 2 mg/mL.134 More recently, dogs 
(n = 122; from 1992-1996) with major motor epilepsy were 
studied retrospectively to determine the therapeutic range of 
bromide, either alone or in combination with phenobarbital 
or primidone. Bromide successfully controlled seizures (≥50% 
reduction in seizure frequency) in 72% of animals. Phenobar-
bital or primidone could be discontinued in 19% of animals 
receiving the combination. For dogs that continued to receive 
both drugs, 45% remained controlled with a phenobarbital 
dose below 20 μg/mL. The concentration of bromide neces-
sary to control seizures when given as sole therapy was higher 
(1.9 mg/mL) than when combined with either barbiturate  
(1.6 mg/mL). The authors concluded that the range for bromide  

depends on whether bromide will provide sole anticonvulstant 
support (0.8 to 2.4 mg/mL) or is combined with a barbiturate 
(0.88 to 3 mg/mL). If phenobarbital could not be discontin-
ued, the range necessary for control was 9 to 36 μg/mL.135 A 
distinction in therapeutic ranges as sole or combination ther-
apy of bromide may not be necessary. Concentrations may 
fall outside or within a range of 1 to 3 mg/mL (based on the 
gold chloride method of detection) as needed to control the 
patient’s seizures, regardless of concomitant therapy. Because 
the side effects of bromide apparently are not associated 
with cellular toxicity (unlike phenobarbital), the therapeutic 
range can be surpassed in animals, if tolerated and if neces-
sary to control seizures. Drug concentrations can be increased 
beyond this concentration if there is no evidence of toxicity. 
Some animals will present with side effects at concentrations 
in the lower end of the range, particularly if a loading dose is 
administered. Therefore it is generally wise to avoid a loading 
dose if seizure history and drug safety (e.g., phenobarbital) is 
supportive. Bromide generally should be given once or twice 
daily, depending on the animal’s gastric tolerance of the drug. 
Twice-daily administration of bromide offers no benefit over 
once-daily administration, with the potential exception of 
decreased gastric irritation. Indeed, an animal can miss sev-
eral days of dosing with minimal impact on serum drug con-
centrations. Missed doses in such instances should be given 
when convenient. On the other hand, if bromide is better tol-
erated when broken into much smaller, more frequent doses, 
no disadvantages are apparent with this approach, other than 
inconvenience to the owner.

In humans bromide has been used to treat intractable sei-
zures in pediatric patients.81,136,137 Bromide’s initial introduc-
tion into veterinary medicine was as an add-on anticonvulsant, 
particularly combined with phenobarbital, for control of refrac-
tory seizures in dogs or in patients that have developed liver 
disease in association with phenobarbital therapy. Increasingly, 
however, bromide is proving efficacious as a first-choice antiepi-
leptic drug for dogs. For example, bromide has been used as the 
sole drug for patients whose seizure history is limited to mild 
seizure episodes.133 Because of its long half-life, bromide may 
be the drug of choice for dogs whose owners are noncompliant 
because the plasma drug concentrations are not easily manipu-
lated. The author studied bromide as an add-on anticonvulsant 
in dogs with refractory epilepsy (n = 20) in which seizures 
continued despite phenobarbital concentations at 32 μg/ml or 
more. Bromide eradicated seizures in 60% of the patients and 
reduced seizure frequency by 50% or more in another 20%.

Two choices should be considered when starting bromide 
therapy: administration of a maintenance dose, which allows 
the body to gradually adapt to the presence of the drug, or 
administration of a loading dose. The maintenance dose 
approach is indicated when possible to minimize the advent of 
side effects. A targeted concentration should be selected (lower 

KEY POINT 27-19 The long half-life causes the loading dose 
of bromide (450 mg/kg) to be substantially higher than the 
daily maintenance dose (30 mg/kg).
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concentrations for milder seizures; higher concentrations may 
be necessary for severe seizures). In general, 30 mg/kg per 
day orally will achieve 1 mg/mL at steady state. For every 0.5 
mg/mL increment above 1 mg/mL, another 15 mg/kg per day 
should be administered. To proactively monitor when using 
the maintenance dose approach to steady state, one sample 
should be collected at 3 weeks, or halfway to steady state. 
Doubling the measured concentrations provides an estimate 
of steady-state concentrations. However, because kinetics vary 
among animals, a steady-state sample should be collected to 
confirm baseline concentrations at 3 months.

The second option for beginning bromide therapy is imple-
mentation of loading dose. This approach is recommended in 
patients for which lack of seizure control can be life threatening 
(including the risk of euthanasia by a distraught owner), or in 
patients for whom serum phenobarbital concentrations must 
be rapidly decreased because of hepatotoxicity or bone marrow 
suppression. Both loading dose and maintenance dose must be 
established; the loading dose is designed to target steady-state 
concentrations, but the patient will not be at steady state until 
being on the same dose for 2 to 3 months. Thus as the loading 
dose is discontinued and the maintenance dose is begun, a new 
time to steady state begins. Drug concentrations may increase 
or decrease compared with the loading dose as steady-state con-
centrations are reached. Monitoring can ensure that the main-
tenance dose will maintain what the loading dose achieved. 
However, this requires a sample collected after loading (within 
1 or 2 days) to document what loading achieved, and another 
sample one elimination half-life after the maintenance dose is 
started (about 3 weeks). This time is chosen because if concen-
trations are not maintained by the loading dose, the majority 
of change (50%) will occur in the first elimination half-life. If 
the two samples are not within about 10 to 15% of one another 
(i.e., postload and 3-week maintenance), the maintenance dose 
should be increased or decreased accordingly. Generally, an 
increase at the 3-week point is not problematic (and often is 
desirable), but a decrease is undesirable. If not curtailed by an 
increase in the maintenance dose, as steady state is reached, 
the decrease may be sufficient to lead to seizures 2 to 3 months 
after the loading dose successfully controlled seizures.

A loading dose should reflect all the doses that would have 
been given as steady state is reached, less drug eliminated by 
clearance. Thus the loading dose of bromide is substantially 
higher than the maintenance dose. To target the lower end of 
the therapeutic range (1 mg/mL), 450 mg/kg should be given 
as a loading dose. Thereafter, for every 0.5 mg/mL desired 
increase in bromide concentrations, the loading dose should 
be increased by approximately 225 mg/kg. Because animals 
may not tolerate the loading dose as a single oral dose, it gener-
ally is divided into 10 equal doses given twice daily for 5 days. 
However, note that the maintenance dose should be added to 
the loading dose if the targeted concentration is to be reached. 
For example, to target 1.5 mg/mL with a 5-day loading period, 
the patient should receive 675 mg/kg split over a 5-day period, 
plus a maintenance dose of 45 mg/kg/day. Thus for 6 days, the 
patient should receive approximately 135 mg/kg. On day 6 the 
maintenance dose of 45 mg/kg is begun and a postload sample 

is collected (assume the loading dose achieved 1.3 mg/mL). A 
second sample is collected 3 weeks later. Allowing for some 
variability in analytic error, then the maintenance dose can be 
adjusted in proportion to the difference between the postload 
and 3 week sample. For example, if the postload was 1.3 mg/
ml, and a 3-week concentration is 0.8 mg/mL, the mainte-
nance dose may need to be increased by about 25% to 30%). If 
a patient already is receiving bromide and an increase in con-
centrations is desired (e.g., 0.5 mg/mL), the maintenance dose 
can be increased 15 mg/kg/day. A third sample can be checked 
at 3 weeks to make sure drug concentrations are moving in the 
right direction. If a rapid response is desired in a patient already 
receiving bromide, a “mini” loading dose of 225 to 250 mg/kg 
total can be given along with an increase in maintenance dose.

The use of bromide as an add-on anticonvulsant to pheno-
barbital also is discussed later in this chapter. Monitoring in 
such patients is important if the goal of the additional bromide 
is to decrease or discontinue phenobarbital. If the goal is to 
replace phenobarbital, the bromide target should approximate 
the current phenobarbital concentration in the patient. For 
example, if the patient has phenobarbital concentrations of 20 
μg/mL, (midtherapeutic range), then the bromide dosing regi-
men might approximate the midtherapeutic range (i.e., about 
1.5 to 2 mg/mL). To prevent excessive grogginess, bromide 
should be initiated as a maintenance rather than loading dose. 
At least 3 weeks of dosing (i.e., halfway to steady state) should 
occur, ideally, to allow a halfway to steady-state sample that 
confirms the bromide dose is on target before phenobarbital 
is decreased. However, if the patient becomes unacceptably 
groggy at any point, assuming the seizure history is appropri-
ate, phenobarbital rather than bromide should be decreased 
by 25% (not only is bromide safer, response will be more rapid 
for phenobarbital because its half-life is shorter). If all remains 
well as the new phenobarbital dose reaches steady state (about 
2 weeks), assuming the patient has been challenged by a sei-
zure (thus waiting at least one seizure interval is ideal), then 
an additional 25% decline in phenobarbital can be consid-
ered. Ideally, phenobarbital concentrations are measured at 
each step. This process can be repeated until phenobarbital is 
eradicated or the patient seizures again. A much more rapid 
approach will be necessary in animals that develop a life-
threatening adversity to phenobarbital (including bone mar-
row dyscrasias). In such cases a loading dose is indicated, with 
immediate (6- to 7-day) and 3-week postload samples being 
critical to ensure maintenance of bromide concentrations in 
the targeted range. If the loading dose option is taken, pheno-
barbital probably can be decreased by 25% to 50% as little as 2 
to 3 days into the loading dose. Ideally, phenobarbital concen-
trations should not be decreased completely unless the patient 
has a bromide concentration of 1.5 mg/mL. For some patients 
phenobarbital can be completely discontinued once bromide 
is begun. For others, a combination may be necessary to con-
trol seizures. Unfortunately, for a small percentage of animals, 
seizures may continue even if both drugs are at the maximum 
end of the therapeutic range or side effects are untenable.

For life-threatening seizures that have not responded to 
phenobarbital, bromide also can be given rectally as a loading 
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dose (see the discussion of disposition). Efficacy and safety of 
bromide versus phenobarbital has been compared in sponta-
neously epileptic dogs (n=46)28 using a parallel, randomized 
double-blinded study design. Enrollment was based on seizure 
history, physical and neurologic examinations, and clinical 
pathology. Dogs were loaded over a 7-day period to achieve 
the minimum end of the therapeutic range of the assigned 
drug phenobarbital (3.5 mg/kg), or bromide (15 mg/kg) was 
administered every 12 hours. Data (clinical pathology and drug 
concentrations) were measured at baseline and at 30-day inter-
vals for 6 months. All but three patients completed the study. 
Seizures initially worsened in three dogs on bromide but not 
in any phenobarbital-treated patient. Compared with baseline, 
mean seizure number, frequency, and severity were reduced 
at 6 months for both drugs; seizure duration was shorter for 
phenobarbital but not bromide. Seizure activity was eradicated 
in a greater percentage of phenobarbital-treated patients (85%) 
compared with bromide-treated patients (65%), and the seizure 
duration decreased more for those on phenobarbital than for 
those on bromide, but successful control (at least 50% reduc-
tion in seizure number with no unacceptable adverse drug 
reactions) tended (p = 0.06) to be better only for those in the 
phenobarbital group. For patients in which seizures were eradi-
cated, mean phenobarbital concentration was 25.4 ± 5.4 (95% 
confidence interval of 23 to 28 μg/mL) (see Table 27-4) but 
ranged from 12 μg/mL to 34 μg/mL (dose was 4.1 ± 1.1 mg/kg). 
For bromide mean concentration associated with eradication 
of seizures was 1.8 ± 0.5 mg/mL at a range of 0.9 to 3.3 mg/mL 
(dose of 31 ± 11 mg/kg). Both drugs caused abnormal behav-
iors. Weight increased by 10% in both groups. Changes in clin-
ical pathology were limited to increased (but within normal) 
serum alkaline phosphatase and decreased (but within normal) 
serum albumin at 6 months for phenobarbital compared with 
baseline and compared with bromide at 6 months. Side effects at 
1 month were greater for phenobarbital vs bromide and ataxia 
(55% vs 22%), polyuria (35% vs 13%), but greater for bromide 
vs phenobarbital for polyphagia (43% vs 30%), vomiting (57% 
vs 20%), and hyperactivity (43% vs 35%). At 6 months, most 
clinical signs had resolved to less than 15% of animals in either 
group with the exception of vomiting that continued in 21% of 
dogs in the bromide group (0% in the phenobarbital group). 
One dog failed phenobarbital therapy because of neutrope-
nia; two dogs failed bromide due to vomiting. This study sug-
gests that both phenobarbital and bromide are reasonable first 
choices for control of epilepsy in dogs, although phenobarbital 
may provide better control. Side effects can be expected to be 
greater in bromide following chronic dosing.

Although bromide has been used in the cat successfully, 
adverse effects (consistent with bronchial asthma) are suffi-
ciently common that an alternative anticonvulsant should be 
considered.129a While administration of bromide (n = 4) or 

bromide and phenobarbital (n = 3) was associated with eradi-
cation of seizures in 7 of 15 cats (serum bromide concentra-
tion range, 1.0 to 1.6 mg/mL); bromide coughing developed 
in 6 cats, leading to euthanasia in 1 cat and discontinuation of 
bromide administration in 2 cats.

Carbamazepine
Carbamazepine is approved for human use as an antiepileptic 
drug and currently is considered a primary drug for treatment 
of partial and tonic–clonic seizures. Further, it is a primary 
choice for treatment of trigeminal neuralgia; this and its effi-
cacy for treatment of manic–depressive disorders may reflect 
its chemical similarity to tricyclic antidepressants.25 Its mecha-
nism appears to slow recovery of sodium channels, preventing 
repetitive firing. In humans pharmacokinetics are complex. 
Slow, erratic oral absorption may take as long as 8 hours and 
appears to be dose dependent. Carbamazepine is approxi-
mately 75% protein bound. Hepatic metabolism, principally 
by CYP3A4, includes production of an active metabolite, 
carbamazepine 10,11 epoxide, which may achieve up to 50% 
of the CNS concentrations of the parent compound. Other 
metabolites are mostly glucuronidated and excreted in the 
urine. Carbamazepine induces cytochrome P450 isoenzymes 
CYP2C and CYP3A. As such, carbamazepine is involved in 
a number of drug interactions, decreasing the concentra-
tions of several drugs (e.g., valproate, lamotrigine, tiagabine, 
topiramate, and other nonanticonvulsants). It can in turn be 
influenced by inducers (phenobarbital, phenytoin, valproic 
acid) and inhibitors (e.g., erythromycin, cimetidine, fluox-
etine) of drug-metabolizing enzymes. Adversities in humans 
include both acute toxicity (stupor and coma) and increased 
seizures. Other neurologic signs may emerge with long-term 
use, potentially reflecting neurotoxicity to which tolerance 
may develop. Bone marrow suppression and other evidence of 
hypersensitivity may occur. However, some cases of leukope-
nia or thrombocytopenia may be only transient, resolving after 
several weeks. Carbamazepine also reduces antidiuretic hor-
mone but, paradoxically, may cause water retention, a poten-
tially serious complication in patients with cardiac disease. A 
therapeutic range of 6 to 12 μg/mL (based on the parent com-
pound) has been suggested, but the relationship between par-
ent concentration and response is complex. Side effects have 
been reported at 9 μg/mL.

Description of the disposition of carbamazepine in dogs is 
limited, with one report comparing two oral pharmaceutical 
preparations (see Table 27-4).138 Both the parent compound 
and active metabolite are characterized by a short half-life (3 
hours), which will limit therapeutic use. Carbamazepine has 
been used intermittently in dogs. A case report139 described 
successful long-term control of psychomotor seizures in one 
dog, although parent drug could not be detected in serum. The 
patient previously had been treated with a variety of anticon-
vulsants alone or in combination. However, the patient imme-
diately responded to carbamazepine at 7 mg/kg twice daily. 
The dose was increased to 14 mg/kg. The drug was discon-
tinued because the patient developed leukopenia. Although 
the leukopenia resolved, clinical signs returned. Therapy was 

KEY POINT 27-20 If a loading dose is administered, monitor-
ing should occur immediately and then again in 3 weeks. 
The two concentrations should match if the maintenance 
dose is correct.
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reinstituted, clinical signs resolved, and leukopenia returned 
but resolved after 3 to 4 months of therapy. In his review Hol-
land139 notes that doses of carbamazepine in dogs have ranged 
from 4 to 40 mg/kg divided into 2 daily doses.

Oxcarbazepine is an antiepileptic drug that is a keto-analog 
of carbamazepine approved as a prodrug. Similar to carbam-
azepine in action, its induction of drug-metabolizing enzymes 
is less potent than that of carbamazepine, leading to its substi-
tution with combination therapy.

Ethosuximide
Ethosuximide is a succinimide anticonvulsant used to treat 
absence seizures in humans. Its mechanism is reduced thresh-
old of T-calcium channels in the thalamus. At therapeutic con-
centrations it is not effective against tonic hind limb extension 
of electroshock nor kindled seizures.25 Side effects include 
CNS depression and gastrointestinal upset. Allergic skin reac-
tions have been reported in humans. It has been studied in 
a limited number of dogs. A concentration of 50 to 70 μg/
mL was maintained by oral administration of 15 to 25 mg/kg 
thrice daily after a loading dose of 40 mg/kg; recommended 
therapeutic concentrations range from 40 to 100 μg/mL.42,140 
The duration of dosing was not provided.

Felbamate
Felbamate was approved in the United States in the late 1990s 
for treatment of human epilepsy either as the sole drug or in 
combination with other anticonvulsants. Similar to mepro-
bamate in chemistry, felbamate’s mechanism of action appears 
to be inhibition of NMDA receptor–mediated calcium or 
sodium influx (inhibition of excitatory signals) as well as 
potentiation of GABA receptor–mediated chloride (negative) 
influx.141 Thus the drug should have a broad mechanism of 
anticonvulsant activity with an action that might be consid-
ered complementary to phenobarbital.

The drug was proved very safe and efficacious in the treat-
ment of partial and generalized seizures in experimental ani-
mals142,143 and humans, particularly children.144,145 Initially 
studied as monotherapy treatment of partial seizures, the drug 
has since proved useful as monotherapy for other seizures, 
including generalized seizures.145-148 When added to phe-
nobarbital in refractory canine epileptics in an unpublished 
clinical report by the author, it eradicated seizures in 35% and 
decrease seizure numbers by at least 50% or more in another 
20%.149

Felbamate is well absorbed after oral administration, 
although bioavailability in pediatric animals may be as little 
as 30% of that in adult dogs, necessitating a higher dose.15 The 
drug is eliminated by hepatic metabolism to metabolites that 
are largely inactive.150 Initial preclinical toxicity studies in the 
dog revealed felbamate to be completely absorbed after oral 
administration of 1.6 to 1000 mg/kg. At each dose Cmax was 
12.6 to 168.4 μg/mL, respectively, in dogs with Tmax occurring 
at 3 to 7 hours, respectively. Plasma elimination half-life was 
4.1 to 4.5 hours at both doses. After multiple oral doses of 50 
mg/kg, plasma concentrations did not appear to change, and 
much (at least 50%) of the drug (based on [14C] felbamate) 

was eliminated in the urine (58% to 87.7%), with at least 7% 
eliminated in feces and the remainder in bile.151 Volume of 
distribution was 0.72 L/kg, and binding to plasma proteins 
was at most 36%. Plasma clearance was 108 mL*h/kg renal 
clearance of unchanged drug was between 20% and 35%, and 
hepatic clearance resulting from metabolism was between 
65% and 80% of overall clearance.151

In adult dogs the half-life of felbamate is 4 to 8 hours (mean 
of 5.2 hours); the elimination half-life is shorter in pediatric 
(Beagle) dogs (mean of 2.5 hours) probably.151,152 Felbamate 
also was studied in adult and pediatric dogs at 60 mg/kg orally 
once a day for 10 days. Oral bioavailability was less in pediatric 
dogs compared with adults, apparently because of more rapid 
clearance. Bioavailability also decreased by day 10 compared 
with day 1. Safety has been experimentally documented at 
doses ranging from 15 mg/kg divided twice daily (the start-
ing therapeutic dose) to 300 mg/kg. Oral bioavailability is 
markedly variable. The oral disposition of felbamate has been 
described in adult and pediatric male and female dogs after 
single (see Table 27-4) and multiple dosing. 152 Felbamate was 
characterized by a lower Cmax (33 and 37 μg/mL for males and 
females, respectively) and area under the curve and shorter 
half-life (2.87 ± 0.52 [males] and 2.93 + 0.33 [females] in pedi-
atric animals compared with adults (see Table 27-4). Clearance 
increased to 0.98 - 0.11 L/hr/kg), resulting in a decrease in 
half-life from 8.48 and 6.17 hours (males and females, respec-
tively) to 6.1 and 5.1 hr (males and females, respectively) after 
multiple dosing (10 days).

Sedation, polyuria, polyphagia, and polydipsia, side effects 
typical of most anticonvulsants, do not appear to occur in 
dogs. Aplastic anemia caused by bone marrow suppression, 
however, developed in 1 of 10,000 patients (human) receiving 
felbamate,153 leading to marked curtailment of the use of the 
drug in humans. Felbamate has not been sufficiently used in 
dogs to detect a similar side effect, although it is probably as 
likely to occur in dogs as in humans. Hepatotoxicy has been 
reported in dogs receiving both phenobarbital and felbamate 
and has occurred in 3 of 15 patient treated with combination 
therapy by the author in an unpublished clinical trial. However, 
the author has administered felbamate to dogs also receiving 
phenobarbital at doses as high as 300 mg/kg divided daily for 
over 6 months with no apparent initial adverse effects. In one 
of 15 dogs receiving this regimen, progressive liver disease that 
ultimately proved fatal developed 1.5 years into the combina-
tion therapy. Because felbamate is a drug metabolized by the 
liver, prudence suggests not combining it with phenobarbital, 
particularly in patients requiring high serum concentrations of 
phenobarbital to control seizures. In humans interactions have 
led to increases in phenobarbital by felbamate,154 although this 
appears to be due to selective inhibition of a cytochrome P450 
enzyme in only 25% of the population. Phenobarbital concen-
trations should be measured to detect any drug interaction that 

KEY POINT 27-21 The combination of phenobarbital with any 
other drug eliminated primarily by cytochrome P450 is likely 
to increase the risk of liver disease.
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might lead to an increase in drug concentrations and a subse-
quent increased risk of liver disease. Greater risk may reflect 
decreased felbamate concentrations resulting from induction 
by phenobarbital.154 Currently, there is no easy, cost-effective 
means for assaying felbamate, although selected laboratories 
may offer the service. Human therapeutic concentrations 
range from 20 to 100 μg/mL, with trough concentrations 
ideally remaining in the range of 60 to 80 μg/mL for best 
efficacy.155

Gabapentin
Gabapentin is an anticonvulsant approved in 1994 for treat-
ment of partial seizures with or without generalization in 
humans with epilepsy.156-158 It has been used in dogs (and 
anectodally in cats). It appears to act by a novel mechanism 
promoting the release of GABA, although the actual mecha-
nism of release is not known. Although gabapentin is absorbed 
well after oral administration, its absorption appears to be 
dose dependent, relying on a saturable transport process. This 
process has been cited as the reason that antiepileptic drug 
effects last longer than anticipated on the basis of drug half-
life, potentially allowing twice-daily administration. The short 
half-life of gabapentin (in humans) results in steady-state 
concentrations within 24 to 48 hours. In humans the drug is 
eliminated entirely by renal elimination, thus avoiding some 
of the risks of hepatotoxicity and drug interaction. Because 
the drug is relatively safe, therapeutic drug monitoring is not 
necessary; rather, the dose is increased as needed to control 
seizures. Mild dizziness, nausea, and vomiting have occurred 
in a small percentage of human patients.

Gabapentin studies with animals are limited.159-162 Gabap-
entin has been studied in the dog after oral administration of 50 
mg/kg. Oral bioavailability was 80%, and plasma protein bind-
ing was below 3%. Mean intravenous elimination half-life of 
2.9 hours has been reported in dogs. Repeated administration 
did not alter gabapentin pharmacokinetics, nor did gabapentin 
induce hepatic drug-metabolizing enzymes. In the dog 34% 
of the dose was metabolized to the inactive N-methyl form. 
The principal route of excretion was the urine.161,162 A more 
recent study compared gabapentin (600 mg to Beagles) after 
oral administration of either an immediate or a slow-release 
product (see Table 27-4).163 The sustained-release product did 
not disintegrate, but the release kinetics were not substantially 
different from those of the immediate-release product.

The addition of gabapentin (35 to 50 mg/kg divided every 8 
to 12 hours) to either phenobarbital or bromide was studied in 
epileptic dogs (n = 17) using an open, uncontrolled design. The 
interictal period increased, but the number of seizures did not. 
However, seizures were eradicated in three dogs. Side effects 
that developed with the addition of gabapentin included seda-
tion, which resolved within several days, and hind limb ataxia, 
which resolved with a reduction in the bromide dose.164 One 
of the major disadvantages of this drug is its expense, although 
several generic preparations are now available. Gabapentin 
may not be effective for the control of epilepsy when used at 
doses extrapolated from human patients. Clinical trials are 
indicated to establish the most appropriate dosing regimen for 

dogs or cats. Gabapentin is among the drugs for which SE may 
occur during withdrawal.165

Pregabalin
Pregabalin is the S enantiomer of 3-(aminoethyl)-5-meth-
ylhexanoic acid, an analog of GABA. It is also structurally 
related to the amino acid leucine and gabapentin (Figure 
26-4). Pregabalin has been developed for the treatment of 
neuropathic pain and as adjunctive therapy in the treatment 
of partial seizures. However, according to manufacturer- 
generated approval research, its mechanism of action is not 
clear.166 It does not appear to involve gabaminergic trans-
mission, does not alter binding or responses at GABA-A or 
GABA-B receptors, and is not a substrate or blocker of GABA 
transporter GABA transaminase. It decreases central neuro-
nal excitability by binding to an auxiliary subunit (alpha2-delta 
protein) of a voltage-gated neuronal calcium channel on neu-
rons. It also reduces the release of multiple neurotransmitters 
(in vitro concentration of 1.6 ng/mL), glutamate, norepineph-
rine, substance P, and calcitonin gene-related peptide. It serves 
as a substrate of L-amino acid transporter in neuronal cell 
membranes, which facilitates pregabalin transport into the 
cell. In animal models pregabalin controls seizures induced by 
a variety of methods, including threshold clonic seizures from 
pentylenetetrazol, and behavioral and electrographic seizures 
in hippocampal-kindled rats.

Pregabalin appears to be well absorbed after oral adminis-
tration, minimally bound to plasma proteins, and distributed 
well to tissues, including the brain. In dogs it is characterized 
by a volume of distribution of 0.6 L/kg. In most species (e.g., 
rodents, primates) studied, pregabalin is eliminated princi-
pally unchanged in the urine. However, in dogs, while ≥ 80% 
of a dose is excreted in the urine, approximately 45% of the 
dose excreted as the N-methyl metabolite. However, pregablin 
does not appear to affect cytochrome P450 drug-metabolizing 
enzymes. The disposition of pregabalin has been described 
in apparently healthy Labrador Retriever–Greyhound cross 
dogs (four female, two male) after a single oral dose of 4.mg/
kg (Table 27-4). The duration that plasma drug concentrations 
were above the presumed minimum effective concentration of 
2.8 μg/mL ranged from 7 to 14.5 hours.167

Dewey and coworkers described the use of pregabalin as 
an adjunct to anticonvulsant therapy in the control of epilepsy 
in 11 dogs using an uncontrolled clinical trial.168 Animals had 
not responded sufficiently to either phenobarbital or bromide, 
or a combination of the two. Insufficient control was defined 
as two or more seizures per month despite concentration in 
the recommended therapeutic range of the appropriate drug. 
For phenobarbital concentrations ranged from 20 to 40 μg/mL 
and for bromide 0.2 to 2.81 mg/mL. Dogs whose bromide con-
centrations were subtherapeutic were receiving phenobarbital 
in the therapeutic range. Dogs were treated with 3 to 4 mg/kg  

KEY POINT 27-22 The advantage of either gabapentin or 
pregabalin as adjuvant antiepileptic drugs is renal excretion 
and thus reduced risk of drug interactions or hepatotoxicity.
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pregabalin every 8 hours, yielding mean pregabalin concen-
trations of 6.4+ μg/mL. Therapy resulted in a reduction of sei-
zures by at least 50% (range of 23% to 83%) in seven of nine 
dogs that completed the study. However, 10 of the 11 dogs 
developed adverse effects, including ataxia. Increases in liver 
enzymes were present during the study, but it is not clear if 
these increases were related to phenobarbital or pregabalin. 
Although the study provides support for the possible use of 
pregabalin as an add-on anticonvulsant, a controlled clinical 
trial is indicated in dogs to assess both efficacy and safety.

Levetiracetam
Levetiracetam is a single (S)-enantiomer acetamide-derivative 
antiepileptic drug. Its mechanism of action is novel and does 
not appear to involve any known neurotransmitter, ion channel 
protein, or receptor. Rather, it appears to interact with synaptic 
vesicles (SVA), and appears to impede conduction of impulses 
across the synapse. Levetiracetam was most useful experimen-
tally in blocking seizures caused by pilocarpine and KA and in 
the kindling model of rats, both models for complex partial sei-
zures with secondary generalization. Food does not impair the 
extent, but does impair the rate, of oral absorption. In humans 
close to 70% of the drug is renally excreted; hepatic metabolism 
of the remainder reflects acetamide hydrolysis, which is not 
CYP 450 dependent. Levetiracetam is metabolized by plasma 
B-esterases, which will continue once blood is drawn. As such, 
serum rather than plasma or whole blood is the desired test tis-
sue of choice.169 The elimination half-life in humans is approxi-
mately 7 hours. Drug interactions appear to be minimal; 
competition for renal tubular secretory proteins may occur.

The disposition of levetiracetam has been described in 
mongrel dogs (n=6).170,171 Intravenous administration of 20 
mg/kg yielded a maximum concentration of approximately 
44 μg/mL, volume of distribution of 0.45 ± 0.13 L/kg, clear-
ance of 1.5 mL/min/kg, elimination half-life of 3.6 ± 0.8 hours 
and mean residence time of 5 ± 1 hours. In a diferent study172 
(male and female dogs), oral administration of 54 mg/kg 
yielded a Cmax of 50 to 65 μg/mL (mean of 53 and 55 μg/mL 
in male and female dogs, respectively), and an elimination 
half-life of 2 to 3 hours. Dewey and coworkers173 reported 
the disposition of levetiracetam in dogs (n = 6) after a single 
dose (60 mg/kg over 2 min) administered intravenously. The 
extrapolated peak plasma drug concentration (Co) was 254 
± 81 mg/mL, steady-state volume of distributionof 0.48 L/kg, 
and clearance of1.4 mL*min/kg. The elimination half-life was 
4 ± 0.82 hours, and mean residence time was 6 ± 0.9 hours. 
The dose was well tolerated. Patterson and coworkers174 stud-
ied levetiracetam after intravenous, intramuscular, and oral 
(19.5 to 2.6 mg/kg) administration in hound dogs (n = 6). 
Peak drug concentrations were 37 ± 5, 30.3 ± 3, and 30 ± 4 μg/
mL after intravenous (Co:extrapolated peak plasma concen-
tration), intramuscular, and oral administration, respectively. 

The volume of distribution (beta) was 0.55 L/kg, and clear-
ance was 55 mL/min (not standardized to kg). Elimination 
half-life was 3 ± 0.3 hours. Bioavailability after intramuscular 
and oral administration were 113+13% and 100+7%, respec-
tively. No pain was detected with intentional perivascular 
injection.

In dogs 1200 mg/kg administered intravenously or 2000 
mg/kg administered orally was not lethal but was associated 
with salivation, vomiting, tachycardia, and restlessness; 1200 
mg/kg per day for 13 and 52 weeks resulted in transient rest-
lessness and tremor and centrally mediated salivation and 
vomiting.. Long-term administration (≥6 months) in some 
species was associated with enzyme induction (centrilobular 
hypertrophy) at 50 mg/kg per day. Liver weight increased, 
although histopathologic changes did not appear in the liver.

The disposition of levetiracetam has been described in cats 
(n=10) receiving 20 mg/kg either intravenously or orally as a sin-
gle dose.175 Cats tolerated dosing well, with no significant adverse 
effects noted. However, transient mild to moderate hypersaliva-
tion occurred with oral dosing. Median peak concentration after 
intravenous dosing was 37.52 μg/mL (range 28.05 to 51.86 μg/
mL), with a median half-life of 2.86 hours (range 2.07 to 4.08 
hours) and mean residence time of 4.57 hours (range 3.09 to 6). 
Clearance was 2 mL/kg/min (range 1.5 to 3.4 mL/kg/min) and 
steady-state volume of distribution was 0.52 L/kg (range 0.33 to 
0.64 L/kg). After oral dosing therapeutic plasma concentrations 
were achieved in 7 of 10 cats within 10 minutes and remained 
within the therapeutic range for at least 9 hours. Median peak 
concentration (Cmax) was 25.54 μg/mL (range 13.22 to 37.11 
μg/mL), Tmax was 1.67 hours (range 0.33 to 4 hours), T1/2 was 
2.95 hours (range 1.86 to 4.63 hours), and mean residence time 
was 5.65 hours (range 4.23 to 7.86). Mean oral bioavailabililty 
was 100%. When levetiracetam is monitored, because of its very 
short half-life (according to the author’s measurements, as short 
as 1 hour in dogs and cats), the therapeutic range should be 
applied to trough rather than peak concentrations. Ideally, both 
a peak and trough should be measured at least once a year in the 
patient to determine drug half-life.

Response to levetiracetam of dogs (n=14) with refractory 
epilepsy was described prospectively.176 Refractoriness was 
based on monitoring; eligibility required that drug concen-
trations be in the upper quartile of the recommended range 
(mean 32 ± 4.6 μg/mL). Levetiracetam was administered at 10 
mg/kg orally every 8 hours; the dose was increased to 20 mg/
kg thrice daily if seizures did not decline by at least 50%. At 2 
months 8 of 10 dogs responded, with seizure number reduced 
by 73% and number of days or months reduced by 67%. At 6 
months 6 of 11 dogs remained classified as responders. How-
ever, with long-term follow-up, only three animals remained 
responders, suggesting that efficacy of levetiracetam declined. 
Drug concentrations were not measured; as such, the cause of 
therapeutic failure (i.e., tolerance or worsening disease) was 
not distinguished from declining drug concentrations.176

The use of levetiracetam in cats has been reported.175,177 
Four cats with seizure disorders that were poorly controlled 
with phenobarbital alone were treated with oral levetiracetam 
as an add-on drug at a dose regimen of 20 mg/kg body weight, 

KEY POINT 27-23 The novel mechanism of action of leveti-
racetam and its wide therapeutic margin are balanced by 
its very short half-life.
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every 8 hours. Levetiracetam serum concentrations were within 
the reported therapeutic range for people (5 to 30 to 45 μg/mL) 
for all samples in all cats. The overall average serum levetirace-
tam level for all cats was 16.5 μg/mL (range: 6.9 to 24.3 μg/mL). 
The median serum disappearance half-life (t ½) of (based on 
peak and trough samples) was 5.3 hours. Seizure frequency was 
reduced by an average of 30.5% in three cats and increased by 
33.3% in one cat. The results of this pilot study suggest that leve-
tiracetam is a safe drug for cats that may provide some thera-
peutic benefit when used as an add-on to phenobarbital.

Phenytoin Sodium
Phenytoin sodium, previously named diphenylhydantoin, 
depresses motor areas of the cortex (antiepileptic action) without 
depressing sensory areas. It is approved by the Food and Drug 
Administration for control of epileptiform convulsions in dogs.

Phenytoin is a hydantoin derivative (see Figure 27-4);45 
others of lesser importance are mephenytoin and ethotoin. 
Hydantoins are five-member ring structures, whereas barbi-
turates are six-member structures. A major point of difference 
between the hydantoins and barbiturates is the absence of a 
C=O group. Phenytoin is not a general anticonvulsant, as is 
phenobarbital, and is not used for emergency treatment of 
poisoning by convulsant drugs or tetanic seizures. Oral prepa-
rations are available in suspension, capsule, and tablet forms. 
Phenytoin (50 mg/mL) is also available for human use in a 
special solvent for intravenous administration. Intravenous 
injection of the drug causes a marked drop in arterial pressure 
and is not advised in the dog.178

Phenytoin is no longer used to control seizures in the 
dog because of its lack of efficacy,179 which may be related 
to decreased bioavailability and rapid clearance. Phenytoin 
is much less effective in the dog than either phenobarbital or 
primidone in the control of epileptic seizures.50 The half-life 
of phenytoin is too short in the dog to permit maintenance of 
adequate drug concentrations in plasma and the CNS.17 When 
administered alone, phenytoin cannot be considered a satisfac-
tory drug for treatment of epilepsy in the dog.29,180 Because of 
drug interactions and enhanced hepatotoxicity, a combination 
of phenytoin with phenobarbital is not a viable alternative.

In the cat phenytoin is relatively toxic and generally unde-
sirable as an anticonvulsant.70 The efficacy and safety of phe-
nytoin in cats have not been determined.29

Pharmacologic Activity
Phenytoin produces a stabilizing effect on synaptic junctions 
that ordinarily allow nerve impulses to be readily transmit-
ted at lower thresholds. Consequently, the level of synaptic 

excitability that permits impulses to be transmitted easily is 
reduced or stabilized or both. This effect appears to be associ-
ated with active extrusion of Na+ from neurons and decreased 
posttetanic potentiation or spread of nerve impulses to adja-
cent neurons. Phenytoin may reduce calcium movement 
across cell membranes. Further, phenytoin may inhibit acti-
vation of protein phosphorylation by the calcium–calmodu-
lin complex.181 Phosphorylation and norepinephrine release 
in neurons requires calmodulin. Reduction in spread of the 
“burst” activity associated with epilepsy prevents genesis of 
the cortical seizure. Phenytoin stabilizes hyperexcitable neu-
rons without causing general depression of the CNS.45

Disposition
Absorption of phenytoin is erratic after intramuscular admin-
istration. This may be related to crystallization of the drug 
at the injection site because of alteration in pH by tissues.45 
Administration of phenytoin by the intramuscular route is not 
advised because considerable necrosis and sloughing at the 
injection site occur.178 Absorption of the drug from the gastro-
intestinal tract of the dog is rapid but erratic and incomplete.179 
Bioavailability of phenytoin from the tablet formulation aver-
ages 36% in the dog.180 Poor oral absorption and differences in 
product bioavailability contribute to the difficulty in achieving 
effective serum levels of phenytoin. The generic preparations 
of phenytoin should not be used.182 Dosing at 30 mg/kg thrice 
daily for 3 days resulted in concentrations of less than 8.5 μg/
mL.179 Dosing at 10 mg/kg thrice daily for 5 to 8 days yielded 
concentrations less than 2.5 μg/mL.

At therapeutic concentrations (10 to 20 μg/mL), phenytoin 
is highly bound (75% to 85%) to plasma proteins in animals 
and humans.183 The high degree of phenytoin binding predis-
poses this acidic drug to interaction with other drugs by a dis-
placing effect at protein (albumin) binding sites, although the 
relevance of this in the presence of increased clearance is not 
known. In uremic patients decreased plasma protein binding 
is associated with accelerated renal clearance or elimination 
of the drug. Phenytoin readily crosses the placenta.184 High 
concentrations of phenytoin are attained in the maternal liver 
and maternal and fetal hearts. The brain (ostensibly the pri-
mary target organ) contains nearly the lowest concentration 
of the drug.

Phenytoin is metabolized via CYP2C9 and to a lesser 
degree CYP2C19185 into metahydroxyphenytoin or para-
hydroxyphenytoin, which are conjugated with glucuronic 
acid. In humans approximately 60% to 75% of the daily dose 
of phenytoin is excreted in the glucuronide form;45 the dog 
also converts a high percentage of phenytoin into this form. 
In addition, diphenylhydantoic acid, a minor metabolite in 
some laboratory animals, and dihydrodiol are formed in dogs. 
Interestingly, high concentrations of diphenylhydantoic acid 
are found in cat urine. The dihydrodiol metabolite is probably 
involved in formation of catechol metabolites; these are also 
formed in most animals.186 Epoxide metabolites are also spec-
ulated to be formed in humans. Because phenytoin is not very 
soluble in water, little of the unmetabolized drug is excreted 
in urine.

KEY POINT 27-24 Trough (rather than peak) concentrations of 
levetiracetam should target the recommended therapeutic 
range.

KEY POINT 27-25 Phenytoin is not a preferred drug for treat-
ment of epilepsy because of its short half-life, variability, 
poor oral bioavailability, and potential for toxicity.
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In the dog, despite relatively large single daily oral doses (50 
mg/kg), the plasma concentration of the drug is low, perhaps 
reflecting the short half-life of 6 to 7.8 hours187 compared with 
4 to 6 hours after an intramuscular injection (50 mg/kg) as 
well. The shorter half-life of the second study probably reflects 
induction after multiple dosing;188 the half-life of phenytoin 
in the dog dramatically decreases after 7 to 9 days of treat-
ment.179,180. A 2.5-hour half-life was predicted for phenytoin 
after 14 days of therapy compared with 3.3 hours with single 
dosing. Other studies have confirmed a short half-life for phe-
nytoin in the dog: After a single intravenous dose (15 mg/kg), 
a value of 4.5 hours was obtained by Sanders and coworkers,189 
and a half-life of 3.65 hours was determined by Pedersoli and 
coworkers190 after an intravenous bolus of 11 mg/kg. The 
clearance of phenytoin has been described as dose dependent 
in dogs.179 More recently, using a parallel design, the disposi-
tion of phenytoin was described in Beagles (n=5) after 5 days 
of intravenuos administration of 12 mg/kg (see Table 27-5).191

After oral administration (10 mg/kg) in the cat, plasma 
half-life of phenytoin was 24 to 108 hours,188,192 contributing 
to the prolonged effect of phenytoin observed in the cat more 
than in other species. This may reflect decreased glucuronide 
conjugation.

Clinical Use
In humans clinical therapeutic effects and intoxication are 
related to the blood concentration of phenytoin. A reduc-
tion in the number of seizures occurs when phenytoin blood 
concentrations exceed 10 μg/mL. Recommended therapeu-
tic doses of phenytoin administered orally every 8 hours for 
control of seizure disorders in the dog indicate considerable 
variation: 6.6 to 11 mg/kg,178 11 mg/kg,49 and 35 mg/kg.179 
However, oral administration of phenytoin (4.4 and 11 mg/
kg) every 8 hours fails to reach serum concentrations of 10 
μg/mL in the dog. Indeed, serum phenytoin after either single 
or repeated oral doses of 10 mg/kg does not exceed a con-
centration of 2 μg/mL.179 To achieve a serum concentration 
of approximately 10 μg/mL phenytoin, it appears that an oral 
dose of at least 35 mg/kg given thrice daily is necessary for the 
adult dog.49,179 According to Pedersoli and coworkers,190 an 
oral dosage schedule of 20 mg/kg every 8 hours of the phenyt-
oin microcrystalline suspension should be sufficient to reach 
a serum concentration of 10 μg/mL or higher. This dose, how-
ever, will maintain a plasma therapeutic level for only the first 
2 or 3 days of treatment.180 Farnbach50 found that only 3 of 77 
epileptic dogs receiving phenytoin were controlled; concentra-
tions in all dogs ranged from 0.2 to 13 μg/mL, with a median 
of 2.3 μg/mL, despite doses ranging from 3 to 129 mg/kg per 
day (generally divided into twice-daily doses).

Drug Interactions
The combined use of phenytoin and phenobarbital or primi-
done may lead to increased formation of epoxide metabolites in 
animals. This could possibly result in cholestatic hepatic injury 
similar to that reported in three dogs.36 The effect may also 
reflect induction by phenytoin. Phenytoin must be considered 
a potent inducer of the hepatic microsomal enzyme system 

in the dog.180 Between 7 and 9 days after administration of 
phenytoin, its half-life may be reduced from 5.5 to 1.3 hours. 
In contrast, the half-life after oral administration in humans 
averages 22 hours, with a range of 7 to 42 hours. This contrasts 
to humans, in which phenytoin has a moderate inducing abil-
ity in the human. The differences between the two species may 
help explain the efficacy of phenytoin for control of epileptic 
seizures in humans compared to dogs. Further, although the 
combined use of phenytoin and phenobarbital is considered 
optimal therapy in humans,55 use of both drugs is controver-
sial because both induce hepatic microsomal enzyme activ-
ity. This combined induction complicates successful therapy 
because therapeutic concentrations are difficult to achieve and 
the increased production of potentially toxic metabolites.178 
Metabolism of a number of chemicals or drugs is enhanced by 
phenytoin. These include digitoxin, dexamethasone, and cor-
tisol.193 In humans the half-life of theophylline decreases by 
50% with an increase in clearance of twofold.194

Phenytoin metabolism in humans is inhibited by other 
drugs prolonging their effect. Examples include dicumarol, 
chloramphenicol, phenylbutazone, and the phenothiazines. 
In vitro inhibition has been demonstrated by diazepam and 
propoxyphene hydrochloride. In the dog the serum half-life 
of intravenous phenytoin increased from 3 to 15 hours when 
administered with chloramphenicol, and signs of phenytoin 
toxicosis reversed within 24 hours after cessation of chlor-
amphenicol treatment.195 Phenylbutazone is also known to 
increase plasma concentration as a result of inhibition.45 
Despite predominant renal elimination, vigabatrin, a drug 
similar to gabapentin, deceased phenytoin clearance by 31% 
and increased phenytoin half-life by 45% in Beagles.191 In con-
trast, gabapentin had no effect.

Serum phenytoin concentration declines in the presence of 
folic acid therapy, presumably because the hydroxylase enzyme 
that metabolizes phenytoin is folate dependent. Phenytoin may 
prolong the prothrombin time.196 Blood coagulation defects 
similar to that induced by vitamin K deficiency can occur 
in neonates exposed to phenytoin in utero. The coagulation 
defect can be reversed by treatment with vitamin K.

Blood Concentrations and Associated Toxicity
In humans mild signs of intoxication such as nystagmus 
develop with blood levels of 20 μg/mL; patients with levels 
over 40 μg/mL have marked nystagmus and are uncoordinated 
and lethargic. Blood levels in the dog would probably have to 
increase a comparable 100% to 400% as in humans before seri-
ous signs of intoxication develop.

Hepatitis, jaundice, and death after clinical use of phe-
nytoin have been reported in one dog that initially received 
primidone (500 mg daily).197 Toxic hepatopathy and intra-
hepatic cholestasis associated with phenytoin administration 
in combination with phenobarbital or primidone (or both) 
have been reported in three dogs.36,89 Two distinct forms of 
hepatotoxicity have been ascribed to reflect the sequelae of 
anticonvulsant phenytoin in dogs.36 The first (type B reac-
tion) is characterized by clinical signs after extended treat-
ment at lower than recommended doses and may result from 



970 Drugs Acting on the Nervous System SECTION 4

an (unpredictable) idiosyncratic reaction. Indications are that 
histologic changes with this form will progress from chronic 
hepatitis to cirrhosis. The second form is more frequently 
characterized by intrahepatic cholestasis and is associated 
with a poor prognosis. This form of liver disease has been 
associated with high doses of phenytoin in combination with 
primidone or phenobarbital and may represent an intrinsic 
hepatotoxicity. Induction of enzymes is likely to increase for-
mation of toxic metabolites, which may contribute to hepa-
totoxicity. Hepatotoxicity resulting from phenytoin is more 
likely if the drug is used in combination therapy with either 
primidone or phenobarbital. Toxicity may be related to gen-
eration of toxic metabolites. Two forms of toxicity appear to 
occur with phenytoin therapy: a dose-independent chronic 
hepatitis that may progress to cirrhosis and that appears to be 
reversible after discontinuation of the drug early in the disease 
and a dose-dependent intrahepatic cholestasis that is accom-
panied by a poor prognosis.

Other Side Effects
The CNS side effects of phenytoin in the dog are moderate in 
part because of its action but also because it is rapidly metabo-
lized.49 Transient incoordination and oversedation may occa-
sionally occur after administration of phenytoin. A moderate 
degree of polyphagia, polydipsia, and polyuria may be seen in 
animals medicated with this drug. Sialosis, weight loss, and 
vomiting have been reported after the use of phenytoin in the 
cat. Inhibition of release of antidiuretic hormone accounts for 
the polyuria that develops after administration of phenytoin. 
Insulin secretion also is inhibited.45

Displacement of T4 by highly protein-bound drugs (e.g., 
phenytoin) from T4-binding globulin increases T4 concentra-
tions, induction of hepatic drug-metabolizing enzymes results 
in increased clearance of both T4 and T3, and increased con-
version of T4 to T3 by peripheral tissues further decreases T4. 
The latter mechanism has been postulated as the reason that 
T3 concentrations may remain normal despite increased T3 
clearance198 in patients receiving phenytoin. Clinical signs 
of hypothyroidism may not be apparent in such cases. Note, 
however, that both serum T4 and free T4 may be decreased in 
some patients receiving anticonvulsants.

Fosphenytoin is a phosphate ester prodrug of phenytoin, 
with the latter being released after dephosphorylation by tissue 
(liver, red blood cells, and others) phosphatases.199 Enzymatic 
conversion half-life is about 3 minutes in dogs, with equimo-
lar concentrations of phenytoin emerging with fosphenytoin. 
Similar antiarrhythmic (antiseizure was not reported) effects 
occurred for fosphenytoin and phenytoin in dogs. Side effects 
are similar to phenytoin, although local irritation was less with 
intramuscular administration of fosphenytoin compared with 
phenytoin. No information could be found regarding use of 
fosphenytoin in dogs.

Topiramate
Topiramate is a monosaccharide D-fructose anticonvulsant 
derivative developed in the 1980s.200 Its mechanism of action is 
not entirely understood but includes enhanced gabaminergic 

actions at the GABA-A receptor. Sodium channel blockade 
may also be involved (package insert). Its effects are similar to 
those of diazepam but are not blocked by flumazenil, suggest-
ing actions through a novel, non-benzodiazepine (BDZ)–sen-
sitive binding site on the GABA-A receptor. It may also inhibit 
the kainite/AMPA (but not NMDA) glutamate receptor. Topi-
ramate appears to increase the seizure threshold and prevent 
seizure spread. In selected studies potency is similar to phe-
nytoin and phenobarbital. However, while useful in kindled 
and ischemia-induced epilepsy, it has variable efficacy for pre-
vention of pentylenetetrazole (a GABA-A receptor antagonist) 
or picrotoxin-induced seizures. In humans it has been predict-
ably effective in controlling partial and secondary seizures but 
not absence seizures.

In humans topiramate is eliminated primarily through the 
kidneys as the parent compound, although up to eight metab-
olites have been identified.

Topiramate inhibits isoenzymes of carbonic anhydrase; this 
mechanism appears to be more relevant to side effects than 
control of seizures. Binding to the enzyme results in a large 
proportion of the drug being located in erythrocytes at low 
concentrations. Its oral disposition has been reported in male 
and female Beagles; intravenous data are available for one dog 
(see Table 27-4).201 Based on comparison of the area under the 
curve after 10 mg/kg intravenously and orally, oral bioavailabil-
ity appears to be about 35% for tabular form but is increased 
twofold when administered as a solution. Dogs treated with 
up to 400 mg/kg experienced no lethal side effects, although 
acute toxicity associated with ataxia, decreased motor activity, 
tremors, and clonic convulsions occurred. Dosing for 3 and 
12 months was not associated with overt indicators of toxic-
ity in dogs. However, increased liver weights (indicative of 
induction), increased serum gastrin levels and gastric mucosal 
hyperplasia, and renal and urinary epithelial hypertrophy have 
been associated with long-term use in other species. Topira-
mate is available as a sprinkle formulation. Its use apparently 
has not been reported in dogs or cats.

Valproic Acid
Valproic acid is a vehicle used for other drugs that was seren-
dipitously found to have anticonvulsant properties. It is a sim-
ple branched-chain carboxylic acid (see Figure 27-4). Valproic 
acid is effective against a variety of seizures, including absence 
seizures. Its mechanism of action appears to be similar to that 
of phenytoin in that it prolongs recovery of voltage-activated 
Na+ channels from inactivation. It may also affect Ca2+ fluxes 
but does not appear to impair GABA. The drug is rapidly 
absorbed, highly protein bound, and in humans has a half-life 
of 10 to 15 hours. The half-life can, however, be shortened in 
the presence of other (inducing) anticonvulsant drugs.

The difficulty in using this drug in dogs probably reflects 
an inability to achieve therapeutic concentrations. Valproic 
acid is metabolized in the liver; metabolites can be as potent 
as the parent compound in controlling seizures, although only 
one of them enters the CNS to any appreciable extent. Valproic 
acid can alter liver enzymes (up to 40% of human); increases 
can be associated with toxicity. Hepatotoxicity is likely to be 
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increased when used in combination with other drugs. It also 
causes gastrointestinal upset and, like other anticonvulsants, 
CNS side effects (e.g., sedation, ataxia). Valproic acid has not 
proved very useful for controlling seizures in dogs. It might be 
considered in combination with phenobarbital, although drug 
interactions may complicate therapy.

The disposition of valproic acid has been reported for 
dogs by several authors (reviewed by Frey and Löscher)42 (see 
Table 27-4). Peak serum concentration after oral absorption 
is markedly variable and appears to be greater with solution 
(30 to 60 μg/mL at 20 mg/kg) compared with tablets (30 to 75 
μg/mL at 40 mg/kg). However, bioavailability is not as diver-
gent, reaching 89 ± 8.2 for solution compared with 78 ± 17 for 
tablets.42 Löscher202 demonstrated that therapeutic drug con-
centrations could be maintained in part because of decreased 
protein binding in dogs compared with humans. Half-life of 
valproic acid did not change over 14 days of treatment at 168 
to 180 mg/kg (divided into three equal doses). Löscher attrib-
uted some antiepileptic efficacy of valproate to its metabo-
lites, which appear to accumulate in dogs (n = 3). In a study 
of multiple oral dosing (60 mg/kg thrice daily for 14 days), 
mean plasma concentrations of valproic acid, 2-en- valproic 
acid, 3-hydroxy-valproic acid, 3 keto-valproic acid, and “total 
equivalents” of valproic acid were 20, 3.1, less than 0.4, and 3.7 
(23 equivalents) on day 1 of dosing, compared with 8, 16, 0.7, 
and 9.1 (18 equivalents) at day 14.

The use of valproic acid for treatment in idiopathic epilep-
tic dogs (27 female and 40 male), 29 of which were considered 
refractory to anticonvulsant drugs was described by Nafe and 
coworkers.203 The addition of valproic acid (25 to 40 mg/kg 
per day) resulted in improvement in six of eleven dogs already 
receiving phenytoin or phenobarbital and one of six dogs 
receiving primidone (dog was tapered off of primidone). Val-
proic acid (25 to 105 mg/kg per day) alone markedly improved 
seizures in 7 of 16 dogs, and the combination of valproic acid 
and phenobarbital resulted in marked improvement in 14 of 
24 dogs. One dog developed noninflammatory alopecia.

Zonisamide
Developed in Japan, zonisamide, 3-sulfamoylmethyl-1,2 
benzisoxazole, is a synthetic sulfonamide-based anticonvul-
sant approved for use in the United States in 1998 for treat-
ment of seizures related to human epilepsy.204 The efficacy 
of zonisamide for treatment of human epilepsy is similar to 
phenobarbital and superior to other classic drugs, including 
valproic acid and phenytoin. Its mechanism is not clear, but 
it appears to inhibit neuronal voltage-dependent sodium and 
T-type calcium channels.205,206 It also modulates the dopa-
minergic system and accelerates the release of GABA from 
the hippocampus.207,208 An additional potential advantage of 
zonisamide is free radical scavenging, which protects against 
the destructive nature of radicals, especially in neuronal 
membranes.209 Finally, zonisamide blocks the propagation 
of seizures from cortex to subcortical areas of the brain. Its 
antiepileptic efficacy has been described as similar to that of 
phenytoin or valproic acid, thus minimally affecting normal 
neuronal activity. These multiple mechanisms of action may 

translate to improved efficacy compared with other anticon-
vulsant drugs.

The clinical pharmacology of zonisamide has been inves-
tigated in humans with similar characteristics in dogs.210-212 
Disposition is complicated. Oral absorption tends to be rapid, 
complete, and minimally impaired by food. After 12 hours 
of dosing, zonisamide concentrations in the brain are two-
fold that in plasma. The extent of protein binding is not suf-
ficient to limit the rapid movement into the brain. Binding 
of zonisamide to erythrocytes (red blood cells) and plasma 
proteins contributes to complex kinetics. Erythrocyte con-
centrations in whole blood tend to be twice as high as plasma 
and serum in humans and are characterized by binding that is 
both saturable and nonsaturable;213 the saturable portion may 
reflect binding to carbonic anhydrase in epileptic patients. 
Accumulation of drug in red blood cells is reversible, and the 
complex relationship between zonisamide and red blood cells 
may make therapeutic drug monitoring of plasma or serum 
advantageous. Metabolism of zonisamide involves both phase 
I and phase II hepatic metabolism, with cytochrome P450 
3A4 being the major isozyme and a glucuronidated com-
pound the major metabolite.214 Enzymes CYP3A4, CYP3A5, 
and CYP2C19 contribute to metabolism in humans.215 Renal 
elimination and recovery of zonisamide indicate parent drug 
recovery of 35%. Using radiolabeled (carbon) zonisamide 
administered to dogs, 83% of the drug was excreted in 72-hour 
urine as the either the parent compound or metabolites. The 
remaining proportion was recovered in feces.210 The termi-
nal half-life of zonisamide in the dog after a single oral dose 
(20 mg/kg) administration differed depending on the tissue 
studied, with the shortest being 15 hours for plasma and the 
longest 42 hours for red blood cells.210 The longer elimination 
half-life allows a convenient dosing interval while minimiz-
ing dramatic fluctuations in zonisamide concentrations that 
might cause recurrence of seizures. Recommended thera-
peutic concentrations for zonisamide initially were 10 to 70 
μg/mL, with 16.5 to 49.6 μg/mL also suggested when dosed 
twice daily.216 The author recommends the more commonly 
accepted 10 to 40 μg/mL; however, monitoring should be 
based on patient need. Nonlinear pharmacokinetics have been 
reported in some human patients, particularly with chronic 
dosing, resulting in disproportionate, and thus unexpected, 
increases in drug concentrations compared with changes in 
dose. In dogs undergoing toxicity studies, plasma concentra-
tions never reached steady state over the course of 13 weeks of 
dosing at 75 mg/kg, compared with proportional steady-state 
concentrations by week 13 at 10 to 30 mg/ kg.212

Clinical pharmacokinetics of zonisamide have been 
described in normal dogs (n = 8), four male and four female, 
ranging from 3 to 4 years of age, using a randomized cross-
over design after single intravenous and oral administration, 

KEY POINT 27-26 Its unique mechanism of action, reasonable 
half-life, and wide therapeutic margin render zonisamide an 
increasingly useful drug for control of epilepsy in dogs and 
cats.
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6.85 and 10.25 mg/kg, respectively.217 Zonisamide concentra-
tions differed among blood compartments after single dosing, 
with oral maximum concentration (Cmax) being greatest in red 
blood cells (28.73μg/mL) and least (14.36 μg/mL) in plasma. 
Clearance of zonisamide was 57.55 mL/hr/kg from plasma 
and 5.06 mL/hr/kg from red blood cells. However, zonisamide 
concentrations did not differ among blood compartments at 
the end of multiple dosing, suggesting any blood component 
can be monitored. The fraction of unbound drug was 60.48 ± 
13.4%. Elimination half-life in plasma was 16.4 hours in serum 
and 57.4 hours in red blood cells. Volume of distribution also 
differed, being greater (1 L/kg) in plasma and least in (0.4 L/kg) 
red blood cells. Bioavailability was 126.8% for red blood cells 
and 189.6% for plasma. After multiple dosing (10.17 mg/kg) 
twice daily for 8 weeks, the accumulation ratio of zonisamide 
was 3.5 (plasma) and 4.3 (red blood cells). The resulting mean 
Cmax at steady state was 56 ± 12 μg/mL, suggesting a beginning 
dose of 2 to 3 mg/kg twice daily to target the low end of the 
therapeutic range. The half-life at 8 weeks was 23 ± 6 hours. 
Plasma drug concentrations varied by 17.2% between 12-hour 
dosing intervals, which suggests that a 12-hour dosing interval 
is appropriate. Differences in clinical pathology data occurred 
at the end of the 8-week study period, although all results 
remained within normal limits. Serum alkaline phosphatase 
and calcium increased above baseline, whereas total serum 
protein and albumin both decreased below baseline.

Zonisamide pharmacokinetics have been described in cats 
(n = 5) after a single dose of 10 mg/kg (see Table 27-4).218 
Safety and adverse reactions were studied during chronic (9 
weeks) dosing at 20 mg/kg once daily. Zonisamide was not well 
tolerated at this dose; 50% of cats exhibited vomiting, diar-
rhea, and anorexia. Mean peak and trough concentration with 
chronic dosing in all cats were 46 and 59 μg/mL, respectively, 
with concentration at 42, 59, and 79 in cats with adversities. 
Zonisamide appears to be minimally involved in drug inter-
actions typicalof highly protein-bound drugs.210 However, it 
is involved with interactions involving CYP enzymes. Nakasa 
and coworkers215 demonstrated that clearance was decreased 
31%, 23%, and 17% by ketoconazole, cyclosporine A, and 
miconazole, respectively; fluconazole inhibited clearance to a 
lesser degree, but itraconazole appeared to have no effect.

Oral bioavailability of human generic preparations should 
not be assumed to act similarly in dogs and cats. Accordingly, 
clinicians and owners both should request that dispensing 
pharmacists inform the owner or veterinarian if the dispens-
ing pharmacy has changed to a different generic preparation 
since the last prescription.

Zonisamide does not appear to affect its own metabolism 
nor the metabolism of other drugs in animals or humans. Phe-
nobarbital will shorten zonisamide half-life. The impact of 35 
days of dosing phenobarbital on the disposition of zonisamide 
was studied in dogs. Unfortunately, all data were pictorially 
represented, limiting assessment of changes in disposition.219 
After 35 days of phenobarbital administration, concentra-
tions appeared to decrease to about 2.75 μg/mL, returning to 
3.5 only after approximately 12 weeks after phenobarbital was 
discontinued. The decrease in half-life appeared to be about 

3 hours, or approximately 30%. Phenobarbital shortened the 
half-life of zonisamide from 27 to 36 hours in humans, result-
ing in lower plasma drug concentrations.220 The impact of 
phenobarbital does not appear to be profound, but monitor-
ing is warranted, and collection of both a peak and a trough 
sample might be warranted in patients receiving phenobar-
bital with zonisamide. The effect does not appear to warrant 
starting the drug at higher doses in patients on phenobarbital 
unless monitoring has confirmed the need.

Dogs appear to tolerate zonisamide well; concentrations 
in samples submitted for monitoring at the author’s labora-
tory indicate concentrations that exceed 60, 80, and in some 
dogs, 100 μg/ml well. Dose increases for zonisamide in dogs 
may cause disproportionate increases in plasma drug concen-
trations based on data in the author’s laboratory. It is possible 
this may reflect saturation of acetylation enzymes in the dogs.

As a sulfonamide, zonisamide inhibits thyroid synthesis 
of thyroid hormones. Anticonvulsants (phenytoin) may also 
have a direct negative effect on TSH response to thyrotropin-
releasing hormone. Drug-induced changes in T4-binding 
globulins have also been documented in human patients tak-
ing anticonvulsants. Boothe and Perkins217 demonstrated that 
zonisamide dosed for 8 weeks was associated with a decrease 
in total T4 below normal limits. Free T4 and TSH were also 
decreased from pretreatment concentrations, although both 
were within normal limits. Zonisamide concentrations were 
higher than the recommended therapeutic range. Thyroxin 
and TSH concentrations might facilitate diagnosis of hypo-
thyroidism in animals receiving zonisamide.198 Note that thy-
roid supplementation suppresses response to TSH, and testing 
should not be performed until supplementation has been 
discontinued for 4 to 6 weeks. As with carbonic anhydrase 
inhibitors, zonisamide has been linked to metabolic acidosis 
in humans. The FDA recommends that bicarbonate be mea-
sured before and intermittently during therapy. Renal calculi 
have formed in a very small number of human patients receiv-
ing zonisamide for long periods. Because it does not contain 
an aryl-amine, allergic responses associated with sulfonamide 
antimicrobials may not occur in dogs.

Clinical reports of zonisamide use in animals are limited. 
In one report zonisamide was effective in reduction of seizures 
in patients with epilepsy that had not sufficiently responded 
to one or more anticonvulsants (including phenobarbital and/
or bromide) in 7 of 12 dogs at doses designed to achieve 10 to 
40 μg/mL. Dose reduction or discontinuation of concurrent 
anticonvulsant was possible in 8 of 12 dogs. Mean concentra-
tions approximated 20 μg/mL; mean dose was 9 mg/kg every 
12 hours.221 A second open clinical trial studied zonisamide 
for treatment of refractory seizures in dogs (n = 13).222 Mean 
reduction in seizure was 70%, with three dogs relapsing. Drug 
concentrations were not measured.

KEY POINT 27-27 At high concentrations, zonisamide will 
inhibit thyroid gland synthesis. Therapy should be initiated 
at a low dose and concentrations increased as needed to 
control seizures.
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ACUTE MANAGEMENT OF SEIZURES

Status Epilepticus
The leading cause of SE in humans is inappropriate low con-
centrations, with noncompliance with prescribed medications 
among the most common reasons. Accordingly, the applica-
tion of the principles of pharmacology to anticonvulsant ther-
apy should facilitate effective control and the avoidance of SE. 
A number of proepileptic drugs are also cited as causes for SE 
(discussed later).223

Early therapeutic intervention is more important than drug 
choice; in humans intervention within the first 30 minutes was 
associated with an 80% response to first-choice drugs, whereas 
60% of patients in SE for more than 2 hours did not respond 
to first-line therapy. Physiologic responses of concern include 
fever, cardiac arrhythmias, changes in systemic (initially 
hypertension and later hypotension) and pulmonary blood 
pressures, and altered blood chemistries.223

In humans223 the traditional definition of SE as continu-
ous or repetitive seizures lasting 20 minutes or more has been 
challenged; therapy for SE is recommended for two or more 
generalized convulsions without full recovery of conscious-
ness between seizures, or continuous convulsive activity last-
ing more than 10 minutes. However, recommendations have 
been reduced to 5 minutes because few seizures last this long.

Benzodiazepines tend to be more effective early but not 
later, whereas NMDA receptor antagonists (e.g., ketamine) 
tend to be effective later but not early. In humans, drugs of 
choice vary with the duration of SE. The suggested approach 
is 6 to 10 minutes: intravenous lorazepam, followed by diaz-
epam or midazolam (intranasally, or intramuscularly); 10 to 
20 minutes: fospheyntoin for 10 to 60 min followed by mid-
azolam by CRI or phenobarbital IV if no response,propofol 
by CRI or valproate if no response, and finally, the addition or 
alternative of pentobarbital or midazolam if no response. For 
seizures greater than 60 minutes in duration, pentobarbital is 
indicated. Despite ketamine’s potential efficacy as an anticon-
vulsant drug, antagonism of NMDA may result in severe neu-
rotoxicity, and its use in SE should be reserved until scientific 
data support its efficacy.

In dogs or cats, treatment for more than one seizure per 
hour is a medical emergency.49 The use of drugs for acute 
management of seizures is addressed in detail with individual 
drugs. In general, however, acute therapy of seizures (e.g., SE) 
is preferentially implemented with diazepam (intravenous 
bolus to effect). Diazepam has a short half-life, and it may be 
necessary to repeat the dose once or twice during the first 2 
hours to stabilize the dog.49 To terminate the seizures, various 
methods of administration have been recommended. Diaz-
epam is recommended in an intravenous dose of 5 to 20 mg. 
Frey and Löscher42 recommended an intravenous dose of 0.5 
to 1 mg/kg. Control by diazepam can be prolonged by con-
tinued administration as a CRI (2 to 5 mg/hr of 5% dextrose; 
the infusion line should first be flushed with the diazepam 
solution to allow diazepam binding to the polyvinyl), or co-
administration of phenobarbital (2 to 6 mg/kg intramuscu-
larly to avoid respiratory or cardiac depression). Clonazepam 

(0.05 to 0.2 mg/kg intravenously) may provide antiepileptic 
efficacy that lasts longer (but is not necessarily any more effi-
cacious) than that of diazepam. Unfortunately, an intravenous 
preparation is not available in the United States.Alternatively, 
phenobarbital can be administered as the first choice (intra-
venous bolus to effect, as a loading dose). Note that for each 
3 mg/kg of phenobarbital given intravenously, serum concen-
tration increases approximately 5 μg/mL. For a patient not 
receiving phenobarbital at the time that therapy is begun, up 
to 18-mg/kg total dose (given in 3- to 6-mg/kg increments at 
15- to 30-minute intervals) may be necessary to achieve the 
midtherapeutic range (30 μg/mL). Drug distribution of phe-
nobarbital into the CNS may take 15 to 30 minutes. Failure 
to control seizures may indicate the need for pentobarbital.
As such, the risk of cardiovascular or respiratory depression 
is great. An advantage to the use of pentobarbital, however, is 
its protective effects on the brain during periods of hypoxia 
induced by the seizure.

Alternative routes of anticonvulsant therapy might be 
considered for clients attempting to control life-threatening 
seizures without immediate access to veterinary medical assis-
tance. Phenobarbital (5 mg/kg), diazepam, and bromide are 
partially to completely bioavailable after rectal administra-
tion.94,95 The risk of potassium overload can be minimized 
by administration of the loading dose over a 12- to 24-hour 
period in 5- to 15-mL increments.

A small number (20) of human patients with refractory 
epilepsy were treated with either propofol (14) or midazolam 
(6) in a retrospective study. For each drug seizures were eradi-
cated in about 65% of patients. However, overall mortality, 
although not statistically significant, was higher with propofol 
(57%) compared with midazolam (17%).224

General gas anesthesia generally is not recommended in the 
patient with SE because of the risk of hepatotoxicity induced 
by the anesthetic that may occur with prolonged therapy. If the 
clinician decides that general gas anesthesia is necessary, anes-
thetics that are minimally hepatotoxic are preferable. Discontin-
uation of therapy should be undertaken cautiously to minimize 
the risk of seizures. Propofol and etomidate are two chemical 
restraining agents that, are characterized by anticonvulsant 
effects, although these drugs are expensive. Of the two, etomi-
date (a human drug only) may be characterized by CNS-pro-
tective effects. These drugs can be administered as intravenous 
infusions to effect (see later discussion regarding brain trauma).

Diazepam can be used in the cat to control acute epileptic 
disorders regardless of etiology Generally, an intravenous dose 
(5 to 10 mg) is given to effect. A dose as high as 20 mg may 
be necessary; if high dosages are used, they must be injected 
slowly. The procedure commonly followed is to administer 2 
to 10 mg intravenously and then wait 10 minutes. If seizures 
persist, phenobarbital sodium can be administered (5 to 60 
mg). Caution must be taken not to oversedate or depress the 

KEY POINT 27-28 Although diazepam is very effective, its 
short duration of action may require alternative drugs or 
methods of administration.
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animal when these drugs are administered in close succession. 
Should the animal manifest refractoriness to diazepam and 
phenobarbital, as in SE, pentobarbital anesthesia is then care-
fully administered to effect.

SE may require management of cerebral edema (see later 
discussion of brain trauma and injury).

CHRONIC CONTROL OF SEIZURES

Use of selected antiepileptic drugs to control seizures has been 
discussed with regard to individual drugs. What constitutes 
successful anticonvulsant therapy will vary among clini-
cians and may be defined by client satisfaction. Eradication 
of seizures may be an unachievable goal; decreased frequency, 
severity, or duration of the seizure episode may be considered 
a success for many animals. Indeed, close counseling of clients 
and reorientation to what constitutes successful control may 
be important techniques to successfully treating an epileptic 
dog. Chronic control of epilepsy is likely to be a balancing act 
for many patients: controlling seizures without putting the 
patient’s health at excessive risk. Because patients are likely 
to need drug therapy for the rest of their lives, establishing a 
minimum effective dose for any anticonvulsant drug is pru-
dent. Monitoring is important to prevent toxic concentrations, 
or to confirm ineffectiveness at high concentrations, even for 
newer, safer drugs. Monitoring should be used to determine 
the minimum effective dose for each patient. In the case of 
breakthrough seizures, monitoring can help the clinician 
determine whether the seizures reflect a decrease in drug con-
centrations (which should lead the clinician to confirm owner 
compliance, addressing potential drug or diet interactions, 
and so forth) or a change in the underlying pathophysiology 
(leading to further diagnostics and potential treatment).

If manipulation of a dosing regimen is the focus of suc-
cessful control, a chosen therapeutic regimen should not be 
abandoned until steady-state plasma drug concentrations 
have been reached. Thus an animal should not be considered 
refractory to a drug simply because it is receiving more than 
the recommended dose or its serum concentrations are within 
the therapeutic range. A drug should not be abandoned until 
serum concentrations in the maximum therapeutic range 
(and, in some circumstances, exceeding it if the drug is suf-
ficiently safe) have been documented or unacceptable adverse 
side effects occur. Regardless of the anticonvulsant used, 
therapy should never be stopped suddenly, and drug concen-
trations should not be allowed to drop precipitously during a 
dosing interval. SE may occur. Cautious exceptions might be 
made for drugs with a very long half-life (e.g., bromide) that 
naturally gradually decline (as long as chloride content in the 
animal has not increased).

The thyroid and liver status of patients should be deter-
mined before initiation of therapy. Anticonvulsant-induced 
liver disease should be distinguished from hepatic induction 
for several anticonvulsant drugs; unnecessary discontinuation 
of a drug that is controlling seizures might thus be avoided. 
Moderate elevations in the serum transaminases and SAP 
activity and abnormalities (more than 50 mmol/L) in fasting 
bile acids and serum albumin are indicative of hepatic pathol-
ogy. The incidence of serious liver toxicity can be reduced 
by avoiding combination therapy with more than one drug 
metabolized by the liver; using therapeutic drug monitoring225 
(see Chapter 5) to achieve adequate serum concentrations at 
the smallest dose possible; and evaluating hepatic function 
every 6 months or more, depending on the magnitude of 
phenobarbital serum concentrations. The higher the plasma 
drug concentration, the more important hepatic monitoring 
becomes. Seizure-induced hypoxia can result in liver damage; 
thus evaluation of the liver should not occur in association 
with a seizure episode. Hepatotoxicity induced by anticonvul-
sants is often reversible if the drug dose is sufficiently decreased 
before cirrhotic changes occur.

Phenobarbital has remained the first-choice anticonvulsant 
for chronic control of seizures in both dogs and cats because of 
its efficacy and, as long as drug concentrations do not approach 
the maximum therapeutic concentration, safety. However, 
increasingly evidence is emerging that other anticonvulsants 
may be effective. Therapeutic drug monitoring should be used 
to ensure that adequate serum drug concentrations have been 
achieved before the patient is considered refractory. As con-
centrations of phenobarbital approach the maximum end of 
the therapeutic range, an alternative regimen should be con-
sidered. The addition of a second anticonvulsant is the most 
likely next step.

Combination Therapy
Use of combination therapy appears to be popular in veteri-
nary medicine, on the basis of therapeutic drug monitoring 
information in the author’s laboratory. Although combina-
tion therapy is a reasonable approach for control of seizures 
in patients that fail to reasonably respond to first-choice 
anticonvulsants (e.g., plasma drug concentrations approach 
or enter the high end of the therapeutic range, or unaccept-
able side effects emerge), many of these patients are on two 
or more drugs, each of which is in the subtherapeutic to low-
therapeutic range. The American Epilepsy Society notes that 
most human patients can be controlled with single-drug ther-
apy and that higher concentrations of a single drug are pre-
ferred to lower concentrations of multiple drugs. Single-drug 
therapy should be considered prudent for several reasons. The 
most obvious is avoidance of side effects (the combined side 
effects of a drug might, like efficacy, be worse than either drug 
by itself), fewer drug interactions, better owner compliance, 
and reduced cost (because multiple drugs require more than 
one prescription and additional monitoring). Other reasons 
to limit combination therapy to patients with proven need are 
likely to be less obvious. However, no drug therapy is likely to 
be innocuous. Drugs that affect the CNS may be problematic 

KEY POINT 27-29 Ideally, long-term control of therapy should 
begin with a single drug, with combination therapy initiated 
only after the first drug fails. Failure should be assumed 
only as drug concentrations approach the maximum end of 
the therapeutic range.
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because of the sophisticated mechanisms that exist to mini-
mize the effects of CNS drugs. These include efflux proteins, 
receptor downregulation, and desensitization. In the author’s 
opinion, because the CNS does not want drugs in the CNS, an 
attempt should be made to respect the body’s attempt to limit 
exposure of the brain to drugs. Accordingly, the author recom-
mends that single-drug therapy be targeted and combination 
therapy be instituted only in patients that have failed initial 
therapy.

Bromide increasingly is recommended as a first-choice 
antiepileptic drug. Although Boothe and Dewey28 dem-
onstrated that it is not as efficacious as phenobarbital for 
control of seizures in dogs, its lack of drug interactions 
and improved safety compared with phenobarbital warrant 
consideration as first choice, particularly in older dogs for 
which the risk of drug interactions and liver disease might 
be decreased.

Bromide also has been recommended as the first combi-
nation drug of choice for dogs should phenobarbital therapy 
fail. However, as newer predominantly renally excreted drugs 
become available in generic preparations, their use should 
be considered so as to avoid the gastrointestinal side effects 
of bromide. Bromide increasingly is being used as the sole 
anticonvulsant, although a severe seizure history may warrant 
using a more accepted and predictable first-choice drug (e.g., 
phenobarbital).

Controlling refractory seizures with any anticonvulsant 
drug might be facilitated using a stair-step approach. Using 
bromide as an example, increase concentrations in 0.5-mg/
mL increments. If the patient develops seizures at one con-
centration, the concentration is increased to the next level. 
This is continued until the patient is acceptably controlled 
or sedation becomes untenable. In the latter case, decreasing 
phenobarbital concentrations by 25% may help resolve grog-
giness. If the goal of bromide therapy is to wean the patient off 
an anticonvulsant (using phenobarbital as an example), con-
centrations should be confirmed before implementing a stair-
step decrease. For example, bromide concentrations ideally 
are at least 1.5 mg/mL before phenobarbital is decreased by 
25%. Every time the dose of an anticonvulsant is changed, at 
least 3 drug half-lives, plus one seizure interval (to assure the 
patient is challenged by a seizure at the new concentration), 
must lapse before the impact of the dose change can be fully 
assessed. For phenobarbital, at least 2 to 4 weeks should lapse 
before a second decrease is implemented. Ideally, the anticon-
vulsant is monitored at each decrease in dosage so that a tar-
get has been identified, should seizures return. Deciding what 
concentration to target with the second anticonvulsant can be 
difficult. If the goal is to simply add a second anticonvulsant, 
targeting in the lower therapeutic range of the new drug is 
reasonable. If the goal is to reduce the first anticonvulsant, the 
target of the second drug might be a little higher. If the goal is 
to eradicate the original anticonvulsant, at the very least, the 
second drug concentration should be at the same level of the 
therapeutic range (if not higher) than the first. For example, 
if a patient’s phenobarbital dose is 25 μg/mL (midtherapeutic 
range), bromide should be at least 2 mg/mL before a decrease 

is considered. Some animals will require higher concentra-
tions: for example, for bromide, higher than 2.5 mg/mL 
before phenobarbital can be lowered to less than 20 μg/mL 
(the standard goal). It may not be possible to decrease the first 
anticonvulsant in some patients, despite the addition of a sec-
ond drug at concentrations that are in the high therapeutic 
range. On the other hand, some patients can be completely 
weaned off the first anticonvulsant (e.g., phenobarbital).

Diazepam has been the second drug of choice for chronic 
control of seizures in cats. However, its use may be limited by 
the concern for hepatic disease. In the author’s monitoring labo-
ratory, either zonisamide or levetiracetam appear to be well tol-
erated and effective, with gabapentin a third viable alternative.

Discontinuing Therapy
Whether anticonvulsant therapy facilitates remission of spon-
taneous seizures is not clear, although a tendency for contem-
porary anticonvulsant therapy to be associated with epileptic 
cure has been described in humans.226 In human medicine, 
antiepileptic drugs can be withdrawn in 60% of patients that 
remain seizure free for 2 to 4 years. A similar statistic is not 
available in veterinary medicine. The likelihood of success 
can be somewhat correlated with the underlying cause or type 
of seizure, with the best chance occurring in the nonjuvenile 
patient with idiopathic generalized epilepsy. Such patients 
should have a normal neurologic exam, and the absence of a 
structural brain lesions. The author recommends that therapy 
might be discontinued in those patients whose drug concen-
trations are substantially below the recommended therapeu-
tic range. Should the decision be made to discontinue therapy, 
concentrations might first be monitored (to provide a target 
to which concentrations can be returned if the patient has a 
seizure) and then the antiepileptic drug be slowly discontin-
ued over several months (e.g., 25% each month). Note that 
with each decrease, the response should be assessed after 
the drug has reached steady state plus one seizure interval  
(i.e., ensure, to the extent possible, that the patient is chal-
lenged by a seizure before the next decrease is implemented).

Alternative Therapies
Melatonin is described as having demonstrated anticonvulsant 
activity in many animal models.225 A study in gerbils demon-
strated greater survival in animals treated with melatonin (25 
μg subcutaneously daily). Anticonvulsant activity of melato-
nin may reflect antioxidant activity and subsequent free radi-
cal scavenging.228 In an open, uncontrolled study in epileptic 
children refractory to standard therapy, melatonin (3 mg at 
bedtime), seizure activity decreased and sleep improved in five 
of six patients.228

Deprenyl was associated with reduction in experimentally 
induced seizures in a rat kindling seizure model after mul-
tiple intraperitoneal dosing.229 L-Deprenyl (and to a lesser 
degree, D-deprenyl) was effective in controlling electroshock-
induced seizures in mice when administered at 1 to 40 mg/
kg intraperitoneally, with the highest reduction (44%) occur-
ring at the highest dose. Although less potent, D-deprenyl also 
reduced seizures but was toxic at doses higher than 10 mg/kg. 
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Pentylenetetrazol nduced clonic and myoclonic, but not tonic, 
seizures. Seizures also were decreased by L-deprenyl at 5 mg/kg 
intraperitoneally (but not subcutaneously); 10 mg/kg did not 
provide further control. The spectrum of anticonvulsant activ-
ity was described as comparable to that of phenobarbital (and 
levetiracetam), including breadth of seizure type controlled. 
A proposed mechanism is inhibition of norepinephrine and 
dopamine metabolism. Other proposed mechanisms include 
modulation of NMDA receptor activity and stimulation of mel-
atonin synthesis in the pineal gland. In his review, Löscher229 
notes that tricyclic antidepressants provide some anticonvul-
sant effects through inhibition of norepinephrine uptake.

The role of phenothiazines, and acepromazine in particular, 
in epileptic dogs is controversial. Although phenothiazines are 
connected with seizures in humans,230 the contraindication for 
phenothiazines, and specifically acepromazine, in epileptic ani-
mals is less clear. The author has personally induced seizures in 
a dog suffering from lead poisoning that developed acute respi-
ratory distress syndrome. Treatment with acepromazine was 
immediately followed by severe seizures. However, Tobias and 
coworkers231 retrospectively studied the use of acepromazine 
in epileptic dogs (n = 47; 15 with idiopathic epilepsy) with sei-
zures that received acepromazine for diagnostic testing, anes-
thetic premedication, to facilitate postoperative recovery, or to 
decrease excitatory behavior; acepromazine was given with the 
intent of reducing seizures in 11 of the dogs. Acepromazine 
also was administered to 11 of the 47 dogs in order to decrease 
seizure activity, with either seizures stopping for 1.5 to 8 hours 
(n = 8) or not recurring (n = 2). Chlorpromazine has been used 
(2 to 4 mg/kg orally every 8 to 12 hours) to treat SE, with 9 of 
10 dogs responding (as reviewed by Tobias and coworkers).231 
McConnell and coworkers232 also retrospectively studied the 
medical records of 31 dogs experiencing no seizures (n = 3) or 
a history of acute or chronic seizures, including SE (n = 3) or 
cluster seizures (n = 22). Fifteen of 22 dogs with a history of sei-
zures were receiving AED medication. Dogs were treated with a  
median of 2 but up to 5 doses of acepromazine during hos-
pitalization; the intravenous dose ranged from 0.008 to  
0.057 mg/kg. Seizures (n = 23) occurred in 11 of 31 dogs dur-
ing hospitalization; 15 before and 8 (n = 4 dogs) after treat-
ment with acepromazine. The dose of acepromazine in dogs 
that experienced seizures after administration ranged from 
0.019 to 0.036 mg/kg, with seizures occurring at 18 minutes to  
10 hours after administration. It is the author’s opinion that 
these retrospective studies support the potential use of 
acepromazine in epileptic dogs as adjuvant therapy—and 
potentially as anticonvulsant therapy, but only after well-
designed placebo or other controlled randomized clinical trials 
in epileptic patients have determined the impact in epileptic 
dogs or cats.

DRUGS CONTRAINDICATED FOR 
EPILEPTIC PATIENTS

A number of medications are associated with decreased sei-
zure threshold and an increased risk of SE in humans (Table 
27-6). Several anticonvulsant drugs may be proepileptic at 

suprapharmacologic doses (e.g., phenytoin).223 The impact of 
phenothiazines was discussed with alternative drugs. Drugs 
inducing seizures in selected patients include fluorinated qui-
nolones, lidocaine, and possibly metoclopramide. Seizures 
induced by lidocaine should be treated with a benzodiazepine 
(e.g., diazepam).233 Morphine sulfate and related compounds 
as well as CNS stimulants such as the methylxanthines and 
behavior-modifying drugs should be avoided. Chloramphen-
icol also activates the CNS and should not be used in dogs 
known to have epileptiform seizures. Glucocorticoids may 
also decrease seizure threshold, although they stabilize neu-
ronal membranes. Long-term effects on the neuronal mem-
brane, however, may reflect downregulation of glucocorticoid 
receptors and thus loss of the stabilizing effect. Long-term use 
of glucocorticoids might be minimized for epileptic patients. 
Behavior-modifying drugs are CNS stimulants and, accord-
ingly, might be associated with an increased risk of seizures. 
Cocaine acts on monoamine transporters to block the reuptake 
of dopamine, norepinephrine and serotonin from synapses 
following their release. Activity at dopamine, adrenergic and 
serotonin receptors will increase, although the major effects of 
cocaine are thought to be reflect actions on dopaminergic sys-
tems. Cocaine will also increase motor activity by increasing 
dopamine in the striatum, and at high doses can cause psycho-
sis. Finally, cocaine also acts as a sympathomimetic, increasing 

Table 27-6   Potentially Proconvulsant 
Drugs10,223

Drug Class Drug

Analgesics fentanyl
meperidine
tramadol

Antiarrhythmics digoxin
lidocaine
mexiletine

Antibiotics cefazolin
imipenem
fluoroquinolones
metronidazole

Anticonvulsants at Supraphysiologic Doses
Immunomodulators chlorambucil

cyclosporine
interferons
tacrolimus

Tranquilizers butyrophenones
phenothiazines (see 

text)
Others baclofen

reserpine
theophylline

Behavior-modifying drugs amitriptyline
clomipramine
nortriptyline
imipramine
doxepin
bupropion



977CHAPTER 27 Anticonvulsants and Other Neurologic Therapies in Small Animals

activity of the sympathetic nervous system, due to its action on 
norepinephrine transport.

Drugs associated with seizures in nonhuman animal mod-
els have included but are not limited to the tricyclic anti-
depressants, bupropion, and doxepin. However, increased 
concentration of serotonin or norepinephrine by transport 
inhibitors are likely to be associated with anticonvulsant rather 
than proconvulsant effects in epileptic patients, despite the fact 
that overdose may be associated with seizures.10 Finally, drugs 
for which CNS derangements or seizures are a listed side effect 
generally should be avoided in epileptic animals.

TREATMENT OF OTHER NEUROLOGIC 
CONDITIONS

Brain Trauma or Injury
Pathophysiology of Brain Injury
After head trauma, secondary injury occurs in both contused 
and adjacent tissues.234 A cascade of events begins with mas-
sive depolarization and ion fluxes that initiate increased energy 
expenditure by the sodium/potassium adenosine triphospha-
tase (ATPase) pump, the main regulator of cell volume and 
electrochemical gradient. Systemic hypotension and disrupted 
cerebral blood flow exacerbate ATP depletion. Brain tissue is 
extremely sensitive to decreased oxygenation. Glutamate, an 
excitatory neurotransmitter that allows calcium influx into the 
neuron, appears to play an important role in the early stages of 
secondary brain injury caused by head trauma. Normal intra-
cellular concentrations are approximately 1500-fold greater 
than extracellular concentrations. Well-developed energy-
requiring mechanisms exist to maintain very low extracellular 
glutamate concentrations; this system becomes overwhelmed 
as a result of the combined effects of efflux of intracellular glu-
tamate and decreased energy. As a result, calcium influx causes 
uncontrolled release of intracellular calcium and subsequent 
cytotoxic events, including uncoupling of oxidative phosphor-
ylation necessary for ATP. Enzyme systems activated included 
protein kinase C, the phospholipases (and thus arachidonic 
acid cascades and platelet-activating factor), and nitric oxide 
synthase. Oxygen radicals are released, leading to irreversible 
cell injury and death.234

Blood flow to the CNS is well autoregulated through a com-
bination of metabolic, vascular pressure, and oxygen-related 
mechanisms. Cerebral vasculature and intracranial pressure 
(ICP) must, however, be functioning normally. Metabolic 
demands of the brain appear to affect regional blood flow 
through the effects of pH and adenosine on vascular tone. 
Increased metabolic activity decreases vascular tone, caus-
ing vasodilation. Arterial Pco2 has global control of the brain 
such that increases result in increased cerebral blood flow (and 
increased ICP), whereas decreases cause decreased cerebral 
flow. The potential exists for these reflex responses to exceed (in 
the case of increase) or to be insufficient (in the case of decrease) 
for the metabolic needs. Response to Pco2 is regional, compli-
cating the use of hyperventilation as a treatment for increased 
ICP.234 Local nitric oxide synthesis plays a role in regional blood 
flow and can contribute to secondary brain injury.

The cerebral ischemic response is global and depends on 
an intact vasomotor center. It occurs relatively late in response 
to poor perfusion. Increased ICP decreases cerebral perfu-
sion. Increased Pco2 causes the vasomotor center to increase 
heart rate and intense systemic vasoconstriction in an attempt 
to support cerebral blood flow. Clinically, the increase in sys-
temic blood pressure may cause a decrease in heart rate, an 
indicator that increased ICP is limiting cerebral blood flow. 
The lack of the ischemic response does not, however, indicate 
that ICP increase is not severe; rather, it may reflect vasomotor 
damage.

Causes of Severe Brain Injury
Primary brain injury occurs as a result of direct brain 
trauma.234-236 Secondary brain injury reflects damage to the 
brain as a result of increased metabolic demands, inadequate 
cerebral blood flow, or both. Epilepsy causes the former by 
increasing metabolic demands (oxygen and glucose). Hyper-
thermia increases ICP (several millimeters of increase for 
each degree of increase in body temperature) by increasing 
metabolic demands. Head trauma tends to cause the latter by 
increasing ICP. Systemic hypotension also can cause second-
ary brain injury. Because the patient with severe head injury 
is less tolerant of derangements in metabolism, both hyper-
glycemia and hypoglycemia can contribute to secondary dam-
age. Hypoglycemia contributes to decreased ATP production, 
whereas hyperglycemia can lead to anaerobic glycolysis and 
cellular acidosis in cells with impaired mitochondrial function.

Cerebral Edema
Cerebral edema can be categorized into a number of forms, 
each of which can occur after head trauma.237 Vasogenic 
edema reflects increased permeability of the blood–brain bar-
rier and may be exemplified by focal cerebral contusion and 
hemorrhage. Water, sodium, and protein increase in the inter-
stitial space. In addition to trauma, causes of vasogenic edema 
include loss of the tight endothelial junctions (as might occur 
during infusion of hyperosmotic solutions), tumors, hyper-
thermia, and epileptic seizures. Mediators associated with 
vasogenic edema include bradykinin, serotonin, histamine, 
and the eicosanoids (especially leukotrienes), as well as free 
oxygen radicals. Drugs that increase cerebral blood flow will 
increase the rate of cerebral edema. White matter has more 
compliance, and most of the edema accumulates there.

Cytotoxic edema occurs intracellularly when membrane 
sodium/potassium ATPase pump mechanisms fail because 
of a lack of energy. Energy loss can reflect decreased cerebral 
blood flow (i.e., ischemia). Potassium accumulation occurs 
in the extracellular space. Calcium influx initiates a cascade 
of events that are lethal to astrocytes. The remaining types of 
edema might be considered a variation of either vasogenic or 
cytotoxic edema. Hydrostatic edema reflects accumulation of 
protein-free fluid in the interstitial tissues. Hydrostatic edema 
probably results from an abrupt increase in the hydrostatic 
pressure gradient between the intravascular and extravascu-
lar spaces. Osmotic brain edema occurs as serum osmolality 
(generally caused by hyponatremia) declines below a critical 
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threshold. The use of 5% dextrose can contribute to osmotic 
brain edema. Interstitial edema is exemplified by high-pressure 
hydrocephalus associated with increased hydrostatic pressure 
in the ventricular CSF. Water infiltrates into the periventricu-
lar tissues. This type of edema occurs rarely after CNS trauma.

At the cellular level, traumatic brain injury is associated 
with loss of the axonal cytoskeleton and subsequent irrevers-
ible of axonal division with 12 hours. This damage is associ-
ated with very high concentrations of glutamate.238 Traumatic 
depolarization, characterized by a massive influx of ions at 
the moment of injury, may reflect excitatory neurotransmit-
ters and is among the most important mechanisms of cel-
lular injury leading to cerebral edema and increased ICP. 
Cerebral edema and axonal swelling are sequelae; these may 
respond to interventions intended to block oxidative or nitro-
sative stresses.238 The blood–brain barrier also is disrupted 
with severe injuries, perhaps in response to vascular endo-
thelial growth factor and subsequent release of nitric oxide. 
Secondary neuronal damages reflect the neuroinflammatory 
response, resulting in production of reactive oxygen species 
and inflammatory cytokines. Cyclophilin (targeted by cyclo-
sporine) appears to be among the mediators contributing to 
postinjury inflammation.238

Treatment of traumatic brain injury focuses on control of 
brain edema and ICP. This includes reversal of the underlying 
cause, medical management, and surgical decompression.

Increased Intracranial Pressure
The control of increased ICP is paramount in the treatment of 
head trauma. In humans approximately 40% of those losing 
consciousness after a traumatic episode will develop intracra-
nial hypertension, and mortality will parallel increases in ICP. 
Indeed, ICP is a strong predictor of outcome, and monitoring 
ICP in human medicine has become a safe and effective tool 
for monitoring both the need for and efficacy of treatment.

Early and aggressive treatment has been shown to improve 
outcome.235,236 The pressure at which ICP is maintained is not 
clear, but humans maintained at 15 mm Hg (normal being 
20 mm Hg) had an improved outcome compared with those 
managed at 25 mm Hg. This may reflect the fact that hernia-
tion after lesions in some areas can occur despite ICP being 
normal (20 mm Hg). Recommendations in human medicine 
are to treat ICP when increased above 20 mm Hg for more 
than 15 minutes. Hypotension (systolic blood pressure <90 
mm Hg) and hypoxia (Pao2 <60 mm Hg) also commonly 
occur in patients with head trauma and can contribute to 
increased ICP. Of the two, however, hypotension is more dev-
astating and is predictive of a poorer outcome of severe head 
injury. Thus hypotension should be prevented and immedi-
ately treated when present.

Surgical removal of brain volume is the easiest method (in 
humans) of lowering ICP. Removal of CSF is another method.239 
Medical management is facilitated by discriminating the cause 

of ICP. Omeprazole may be useful for long-term management 
of increased CSF production. Although the mechanism is not 
clear, in an experimental rabbit model, 0.2 mg/kg reduced 
production by 35%.239a

Medical Management
Because little information is known regarding the direct 
treatment of damaged neuronal tissue, treatment focuses on 
maintaining as normal an environment as possible to sup-
port neuronal regeneration. Supportive management focuses 
on maintaining normal physiologic homeostasis. Blood pres-
sure, arterial oxygenation (pulse oximetry and arterial blood 
gases), body temperature, and fluid and electrolyte balance 
should be maintained. Electrocardiographic monitoring also 
is indicated. Hypotension in particular must be avoided in the 
patient with increased ICP; the hyperdynamic state (physi-
ologic responses compensating for hypovolemia) will compli-
cate control of ICP. Hyperglycemia can increase metabolism 
and should be avoided and aggressively managed in the 
patient with head trauma. Fluids containing dextrose should 
be avoided in such patients.

Adjuvant Nonpharmacologic Management
Elevation of the head 30 degrees above heart level appears to 
be beneficial in decreasing ICP.235,236,240 Hypercapnia must 
be avoided in patients with head trauma; this includes hyper-
capnia that may be iatrogenically induced during procedures 
intended to support the respiratory system. Hyperventilation 
to maintain a Paco2 of 27 to 30 mm Hg can decrease cere-
bral blood flow and help lower ICP. It is, however, dependent 
on intact autoregulation. Hyperventilation can decrease the 
metabolic activities of the brain and induce or potentiate 
cerebral ischemia. Its effectiveness in diminishing cerebral 
blood volume decreases with time (at 72 to 96 hours), and a 
rebound effect with restoration to normocapnia may poten-
tially increase ICP.

Hypocarbia is easy to induce. Its use in the management of 
increased ICP might be reserved for the initial stages. Later use 
should be accompanied by strict monitoring of ICP, especially 
as hyperventilation is discontinued. Profound hyperventila-
tion should be avoided. Hypothermia currently is being inves-
tigated for use in the prevention of CNS ischemia associated 
with severe head injuries.239 It has been used experimentally 
in dogs. Mild degrees of hypothermia (between 31° and 35°C) 
are recommended to prevent cardiovascular instability.240

Diuretics
Osmotic diuretics are commonly used to treat intracranial 
hypertension.235,236,239,241 Both mannitol and urea have been 
used, although mannitol has largely replaced urea. Mannitol 
is a 6-carbon sugar, similar in structure to glucose, but it is 
not able to cross the normal blood–brain barrier.239 Thus it 
remains in the extracellular and intravascular spaces of the 
brain, where it will cause an osmotic draw toward the extra-
vascular tissues, and intracranial fluid will move into the 
vascular space. The effect of mannitol on increased ICP are 
severalfold. Reversal of the blood–brain osmotic gradient 

KEY POINT 27-30 Treatment of increased cranial pressure 
should be early and aggressive.
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decreases extracellular fluid volume in both the normal and 
damaged brain. This effect is delayed for 15 to 30 minutes but 
can continue for up to 6 hours. Blood viscosity is lowered, 
causing reflex vasoconstriction and lowered ICP. This effect, 
however, requires that mannitol be administered as a bolus, 
not slowly.235,236,239

Doses of 0.25 mg/kg appear to be as effective as larger doses 
(1 mg/kg) in lowering ICP. Repeated administration of man-
nitol can induce hyperosmolar states, rendering it ineffective 
and subjecting the patient to the risk of renal failure. Addi-
tionally, continuous administration of mannitol can lead to 
increased penetration of the blood–brain barrier in the injured 
brain, resulting in a rebound ICP increase. For these reasons, 
serum osmolality should not be allowed to increase above 320 
mOsm/L. Additionally, this effect is more likely if mannitol is 
give as a CRI rather than as a rapid bolus.239

A Cochrane Review has addressed the efficacy of mannitol 
for treatment of acute brain injury in humans.242 Four clini-
cal trials were eligible for review. Among these, mannitol (1 
g/kg generally over 5 minutes) was compared with standard 
care, with pentobarbital (10 mg/kg intravenous bolus followed 
by CRI of 0.5 to 3 mg/kg such that ICP remained less than 
20 torr), with hypertonic saline (2.5 mL/kg of a 7.5% solution 
over 20 minutes) and with placebo (5 mL/kg 0.9% saline), 
with treatment occurring before hospitalization. Treatment 
consisted of 5 mL/kg of a 20% (1 g/kg) mannitol solution; pla-
cebo groups were given saline. The review concluded that no 
evidence existed to support prehospitalization treatment, evi-
dence showed that mannitol might be preferred to pentobar-
bital but hypertonic saline might be preferred to mannitol. The 
overall conclusion of the review is that reliable evidence on 
which recommendations might be made for the use of man-
nitol in patients with traumatic brain injury was lacking. The 
review further concluded that randomized clinical trials were 
clearly indicated.

Benefits of nonosmotic diuretics in the treatment of 
increased ICP are less clear. Furosemide is not as effective as 
mannitol, but it may prolong its effects.237 It may interact syn-
ergistically with mannitol to decrease ICP.235,236 However, it 
also may exacerbate the dehydrating effects of mannitol and 
complicate the maintenance of normovolemia.

Neuroprotection
Jain238 reviewed neuroprotection associated with traumatic 
brain injury. Drugs that may be relevant include immunomod-
ulators and antiinflammatory compounds. The observation 
that cyclophilin (an inducer of micochondrial permeability) 
concentrations increase and appear to contribute to secondary 
neurodegeneration after traumatic brain injury provides a basis 
for use of cyclosporine.238 Cyclosporine is available or being 
developed in a neuroprotective formula for military personnel 
subjected to brain injury or gas poisoning. Erythropoietin has 
demonstrated several potential mechanisms of neuroprotec-
tion. This includes inhibition of apoptosis, reduction of cerebral 

edema, and possibly reduction of glutamate concentrations. 
A variety of neurotrophic factors are under investigation.238 
Phase II or III clinical trials examining the effect of darbepoi-
etin or human recombinant erythropoietin are currently under 
way. Other pharmacologic approaches have included NMDA 
or AMPA-receptor antagonists; a phase II clinical trial examin-
ing the effects of ketamine is under way in children. Several 
antiepileptic drugs also have demonstrated oxygen radical 
scavenging or other neuroprotectant effects.

Glucocorticoids
Naturally occurring neurosteroids allosterically modulate the 
GABA(A) receptors, protecting against NMDA overactivation 
and ischemia associated with injury. Endogenous examples 
include progesterone and its metabolite, alloprenanolone. 
Interestingly, progesterone appears to facilitate repair of the 
blood–brain barrier, as well as decreasing edema and muting 
the inflammatory response.238 A phase II clinical trial involving 
progesterone is apparently under way in human medicine.238 In 
contrast to endogenous neurosteroids, the role of glucocorti-
coids in traumatic brain injury is less clear. Kamano243 reviewed 
the earlier evidence supporting their use, and particularly 
megadose of methylprednisolone in human patients with severe 
brain injury. Although such dosing may be appropriate for acute 
spinal cord injury, the same is not true for acute head injury.

The use of steroids to treat increased ICP is generally inef-
fective, with the possible exception of increases associated with 
tumors.239 The potential beneficial effects support consid-
eration of their use in patients with increased ICP. Damaged 
vascular permeability might be restored in areas of damage, 
rendering them particularly useful for vasogenic edema (e.g., 
such as that caused by tumors). Decreased CSF production has 
been documented in dogs.239,244 Oxygen-mediated free radical 
lipid peroxidation can be reduced by glucocorticoids, particu-
larly methylprednisolone.245Despite these potential therapeutic 
effects, however, clinical studies have failed to show a therapeu-
tic benefit of glucocorticoids for patients with head trauma.239 
Jain238 notes that a phase III corticoisteroid clinical trial in 
humans failed to show efficacy. However, a phase II clinical 
trial (in humans) involving prednisone showed some efficacy .

The use of glucocorticoids may increase the risk of a poor 
outcome in patients with traumatic brain injury.235,236 Their 
effects on metabolism (increasing peripheral glucose and 
cerebral glutamate) and immunosuppression contribute to 
their potential detrimental effects. Among the glucocorti-
coids, methylprednisolone appears to have the greatest radi-
cal-scavenging ability and, should glucocorticoids be used in 
CNS trauma, would be preferred to others. If there is to be 
a positive benefit, it will be realized only with early adminis-
tration. Steroids that have no glucocorticoid activity, such as 
the lazaroids, provide oxygen radical–scavenging effects with-
out many of the detrimental effects of glucocorticoids. These 
products are not yet commercially available.

KEY POINT 27-31 Clear evidence supporting the efficacy of 
mannitol for treatment of intracranial pressure is lacking.

KEY POINT 27-32 Among the drugs to be considered for neu-
roprotection are cyclosporine and methylprednisolone.
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Barbiturates
Although their use is very labor intensive (and thus reserved for 
critical care environments), barbiturates (pentobarbital, human 
dose 10 mg/kg over 30 minutes, followed by 1 to 1.5 mg/kg per 
hour) have been shown to be beneficial for human patients with 
severe head injury who have not responded to other therapies. 
Thus barbiturates may be indicated for patients with sustained, 
refractory intracranial hypertension. Barbiturates decrease cere-
bral metabolism, alter vascular tone, and inhibit lipid peroxida-
tion mediated by free radicals.239 Lowered metabolism decreases 
the cerebral ischemia threshold, allowing lower cerebral oxy-
genation and thus cerebral blood flow (without ischemic dam-
age).239 Barbiturates also may decrease intracellular calcium.240 
Although they appear to rapidly lower ICP, barbiturates place 
the patient in a coma and thus can cause complications resulting 
from hypotension, hypothermia, and hypercapnia.

In human medicine the use of barbiturates is accomplished 
in conjunction with intubation and ventilation, fluid adminis-
tration, and monitoring of arterial blood pressure (pulmonary 
artery catheter) and temperature. In human patients support 
of the pulmonary system is rigorous to prevent pneumonia or 
atelectasis. Electroencephalographic monitoring accompanies 
barbiturate therapy in order to document a dose sufficient for 
burst suppression. Serum barbiturate concentrations are mea-
sured (ideally maintained between 30 and 50 mg per day). 
The efficacy of the barbiturates in lowering ICP are less likely 
in patients with cardiovascular complications (e.g., hypoten-
sion). Once ICP control has been satisfactory for 24 to 48 
hours, the drug can be gradually tapered (e.g., 50% per day) to 
prevent uncontrolled rebound hypertension. Mannitol may be 
helpful during this period to control ICP. Prophylactic control 
with barbiturates appears to offer no therapeutic advantage.239

Fluid Therapy
Crystalloids, colloids, and blood may be indicated for treat-
ment of brain trauma or injury. Physiologic crystalloids 
containing saline or saline and glucose, with or without the 
addition of potassium, generally can be administered as nec-
essary to prevent hypovelemic shock. Whereas glucose is 
essential as an energy substrate, under anaerobic conditions it 
can be converted to lactate, contributing to neurotoxic acido-
sis.241 Albumin and other colloids are indicated for acute vol-
ume expansion, although subsequent metabolism to smaller 
molecules can contribute to disruption of ion balance. Blood 
remains the best resuscitative fluid in patients that are hypo-
volemic and hypotensive.241 Infusion of plasma protein (50 to 
100 mL) after mannitol administration also has been recom-
mended to prevent hypovolemia.235 Colloidal products such 
as hetastarch or Oxyglobin may be similarly effective.

Anticonvulsants
Prophylactic use of anticonvulsants has been recommended 
for patients with head trauma to minimize the risk of post-
traumatic seizure disorders. Seizures increase ICP and may be 
masked by unconsciousness. Indeed, electroencephalography 
is recommended for patients with unexplained autonomic 

dysfunction or increased ICP to detect possible SE. Seizures 
are more likely when treating for intracranial hypertension. 
Because the risk of seizures is high, neurologists frequently 
recommend anticonvulsant therapy for their human patients.

Analgesics, Sedatives, Paralytics, and General 
Anesthetics
Pain or agitation will exacerbate ICP hypertension, and anal-
gesia is recommended. Human patients (even those subjected 
to pharmacologic paralysis) are often routinely treated with a 
reversible opioid analgesic (e.g., morphine). Pharmacologic 
paralysis is a therapeutic modality that is more applicable to 
human patients or veterinary patients in a critical care envi-
ronment. Paralysis is used to prevent muscle activity (particu-
larly in intubated patients, such as those on ventilators), which 
can contribute to increased ICP. Paralysis is often, however, 
combined with sedation; the latter can preclude effective neu-
rologic evaluation.235,236 The impact of phenothiazine tran-
quilizers was previously discussed with regard to epilepsy.

Armitage-Chan and coworkers have reviewed the use of 
anesthetic agents in canine patients with traumatic brain inju-
ries.246 A number of anesthetic agents have been cited for pro-
tective effects in patients with head trauma. Althesin is a rapidly 
acting steroidal anesthetic that, during CRI, can decrease ICP 
while maintaining cerebral perfusion pressure. Its tendency to 
cause anaphylaxis in human patients led to its removal from the 
market in the United States.239 Propofol can provide protective 
effects when used at a rate of infusion that induces coma.241 
Etomidate is an imidazole anesthetic agent somewhat similar to 
barbiturates in action. It causes electroencephalography burst 
suppression, decreased cerebral blood flow, and decreased ICP 
in human patients with severe head injury.235,236,239 Etomidate 
may provide some cytoprotective effects induced by hypoxia. 
Finally, it appears to have antiseizural effects induced through 
gabaminergic actions (see earlier discussion of anticonvul-
sants). For humans, however, a single report of interference 
with the adrencortical axis and stress response after CRI led to 
its exclusion as recommended therapy for increased ICP. Con-
trolled clinical studies regarding the efficacy of etomidate for 
the patient with increased ICP have yet to be performed.

Miscellaneous Drugs or Compounds
Lidocaine decreases CNS synaptic transmission (either 
directly or as a result of the blockade of sodium channels) and 
may cause vasoconstriction. The net result is a decrease in 
cerebral oxygen and glucose consumption. Lidocaine appears 
to be effective in minimizing increased ICP caused by intuba-
tion and surgical stimulation and, in dogs, decreases hyper-
tension after acute cerebral ischemia. Risks associated with 
lidocaine include myocardial depression and lowering of the 
seizure threshold. Thus it is generally recognized to be ineffec-
tive in treating patients with increased ICP.

Acute Thoracolumbar Disk Extrusion
Chondrodystrophoid breeds of dogs are predisposed to disk 
extrusion. The intervertebral disks of these breeds contain 
more collagen, fewer proteoglycans, and hence less water in 
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the nucleus pulposus. Poor biomechanics of the degenerat-
ing disk result in disruption of the annulus fibrosus and the 
eventual eruption of calcified disk material into the spinal 
cord. Demyelination and necrosis of the spinal cord develop 
as a result of the secondary injury mechanisms. These include 
decreased spinal cord flow, increased intraneuronal calcium, 
and increased free radical formation. Despite predilection 
for the chondrodystrophoid breeds, acute disk extrusion can 
occur in a large number of nonchondrodystrophoid breeds 
as well. The clinical manifestations vary with the severity of 
extrusion. Medical management is indicated for animals with 
grades 1 and 2 thoracolumbar disk protrusion. This includes 
animals with spinal hyperesthesia and ataxia that is mild 
enough to allow weight bearing.247 Surgical intervention is 
indicated for animals that cannot ambulate, regardless of the 
perception of pain. The loss of deep pain sensation for more 
that 24 hours is, however, associated with a poor prognosis.247 
Smith and Jeffery248 described spinal shock as a component of 
severe spinal injury. A common manifestation in humans, the 
pathophysiology may be sufficiently different in dogs that it 
is often overlooked. However, unexplained neurologic abnor-
malities caudal to the anatomic localization may support the 
diagnosis. Further research may be warranted to identify dif-
ferential therapies targeting the pathophysiology in animals 
that endure spinal shock.

Medical Management
Nonpharmacologic therapy of thoracolumbar disk extrusion 
is appropriate for mild to moderate cases of prolapse and 
focuses on strict immobilization (i.e., cage or crate) for at least 
3 weeks.249,250 This time is intended to allow resolution of spi-
nal cord inflammation, reabsorption of extruded disk material, 
and fibrosis of the ruptured annulus fibrosus. Physical therapy 
with both passive and active exercises is indicated. Urinary 
catheterization may be necessary for some dogs. Pharmaco-
logic therapy should focus on control of the inflammatory 
response to the extruded disk material. Muscle relaxants (e.g., 
methocarbamol; see Chapter 25) may be helpful. For thoraco-
lumbar disk protrusion, the success rate in ambulatory dogs 
treated with medical management ranges from 82% to 100%; 
the success rate in nonambulatory dogs ranges from 43% to 
51%.249 Because the intervertebral disk function depends on 
glycosaminoglycans, compounds used as disease-modifying 
agents (e.g., glucosamine, chondroitin sulfates) might be con-
sidered for long-term prevention or treatment.

Among the drugs to control inflammation are glucorticoids 
and nonsteroidal antiinflammatory drugs (NSAIDs). Mann 
and coworkers251 reviewed some of the advantages and dis-
advantages of each. Low doses of corticosteroids (0.5 mg/kg 
prednisolone or prednisone orally twice daily) are intended 
to control spinal cord edema, inflammation, and pain and 
improve spinal cord blood flow. Methylprednisolone at high 
doses (30 mg/kg intravenously, repeated at 2 and 6 hours at 

15 mg/kg intravenously, if indicated) presumably provides the 
additional advantage of free radical scavenging generated by 
lipid peroxidation (see Chapter 29). However, some drugs may 
impair healing of the annulus fibrosus. Both glucocorticoids 
and newer NSAIDs are more potent toward cyclooxygenase-2, 
the cyclooxygenase isoform more consistently associated 
with promotion of healing. Thus both classes of drugs might 
be associated with a adverse effect. However, an advantage 
to glucocorticoids might be inhibition of collagen contrac-
tion, which has been demonstrated for dexamethasone and 
hydrocortisone. Timing of drug therapy is important, with 
neurologic recovery greater in humans for which methylpred-
nisolone was initiated within 8 to 12 hours of recovery. How-
ever, this and other recommendations in human medicine are 
complicated by limitations in supportive study designs.251a

A number of prospective or retrospective studies have 
addressed the role of glucocorticoids in the treatment of inter-
vertebral disk disease. Bush and coworkers252 prospectively 
studied the functional outcome of 51 nonambulatory dogs 
weighing less than 15 kg. Dogs had undergone hemilaminec-
tomy. By 10 days after the operation, 90% were ambulatory, 
98% pain free, and 82% continent. The numbers improved to 
100%, 94%, and 86% by 6 weeks based on phone interviews. 
All dogs had received a myelogram as part of their presurgi-
cal diagnostics. Levine and coworkers253 demonstrated that 
20% of dogs receiving no glucocorticoid and 69% receiving 
dexamethasone developed urinary tract infection (UTI) in 
association with hospitalization and surgical correction of 
disk prolapse. Factors other than immunosuppression that 
may have contributed to UTI were not addressed. The inci-
dence associated with long-term management is less clear. 
Wyndaele254 and Igawa and coworkers255 reviewed the role of 
catheterization in the cause or prevention of UTI in humans 
with spinal injuries; much of the information may be relevant 
to dogs. In humans UTI is among the complications associ-
ated with long-term intermittent catheterization.254 Identify-
ing the need for antibacterial treatment is difficult in humans 
because of differences in evaluation, prophylactic antibiotics, 
and other methods. However, asymptomatic bacteriuria is 
not necessarily an indication for treatment. The incidence of 
bacteriuria in human ranges from 11% to 25% asymptomatic 
to 53% symptomatic (3% with major symptoms). Indwelling 
catheters increased the risk of infection both during acute and 
chronic phases of treatment and increase the risk of sepsis. 
Trauma associated with catheterization (which is not unusual, 
particularly if someone other than the patient is catheterizing) 
does not appear to lead to long-term complications. Prophy-
laxis is helpful and does not necessarily include antibiotics. 
Indeed, antimicrobials should be reserved for symptomatic 
patients: Use of ciprofloxacin eradicated susceptible organisms 
from the urinary tract in humans, only to be replaced shortly 
thereafter by resistant gram-positive isolates.

Controversy exists regarding the best methods of UTI 
prevention. Urine can be kept sterile for 15 to 20 days dur-
ing acute stages of spinal cord injury without prophylaxis and 
up to 55 days if prophylaxis is implemented. Predictive factors 
for infection in humans include gender (female), age (young), 

KEY POINT 27-33 Pharmacologic therapy of disk protrusion 
focuses on control of accompanying inflammation.
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and neurogenic bladder dysfunction; in male patients low 
frequency of catheterization was a risk factor. Prostatitis may 
also be present and increases the risk of recurrent infections. 
Increased residual volume also is a risk factor; the incidence 
of infections increased in humans when the frequency of 
catheterization was reduced from sixfold to threefold. Bacte-
riuria was a risk factor for clinical infection. Use of dipsticks 
to detect bacturia other than pyuria alone is recommended to 
detect bacturia. E. coli is the predominant infecting organisms. 
Technique and materials, but particularly education of the 
catheter team, were the most important factors associated with 
prevention of complications. The use of hydrophilic catheters 
has been proposed to lower the risk of urinary strictures or 
false passages (more likely if urethra bleeding has occurred), 
complications associated with intermittent catheterization. 
Instillation of colistin–kanamycin at the end of catheteriza-
tion decreased the incidence of bacteriuria by 50% in humans. 
Alternatives to standard antimicrobial use also include intra-
vesicular administration of kanamycin–colistin coupled with 
low-dose nitrofurantoin therapy. The role of adjuvant thera-
pies, including vitamin C, cranberry juice, and polysulfated 
glycosaminoglycans, are not supported by convincing evi-
dence but warrant consideration in lieu of or in addition to 
antimicrobial therapy.

Mann and coworkers251 retrospectively examined the 
recurrence rates of dogs with Hansen type I intervertebral 
disk disease managed medically with either glucocorticoids 
or NSAIDs. Dogs were scored according to the level of spinal 
hyperpathia and neurologic defects; recurrence occurred at 
least 4 weeks after the initial episode and was identified through 
communication with owners. Of the 78 dogs studied, 39 (50%) 
experienced recurrence. Schnauzers were less likely to experi-
ence recurrence than any other breed. Recurrences were less 
likely with methylprednisolone (n = 12; four recurrences) or 
NSAIDs (n = 36; 12 recurrences) compared with with other 
glucocorticoids (n = 30; 23 recurrences). The specific NSAIDs 
or alternative glucocorticoids were not delineated. Timing of 
methylprednisolone therapy was not an important risk factor; 
however, only 16 dogs were treated with methylprednisolone, 
and it is not clear whether the sample size was sufficiently large 
to detect a difference. The study supports a clinical trial that 
compares NSAIDs and methylprednisolone.

Levine and coworkers retrospectively reviewed the medical 
management of cervical and thoracolumbar disk disease.256,257 
One veterinary teaching hospital and several emergency clinics 
in the same state were involved. Inclusion criteria focused on 
ensuring that presentation and clinical condition were related 
only to intervertebral disk disease. A prospective client ques-
tionnaire was included in assessment. Animals were classified 
as to success, recurrence, or failure in regard to initial therapy. 
For thoracolumbar disease (n = 223),256 response to NSAIDs 
and glucocorticoids was studied. Antiinflammatory drugs 

used included deracoxib (n = 25), carprofen (n = 42), and oth-
ers (n = 80) versus 143 dogs receiving none. Glucocorticoids 
used (n = 105 compared with none in 118) included predni-
sone (51), dexamethasone (n = 46), and methylprednisolone 
(n = 8). Glucocorticoids were associated with a lower quality-
of-life score, contributing to a lower success score in animals 
that did, versus did not, receive glucocorticoids. No predic-
tive factor for success could be identified with regard to the 
specific drug chosen, dose, or duration. In contrast, NSAIDs 
were associated with a higher quality-of-life score; the suc-
cess rate between treatment and no treatment with NSAIDs 
did not differ. For cervical disease (n = 88),257 use of NSAIDs 
(n = 43, compared with n=45 receiving no treatment) was asso-
ciated with success. The most common drugs used included 
deracoxib (n = 21) and carprofen (n = 18). Glucocorticoids (30 
receiving, 58 not) did not influence success or quality of life.

Glucocorticoids and Other Antiinflammatory Drugs
Glucocorticoids have been used extensively to control the 
inflammatory response to disk extrusion. Additional poten-
tial benefits include reduction of edema and improved spinal 
cord blood flow. Controversy, however, surrounds efficacy, 
the proper drug, and the proper dosing regimen (including 
route, dose, interval, and duration of therapy). Dexamethasone 
stands out among the glucocorticoids as the one most likely to 
be associated with severe and potentially fatal gastrointestinal 
complications when used to treat dogs with disk extrusion.258 
Potential complications include gastrointestinal hemorrhage, 
ulceration, pancreatitis, and colonic ulceration and perforation.

Methylprednisolone may be the preferred glucocorticoid 
for treatment of disk extrusion. At high doses (30 mg/kg 
intravenous bolus followed by 5.4 mg/kg per hour), it inhib-
its oxygen radical formation and thus inhibits lipid peroxida-
tion.259 In humans neurologic function appears to improve 
after treatment with methylprednisolone within 8 hours of 
the injury (compared with placebo). At higher doses (60 mg/
kg), however, lipid peroxidation appears to be promoted. Cats 
with experimentally induced spinal damage underwent neu-
rologic recovery more rapidly with methylprednisolone than 
with other drugs.260A more recent study using a similar model 
in dogs failed to show a significant difference in neurologic 
improvement with administration of either methylpredniso-
lone or lazaroids, but the model of spinal cord damage may 
not have been sufficient for evaluation of the drug.261

Levine and coworkers253reported on a retrospective com-
parison of the adverse events associated with dexamethasone 
(n = 49) versus no treatment (n = 80) and other glucocorticoid 
therapy (primarily methylprednisolone sodium succinate but 
also prednisone [n = 23]) for treatment of acute thoracolumbar 
intervertebral disk herniation in dogs. Two teaching hospitals 
were involved in the study. All treatments were implemented 
by the referring veterinarian within 48 hours of admission, and 

KEY POINT 27-34 Glucocorticoid therapy (particularly dexa-
methasone) for intervertebral disk disease may be associ-
ated with a higher risk of urinary tract infection.

KEY POINT 27-35 Further clinical studies are indicated for 
comparison of nonsteroidal antiinflammatory drugs versus 
glucocorticoids for treatment of disk protrusion.
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dogs treated with glucocorticoids within the month preceding 
the episode were excluded. Episode duration was less than 7 days, 
and surgeries were performed within 36 hours of admission. Of 
the 161 dogs studied, 87 were dachsunds. No signalment dif-
ferences occurred among treatment groups. Median duration 
was less at 5 days for the dexamethasone group compared with 
the other treatment groups at 6 days, but this difference was 
not significant when corrected for confounding factors. Like-
wise, client cost was least (by just under 20%) for the alternative 
glucocorticoid group compared with the no-treatment group 
(most expensive), but the differential was negated by con-
founding factors. The mean dexamethasone dose was 2.25 mg 
± 4.28 m/kg (range 1 to 30 mg/kg; dose was not associated with 
adversity, although the power to detect a relationship was not 
clear). Doses of the other glucocorticoids were not provided. 
The dexamethasone group tended to be characterized by a 
smaller proportion of immediate improvement compared with 
the other groups, but no difference was found among groups 
in short-term outcome (29-day follow-up). Adversities that 
were greater in the dexamethasone group compared with the 
no-treatment group (with the alternate group generally tend-
ing to differ) included vomiting and diarrhea (packed cell vol-
ume was lower, but patients were not anemic). UTIs also were 
more frequent in the dexamethasone-treated patients (11 of 16 
that were evaluated); not all patients were tested for infection. 
Female dogs were more likely to develop UTIs. Less than 20% 
of dogs examined were positive for UTIs in the other groups. 
Overall, the dexamethasone group was 3.4 times more likely to 
develop an adverse effect compared with other groups, with 45 
of 49 developing complications compared with 53 of 80 for the 
no-treatment group. Interestingly, dogs at one institution were 
6 times as likely to develop an adverse effect compared with 
those at the other institution. It is not clear if this was a report-
ing differential or a true effect.

Side effects associated with methylprednisolone may be 
rare unless animals have previously been treated with NSAIDs 
or glucocorticoids.262 Methylprednisolone should be adminis-
tered after disk extrusion, including before surgical decompres-
sion (assuming other antiinflammatory drugs have not been 
administered), by way of slow intravenous injection within 8 
hours of spinal trauma. The initial dose of 30 mg/kg should 
be followed at 2 and 6 hours with 15 mg/kg intravenously.262

Other drugs that have been recommended for treatment 
of disk extrusion include prednisolone sodium succinate, 
dimethylsulfoxide, NSAIDs, and narcotic antagonists. Clinical 
studies have not been performed with these drugs. Mannitol 
is not recommended for animals with disk extrusion because 
of its risk of increased hemorrhage in the gray matter of the 
spinal cord.

In animals with severe spinal hyperesthesia, 3 to 5 days of 
oral prednisolone or (not and) NSAIDs can accompany con-
finement therapy. The risk of gastrointestinal ulceration is a 
cause for concern. In addition, decreased inflammation may 
lead to increased activity, with subsequent need for surgical 
intervention.262

Postoperative analgesics should include opioids. NSAIDs 
can be used for 3 to 5 days postoperatively; carprofen may 

be the drug of choice because of its apparent relative cyclo-
oxygenase-2 specificity. The use of drugs that decrease bladder 
sphincter hypertonicity (phenoxybenzamine, 5 to 15 mg every 
24 hours) are discussed elsewhere.

Miscellaneous drugs. A phase I trial in dogs (n = 39) with 
naturally occurring traumatic paraplegia or paraparesis inves-
tigated the ability of 4-aminopyridine (4-AP) to restore con-
duction in (presumed) demyelinated nerve fibers. Injuries 
generally (77%) reflected thoracolumbar degenerative disk 
disease resulting in chronic, complete paraplegia. Treatment 
(0.5 to 1 mg/kg intravenously) of 4-AP generally improved 
hind limb (n = 18) increased response to pain (n = 10) and 
partial recovery of the cutaneous trunci muscle reflex (n = 9). 
Effects became evident in 15 to 45 minutes but reversed within 
a few hours of administration. Remaining animals (36%) 
either did not improve or exhibited slightly improved hind 
limb reflex tone. Although higher doses led to more dramatic 
improvement, side effects, including diazepam-responsive sei-
zures and hyperthermia, occurred.263 N-acetylcysteine (NAC) 
is among the drugs studied for its impact on oxygen radicals. 
Baltzer and coworkers264 found no effect of pretreatment with 
intravenous NAC in dogs (n = 70) with acute spinal injury 
on urinary concentrations of 15F2t isoprostane, a prostanoid 
metabolite, or neurologic function 42 days after surgery, when 
compared with placebo.

OCULAR PHARMACOLOGY

Relevant Anatomy, Physiology, and Drug 
Preparations
Treatment of ocular disease can be implemented both locally 
and systemically. Local administration includes both topical 
(cornea or conjunctival sac) and directed therapy, the latter 
including intraocular (aqueous [anterior] or vitreal [posterior] 
chamber), subconjunctival (targeting anterior chamber and its 
associated structure), and retrobulbar (targeting the posterior 
chamber or choroids) routes. Although movement into the eye 
from topical or local delivery is facilitated by the ability to use 
higher drug concentrations in the vehicle, delivery might be 
offset, regardless of the route of administration, by intraocular 
pressure (IOP), which causes consistent outflow of fluid and 
any drug that it contains. Although inflammation will facili-
tate drug penetration in both the anterior and posterior ocular 
chambers, resolution of inflammation (or, potentially, severe 
inflammation) may be associated with reduced drug penetra-
bility. Inflammation also may alter penetrability by virtue of its 
impact on pH (discussed later).

Directed (local) ophthalmic therapy is appealing for three 
reasons: (1) As with other sites, topical therapy allows use of 
drugs at concentrations that are likely to be therapeutic but 
likely to be associated with adverse effects if the drug is applied 
topically, thus limiting the effective use of the drug. (2) Adver-
sity is reduced with topical administration. Examples include 
the antimicrobials polymyxin B, bacitracin, and neomycin, 
each of which is characterized by a high incidence of neph-
rotoxicity with systemic administration. Drugs that cause 
agonistic or antagonistic sympathetic or parasympathetic 
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effects in the eye can cause profound cardiovascular and other 
systemic side effects when given systemically at doses neces-
sary to cause a therapeutic ocular response. The safe use of 
antiinflammatories such as NSAIDs and glucocorticoids is 
facilitated with topical delivery. However, even if glucocorti-
coids are topically applied, sufficient drug may reach systemic 
circulation to affect the adrenal axis. (3) Ophthalmic delivery 
avoids the blood–eye barrier at both the ciliary and retinal epi-
thelium presented to systemically delivered drugs. However, as 
with the skin, drugs applied topically with the intent of intra-
ocular effects must penetrate a protective barrier. Most drug is 
absorbed through the corneum; this is balanced by drug flow 
from the sclera in response to a constant outward pressure. 
The cornea comprises several layers that vary in their chemi-
cal nature and thus drug penetrability. The lipid-soluble epi-
thelium is several layers thick and presents the major barrier 
to penetration of topically applied drugs. Ingredients added 
to ophthalmic preparations with the intent to facilitate drug 
delivery include surfactants that increase the permeability of 
the corneal epithelium. The next deepest layer is the water-
soluble stroma, followed by the innermost lipid-soluble endo-
thelium. Topically applied vehicles and the drugs they carry 
must balance water and lipid solubility to ensure not only dis-
solution of the drug but also its movement into and through 
the different layers of the cornea. Drug pKa and environmen-
tal pH directly influence drug ionization as well as drug dis-
solution (and, as discussed later, drug stability), both of which 
will alter drug penetrability; changes in vehicle or local pH 
may change drug penetrability. Inflammation may change the 
slight alkalinity of the tears (7.4) to become more acidic, which 
will ionize and thus reduce penetrability of the drug.

Drugs intended for ophthalmic preparations are most 
commonly prepared as either solutions (drops) or ointments. 
Although easier to administer (facilitating owner compli-
ance) and more rapid in onset (greater immediate contact 
over a larger surface area), the effect of drops is reduced by a 
shorter contact time; solutions are characterized by rapid dilu-
tion with tears. The volume of the subconjunctival sac, which 
acts as a reservoir for the drug, can expand to 30 to 50 μl. The 
optimal drop size for ophthalmic delivery is 20 μl. Whereas 
tear turnover is 15% in the nonirritated or untreated eye, it 
becomes 30% with drug delivery or in the inflamed eye; 80% 
of tears containing diluted drug exiting through the lacrimal 
duct. As such, a 5-minute contact time can be expected with 
drops applied 4 times or more a day (recommended). Further, 
the optimum time before adding a second drop is 5 minutes. 
Contact time of the drug with the cornea can be prolonged 
by increasing the concentration of the drug (often prepared as 
1% or 100 mg/dL), preparation viscosity, or addition of sur-
factants that increase corneal epithelial permeability. Drug 
movement into the eye also can be facilitated by manipulation 
of the pH: Because tears are slightly alkaline (7.4), increasing 
the pH such that it is slightly basic will decrease the un-ion-
ized and thus absorbable proportion of a basic drug. Devices 
such as canulas allow more effective topical subpalpebral or 
nasolacrimal administration of solutions in selected species. 
Ointments allow a longer contact time and thus thrice-daily 

administration. Less drug enters the lacrimal passages, which 
may be an advantage for some drugs. However, disadvantages 
of ointments include the potential for reduced owner compli-
ance (more difficult to administer compared with solution) 
and slower onset of action. Indeed, drug movement through 
the ointment into the cornea may be so slow that concentra-
tions may remain subtherapeutic. Other disadvantages of oint-
ments include impaired vision, impaired penetration of other 
drugs simultaneously administered ophthalmic ally (particu-
larly solutions), and potentially impaired corneal healing.

The advantages of topical ophthalmic drug delivery are off-
set to some degree by drug safety considerations. More so than 
other topically applied drugs, the vehicle of ophthalmic prepa-
rations must be formulated such that adverse (ophthalmic) 
drug reactions are minimized. Considerations include tonic-
ity (must be similar to tears, such as 1.4% NaCl; reasonable 
range is 0.7 to 2%), which is often accomplished using phos-
phate buffer. The pH (generally buffered at 3.5 to 10.5) must 
be appropriately balanced, yet altering pH for safety consider-
ations may alter drug delivery. Not only might lipid solubility 
(because of changes in ionization) be affected (see previous 
discussion), but dissolution and stability also may be affected, 
with positive changes in one often causing negative changes in 
the other. As with many drugs in solution, ophthalmic prepa-
rations may lose potency with storage, and strict adherence to 
expiration dates is indicated. Tonicity and pH are less impor-
tant for drugs prepared as ointments. Although stability tends 
to be better overall in ointments, stability may nonetheless be 
reduced, particularly in water-based ointments. In contrast 
to solutions, a disadvantage of ointments is their potential to 
cause inflammation should the vehicle (not the drug itself) 
penetrate intraocular tissues. In contrast to drugs adminis-
tered on the skin, ophthalmic preparations generally should 
be sterile. All should be prepared aseptically, although this 
does not ensure sterility. Methods that might facilitate sterility 
include autoclaving, filtering, and adding preservatives (e.g., 
benzalkonium chloride, phenol, and merbromin); however, 
each can be irritating to intraocular tissues and may interfere 
with diagnostic (culture) procedures. A major disadvantage 
of compounded ophthalmic preparations is the absence of 
quality-control procedures documenting product stability, 
potency, and sterility.

Drugs Targeting Ocular Tissues
Anesthetics
General anesthetics, with the exception of ketamine, generally 
lower IOP. In contrast, opioids generally increase IOP. Local 
anesthetics block sodium channels, thus impeding impulse 
conduction through nerve fibers. Their duration is variable 
and is affected by pH as well as manipulation of chemical struc-
ture. The presence of an ester in topically applied preparations 
shortens duration of action, whereas the addition of an amide 
prolongs anesthetic effects. Esters include proparacaine (0.5%; 
15-second onset; 20-minute duration), tetracaine (longer-
acting but more toxic), whereas amides, which are generally 
applied as local (rather than topical) drugs, include lidocaine 
(5-minute onset, 2- to 4-hour duration) and bupivacaine 
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(≥20-minute onset, 6- to 8-hour duration). Other topical prod-
ucts include benoxinate, butacaine, phenocane, dibucaine, and 
piperocaine. All local anesthetics inhibit blood vessel forma-
tion and corneal epithelialization and may cause minute punc-
tate corneal ulcers. Some can actually cause systemic toxicity 
with topical administration because of rapid (i.e., conjunctival) 
absorption. The loss of sensation removes protective reflexes; 
therefore these drugs should be used only under direct veteri-
nary supervision (i.e., not sent home with clients).

Autonomic Nervous System
Autonomic drugs are generally, but not exclusively, used to 
treat glaucoma and control associated ocular pain through 
paralysis of ciliary muscles.

Stimulation (contraction) of the constrictor muscle of the 
iris is mediated by the parasympathetic (cholinergic; acetyl-
choline) system, leading to miosis. Flow of aqueous humor is 
subsequently facilitated. The cholinergic system also controls 
formation of aqueous humor at the level of the ciliary body. 
Longitudinal contraction of the ciliary body also occurs and 
may help lower IOP (e.g., glaucoma) possibly by distending 
the trabecular meshwork; some miotics may actually decrease 
outflow by effects on other ciliary sites. Parasympathomimetic 
drugs include pilocarpine (0.5 to 6%), which directly interacts 
with cholinergic receptors as well as stimulates secretory glands 
(which is why it is used for treatment of keratitis sicca); echo-
thiophate (0.03 to 0.25%) or demecarium bromide (0.125 and 
0.25%; the most toxic) and isoflurophate (0.025%) are parasym-
pathomimetics are irreversible inhibitors of acetylcholinester-
ase. The use of these drugs in animals wearing anticholinergic 
flea preparations should be done cautiously. Echothiophate is 
among the most effective drugs, in part because it is irrevers-
ible and therefore can be used only twice daily. Carbachol (3%) 
is both act both directly and indirectly, with a longer duration 
of action than pilocarpine (allowing thrice-daily treatment). 
Pilocarpine must be given several times a day and may cause 
pain on application. The use of a 4% pilocarpine gel in dogs has 
not been reported. Miotics should not be used in the presence 
of inflammation of the anterior chamber (i.e., anterior uveitis) 
because of the risk of anterior synechia.

Parasympatholytic drugs relax the cilary body, causing 
cycloplegia and mydriasis. Drugs include atropine (1%; up 
to 4% to 5% in horses; longest acting), homatropine (0.5% 
and 2%; intermediate acting), scopolamine (0.3 to 0.5%; 
used primarily before intraocular surgery), and tropicamide 
(1%). Topical anticholinergics are much more effective than 
systemic drugs. These drugs are not used to treat glaucoma 
and, in fact, are contraindicated in some types of glaucoma. 
Rather, because these drugs cause cycloplegia, they are useful 
in the relief of pain associated with spasms of the ciliary mus-
cle, which often accompany anterior uveitis. Tear production 
may be decreased by parasympatholytic drugs. Tropicamide 
is rapid in onset and of short duration (2 to 3 hours, although 
mydriasis and cyclopegia may last up to 12 hours in some cats 
and dogs); therefore it is often used for ocular examinations.

Contraction of the dilator muscle is mediated by the sympa-
thetic (epinephrine) system by way of alpha receptors, leading 

to mydriasis (dilation) and, as with parasympathomimetic 
drugs, as a result of constriction of ciliary body vasculature, 
decreased formation of aqueous humor and decreased IOP.

Sympathomimetic drugs include epinephrine (which does 
not penetrate the eye well), which directly interacts with alpha 
more than beta receptors (used as a 1:1,000 dilution to control 
conjunctival or scleral hemorrhage or to prolong effects of local 
anesthetics), phenylephrine (0.125% solution for vasocon-
striction; 10% as mydriatic; onset of action in 1 hour, duration 
up to 24 hours), largely limited to alpha receptor stimulation 
(30- to 60-minute onset with 4-hour duration), and dipivefrin, 
a lipid-soluble drug that acts indirectly by causing epinephrine 
release (used to decrease IOP; 30 to 60 minutes to onset). Sym-
patholytics include alpha antagonists (thymoxamine) which 
inhibits the dilator muscle, causing miosis. Beta antagonists, 
represented by timolol (0.5%) (others include Optimpranolol, 
0.3% and Betagan, 0.5%), act to decrease IOP by decreasing 
aqueous humor production. These drugs may be limited in 
their usefulness although may be effective for treatment of 
ocular hypertension.

Prostaglandins
The newest class of drugs developed to treat glaucoma are the 
topically applied prostaglandins. These drugs target the tra-
becular meshwork or collagen of the ciliary body such that 
outflow obstruction is decreased. Examples include bimato-
prost and travoprost.

Direct Impact on Aqueous Humor
In addition to the impact of drugs targeting the autonomic 
nervous system, reduced production of aqueous humor can 
be accomplished by carbonic anhydrase inhibitors, which 
also have diuretic effects (the latter probably has limited effect 
on aqueous humor formation). Topical products include 
dorzolamide and brinzolamide. Systemic drugs include 
acetazolamide and the newer drugs, methazolamide and 
dichlorphenamide. These drugs can reduce aqueous humor 
production by up to 50% and are often used in combination 
with autonomic drugs. Aqueous humor production is also 
rapidly decreased by osmotic diuretics, including mannitol 
and glycerin. Mannitol (given intravenously) is limited to 
emergency therapy (two treatments) of glaucoma or to reduce 
IOP before surgery. Additional potential benefits of osmotic 
agents include reduction in vitreous humor volume (a poten-
tial advantage with lens disruption) and resolution of corneal 
edema (topical only). Glycerol has the disadvantage of being 
less effective than mannitol but can be administered (orally) 
at home by the pet owner; care must be taken to avoid emesis.

Antiinflammatory and Immunomodulatory 
Ophthalmic Preparations
Drugs used to treat ocular inflammation include glucocorti-
coids (systemic and local) and NSAIDS (topical). Drugs that 
act to modulate the immune system (e.g., cyclosporine; topical 
or systemic) also control the inflammatory response. Gluco-
corticoids target in situ mediators (eicosanoids: prostaglandins 
and leukotrienes), preformed biogenic amines (histamine, 
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serotonin), and the immune system (macrophage processing, 
T-cell expansion). Additionally, glucocorticoids are antiangio-
genic (inhibit vascularization). Glucocorticoids are indicated 
for any inflammatory condition of ocular tissues (e.g., conjunc-
tivitis, blepharitis, episcleritis, keratitis, iridocylitis). Glucocor-
ticoids inhibit healing, increase the potential for infection, and 
also stimulate collagenase. Collagen breakdown in the stroma 
can result in corneal perforation, and therefore glucocorticoids 
are contraindicated in the presence of an ulcer. Topical gluco-
corticoids are available in solution, suspension, and ointment. 
Preparations include hydrocortisone, 0.1% dexamethasone, 
and 1% prednisolone acetate (generally the drug of choice).

In contrast to glucocorticoids, NSAIDs principally tar-
get eicosanoids and thus are more limited in their control of 
inflammation (although they may have other effects). How-
ever, topically applied NSAIDs also can decrease inflamma-
tion; examples include flurbiprofen (0.03%) and diclofenac 
(0.1%), which are available as topical preparations. Cyclospo-
rine specifically targets T-helper cells and thereby controls the 
immune response. Available as a 2% solution, cyclosporine is 
indicated for the treatment of keratitis sicca, pigmentary kera-
titis, and other ocular immune-mediated disorders.

Antihistamines rarely are useful topically, although sys-
temic therapy may be helpful with allergic ocular reactions.

Antiprotease Drugs
Proteases responsible for tissue destruction and perpetua-
tion of inflammation are produced by ocular epithelial and 
stroma cells as well as inflammatory cells and select bacteria 
(e.g., Pseudomonas). Acetylcysteine is an effective protease 
inhibitor that also is monolithic; consequently, it is useful for 
treatment of keratoconjunctivitis sicca. The low pH must be 
buffered before topical administration (7 to 7.5); although it 
can be used as a 20% solution, 5% would be less irritating.

Antiinfective Drugs
Because of the ability to administer high concentrations of 
antibiotics, traditional classification of bacteriostatic versus 
bactericidal (fungistatic or fungicidal, virostatic or virucidal) 
may not be relevant to antiinfective drugs.

Topical antibacterial drugs are available as single or multiple 
antibiotic agents. Drugs that target gram-negative organisms 
include the water-soluble, weakly basic aminoglycosides (also 
effective against Staphylococcus spp.) tobramycin (0.3%; drug 
of choice for treatment of Pseudomonas), gentamicin (avail-
able with the glucocorticoid betamethasone), and neomycin 
(generally available only in combination with other antibiot-
ics). Polymyxin B also is a water-soluble drug that is notable 
for its nephrotoxicy when given systemically. The fluorinated 
quinolones also target gram-negative organisms, including 
Pseudomonas as well as Staphyloccoccus. In contrast to the 
aminoglycosides, the fluorinated quinolones are lipid soluble. 
Drugs include ciprofloxacin and ofloxacin and its congener 
levofloxacin. Note that systemic fluorinated quinolone has been 
associated with retinal degeneration in cats; a similar finding 
has not been reported after topical use. Drugs that target gram-
positive organisms include the lipid-soluble erythromycin 

(0.5%; bacteriostatic), the efficacy of which is limited by resis-
tance, and the water-soluble bacitracin, which, like polymyxin 
B, is most known for its nephrotoxicity associated with sys-
temic therapy. Triple antibiotic combinations include neo-
mycin, polymyxin B, and bacitracin. Broad-spectrum topical 
antibiotics include chloramphenicol (prohibited for use in food 
animals), tetracyclines (drugs of choice for ocular Mycoplasma 
or Chlamydia), and the sulfonamides. Each is lipid soluble.

Topical antifungal antimicrobials include the polyene nata-
mycin. Its spectrum includes all fungal agents except derma-
tophytes. The imidazoles (i.e., miconazole, fluconazole, and 
itraconazole) must be compounded from intravenous solu-
tions. Their spectrum includes opportunistic, dimorphic fungi 
and dermatophytes.

Antiviral drugs are indicated for treatment of herpes kerati-
tis. Drugs indicated for acute therapy include trifluridine (1%; 
probably the most effective); idoxuridine (0.1%; intermediate 
efficacy; must be compounded), and vidarabine (least effec-
tive and least irritating). These drugs tend to be irritating but 
must be administered no less than 5 times a day. For chronic 
therapy (chronic carrier state), betadine can be diluted (1:30); 
failure to dilute may be caustic to the eye.

Protectants and Lubricants
Aqueous solutions may be insufficient for replacement of tears 
because they cannot adhere to the epithelium. Polyvinylpyr-
rolidone (1.67%) is an artificial mucin that replaces mucopoly-
saccharides in the precorneal tear film and thereby stabilizes 
the film. Bicarbonate-based buffer will normal maintain pH, 
thus facilitating healing. Artificial tears are indicated to com-
pensate for insufficient tear production, decrease loss of fluid 
from the cornea resulting from evaporation, and facilitate 
penetration of water-soluble drugs. Other protectants include 
methylcellulose (0.5 to 1%); hydroxyethyl cellulose; hydroxy-
propyl methylcellulose; and polyvinyl alcohol (1.4%), which 
may be too irritating.

Solutions that might be used for intraoperative flushing 
(rinsing or a wetting agent) include eye washes (commercial 
formulas preferred), povidine–iodine (2% to 4% in saline), 
and benzalkonium chloride (1:5000; incompatible with fluo-
resceine, nitrates, salicylate, and sulfonamides). Zinc sulfate 
(0.2% and 0.25% solution; 0.5% ointment) is a mild astringent 
and antiseptic that can be used for mild conjunctivitis.
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OTHER CENTRALLY ACTING DRUGS

Tramadol
N-methyl-d-aspartate Agonists
Other Tranquilizers and Sedatives
α2-Agonists

ANTICONVULSANTS AND BEHAVIOR-MODIFYING 
DRUGS
Gabapentin and Pregabalin

LOCAL ANESTHETICS
MISCELLANEOUS AGENTS

Conotoxins
Others

SPECIAL CONSIDERATIONS FOR CONTROL OF PAIN 
IN ANIMALS
Neuropathic Pain
Cancer Pain
Pregnant, Neonate, and Pediatric Animals
Geriatric Patients
Surgical Pain
Critically Ill Patients
Epidural Analgesia

DEFINITION OF PAIN AND ITS 
RECOGNITION

Classification of Pain
The International Association for the Study of Pain (IASP) 
defines pain as an unpleasant sensory and emotional experience 
associated with actual or potential tissue damage.1 During the 
past several decades, the importance of pain has evolved from 
being underestimated, to being recognized for its contributions 
to morbidity and mortality. In 2000 the Joint Commission on 
Accreditation of Healthcare Organizations2 mandated that 
hospitals for humans consider pain as the fifth vital sign, thus 
ensuring its inclusion in the routine evaluation of all patients.

Pain has been classified in several ways. Severity (mild, 
moderate, and severe) is among the most common, but this 
categorization also includes an emotional component of pain. 
As such, in veterinary medicine this classification requires 
interpretation by either the clinician or owner. Pain also is clas-
sified according to its source. Physiologic pain is a protective 
mechanism, leading the animal to withdraw from a potentially 
damaging stimulus. In contrast, pathologic pain reflects tis-
sue damage. Unresolved physiologic pain eventually can lead 
to pathologic pain by causing neurologic damage (also classi-
fied as neuropathic pain). Neuropathic pain is also classified 
according to the location at which the damage occurs (e.g., 
neurologic damage), with nociceptive pain reflecting tissue 
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damage. Pain might also be localized to the body site: visceral 
pain is associated with abdominal or thoracic pain, whereas 
somatic pain originates from musculoskeletal damage. Either 
of these locations can be further divided as superficial or deep. 
Pain also is described by duration. Acute pain is abrupt in onset 
and resolves in 24 to 72 hours, whereas chronic pain is slow in 
onset and generally persists for several weeks to months. Acute 
pain is more protective in nature (compared with chronic 
pain) and indicates that something is going wrong, whereas 
chronic pain reflects disturbed homeostasis. Acute pain results 
from traumatic, surgical, or infectious events and generally is 
conducive to resolution with analgesics. In contrast, chronic 
pain is a long-standing physical disorder or emotional distress 
and includes pain associated with degenerative joint disease 
and some types of cancer. Chronic pain may not respond to 
traditional analgesic therapy, with tranquilizers or behavior-
modifying drugs combined with environmental manipulation 
and behavioral conditioning commonly implemented. The 
transmission of chronic pain increasingly is being understood, 
with knowledge regarding neural pathways elucidating pos-
sible targets of therapy. Accordingly, newer drugs are increas-
ingly being identified for their potential efficacy.3

Transmission of Pain
Nociceptive Pain
Nociception refers to a neural response of nociceptors to a nox-
ious stimulus.1 Nociception is a normal nervous system func-
tion that serves as a warning of danger or credible threat. The 
nociceptive response comprises a nociceptor and three neuron 
chains, originating in the peripheral tissues and ending in the 
cerebral cortex. Nociception is unique among sensory nerves 
because nocicpetors must detect a wide range of stimuli, 
including physical and chemical signals, heat and cold, and 
acid and mechanical pressure. Nociceptors are located in every 
tissue of the body, originating from a group of neuronal bod-
ies in the dorsal root ganglia (Figure 28-1). Nociception varies 
with location (peripheral versus central) and organ. Nocicep-
tion in the skin occurs at the surface (i.e., is somatic), result-
ing in sharp, defined, localized, and limited pain. In contrast, 
internal, or visceral, nociception is generally diffuse, dull, and 
often referred.4 The action potential stimulated by a nocicep-
tor crosses the synapse in the dorsal horn and stimulates the 
second order neurons in the gray matter of the spinal cord. 
There the signal is transmitted to the brain, where it is pro-
cessed and interpreted. The transmission of pain from noci-
ceptors is carried by either small, myelinated A delta fibers, 
smaller unmylelinated C fibers, or A a fibers. A delta fibers are 
fast, being responsible for sharp and acute pain, and transmit 
somatic and parietal pain. Because these receptors are discrete, 

animals can localize this pain. In contrast, C fibers are slow, 
transmitting dull, aching, burning, or throbbing pain that is 
difficult to localize. A fibers also are slow, transmitting stim-
uli associated with vibration, stinging, or tickling. However, 
because they are not able to discriminate between painful ver-
sus nonpainful stimuli, they are not pure nociceptor neurons.

Chemical mediators are important components of the 
nociceptor reflex and offer a target of pharmacologic modula-
tion. These include but are not limited to adrenocorticotropic 

KEY POINT 28-1 Whereas physiologic pain is protective, 
pathologic pain indicates tissue damage and if unresolved 
can lead to neurologic damage or neuropathic pain.

KEY POINT 28-2 Chronic pain may be more amenable to 
nontraditional analgesic therapy.

Pathophysiology of neuropathic pain

T-cell

AMPA NMDA

Second order
neuron

MAP

IL-1�
IL-6
TNF�
NO
PGs
ATP
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Ca2�

Figure 28-1 Pain pathways and the role of peripheral nerve injury 
in the emergence of neuropathic pain. See text for the transmis-
sion and perception of pain (left). The right side demonstrates 
mechanisms whereby neuropathic pain might emerge. The 
lower left diagram delineates the impact of peripheral nerve 
injury on sensory neurons. Injury is followed by recruitment 
and proliferation of non-neuronal elements (including Schwann 
cells, mast cells, macrophages, and T cells). Cells release pro-
inflammatory and other chemicals (TNFα tumor necrosis fac-
tor-alpha] , IL[interleukin]-1, IL-6, CCL2, PGs (prostaglandins) 
and NGF [nerve growth factor]). Sensory abnormalities are initi-
ated and maintained either locally at the site of damage or with 
retrograde transport to cell bodies in the dorsal root ganglion, 
where neuronal gene expression is influenced. Increased intra-
cellular calcium results in activation of the p38 and MAPK/ERK 
pathway. Perpetuation of the response is maintained through 
recruitment of inflammatory cells in general and T-cells in par-
ticular. In the spinal cord (upper right), microglia surrounding 
primary afferent neurons contribute to self-propogation of neu-
ropathic pain after activation by chemicals or the influence of 
other primary afferent neurons. Subsequent mediator release 
may presynaptically or postsynaptically modulate pain. Exam-
ples include but are not limited to TNF-α, IL-1 , IL-6, nitric oxide 
(NO), ATP, and PGs and excitatory neurotransmitters (ENT). 
AMPA,amino-3- hydroxy-5-methyl-4-isoxazole propionic acid;  
NMDA, N-methyl-d- aspartate; MAP, mitogen-activated protein 
kinases.
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hormone, glucocorticoids, vasopressin, oxytocin, brain opi-
oids, catecholamines, angiotensin II, endorphins/ enkephalins, 
vasoactive intestinal peptides, substance P (centrally), 
 eicosanoids (prostaglandins, leukotrienes), tissue kininogens 
(bradykinin), histamine, serotonin, potassium, and proteo-
lytic enzymes.6 Several of these mediators are also associated 
with stress. Several neurotransmitters associated with noci-
ception and transmission of peripheral pain also function 
in the dorsal horn, the first site of signal processing. Spinal 
neurotransmitters include but are not limited to peptides (e.g., 
substance P, calcitonin gene-related peptide), excitatory and 
inhibitory amino acids (aspartate, glutamate, gamma-amino-
butyric acid [GABA]), nitric oxide, prostaglandins, adenosine- 
5’- triphosphate (ATP), endogenous opioids, monoamines 
(serotonin, norepinephrine), protons (acids), and neurotroph-
ins. Opioid peptides are synthesized by interneurons in the 
superficial dorsal horn; they regulate further neurotransmitter 
release, probably through decreased calcium conduction. Glu-
tamate, the primary excitatory nociceptor neurotransmitter, 
is released in response to calcium, following depolarization. 
Subsequent postsynaptic binding to N-methyl-d-aspartate 
(NMDA) receptors influences pain transmission, hyperalge-
sia, allodynia, and neurotoxicity, thus providing the rationale 
for combination analgesic therapy that includes NMDA-
receptor antagonists.

The IASP definition of pain includes both a sensory and 
emotional component.2 Indeed, of all the sensory systems, the 
nociceptive system is most able to elicit an arousal response 
in the brain. The emotional portion of pain occurs at the level 
of the limbic system (emotional), cortex (cognitive appraisal), 
and frontal lobes. Stimulation in the reticular formation results 
in emotional reaction to pain (anxiety, depression, suffering), 
whereas stimulation in the cerebral cortex leads to conscious 
perception and interpretation of pain. Transmission of central 
pain reflects a “gate control” phenomenon. The dorsal horn 
cells modulate the patterns of incoming information trans-
mitted to the brain, which ultimately produces response and 
perception. The brain, in turn, can enhance or counter noci-
ception. For example, when pain is sustained, released opi-
oid peptides bind mu receptors in the brain and spinal cord, 
decreasing pain. Modulation regulates pain response, thus 
maintaining homeostasis.7 In addition to central transmission 
of pain, the first-order neuron can also synapse with neurons 
that cause a local reflex. The reflex can be myoneural or sym-
pathetic in action (e.g., release of norepinephrine, smooth 
muscle spasm, vasoconstriction). Voluntary reflexes require 
conscious pain perception, whereas nociceptive reflexes  
do not.

Not surprisingly, a variety of mechanisms transduce noci-
ceptive signals.8 At least two classes of channels are involved: 
One class detects noxious stimuli or products of tissue dam-
age, and another sets the threshold necessary for a nociceptor 

action potential. Channels that detect noxious stimuli include 
transient receptor potential (TRP) channels, acid-sensing 
ion channels (ASICs), and the ATP-gated P2X receptor fam-
ily. Of these, the TRP channels are emerging as the dominant 
channels transmitting nociceptor signals. The TRP channels 
are general receptors, able to sense multiple types of noxious 
stimuli. Their actions are complex, with channels having dif-
ferent roles in different tissues. Further, each channel is able 
to respond to more than one stimulus and with overlapping 
sensitivities. Four of the nine currently described nociceptive 
TRP channels respond to heat. The TRP receptors are regu-
lated through a number of kinases (e.g., kinase C, kinase A, 
calcium/calmodulin–dependent kinase). In contrast to the 
general TRP channels, ASIC channels are specialists, able to 
detect only acidity, as might occur with bone cancer (high lev-
els of acid leak into surrounding tissues), inflammation (local 
pH can drop to 5.5), and ischemia (resulting from metabolites 
such as lactic acid). Because extracellular ATP is a major prod-
uct of inflammation, P2X channels are also drawing interest 
for their potential role in inflammatory pain, particularly vis-
ceral pain.7

The second type of channels that transmit nociceptor 
signals set thresholds and include newly discovered voltage-
dependent sodium channels. Unlike other sodium chan-
nels, these channels are resistant to blockade by tetrodotoxin 
(TTX), which serves as a method of identifying and classify-
ing the channels. Normally, these channels set the nociceptor 
threshold very high. However, in the presence of pathology, 
thresholds are decreased such that nociceptors respond to 
much weaker stimuli. Thus, unlike most sensory systems, 
channels responsible for nociception become more sensi-
tive, rather than less sensitive, to stimuli. The TTX-resistant 
sodium channels tend to be redistributed after tissue injury.

Neuropathic Pain
Pathophysiology. Nociception is not limited simply to trans-

mission of acute (nociceptive) pain; it also contributes to neu-
ropathic pain. Both acute and unrelieved chronic pain can 
shift from nociceptive to neuropathic pain. Neuropathic pain 
includes hyperalgesia (overreaction or increased sensitivity to 
painful stimuli), allodynia (reaction to an innocuous stimula-
tion), or reflex sympathetic dystrophy. The latter is a complex 
disorder of pain, sensory abnormalities, abnormal blood flow, 
sweating, and trophic changes in superficial and deep tissues.7 
Failure to control development of acute pain and hyperal-
gesia can lead to chronic pain; progressive and prolonged 
stimulation can lead to a “wind-up” phenomenon that reflects 
increased excitation of neurons in the dorsal horn. The wind-
up phenomenon is manifested as a pain response outside the 
site of injury and can persist beyond resolution of the incit-
ing cause (pathologic pain). Dysesthesia is another example 
of neuropathic pain characterized by an unpleasant spontane-
ous or provoked sensation. Dysesthesia has been described in 
humans as a burning or shooting sensation reflecting dam-
age to peripheral nerves. Excess stimulation of pain fibers, or 
reduced activity of non-nociceptive sensory pathways contrib-
ute to an imbalance between painful and nonpainful inputs to 

KEY POINT 28-3 N-methyl-d-aspartate receptors and prod-
ucts of cyclooxygenase activity promote several aspects of 
neuropathic pain.
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the central nervous system (CNS).9 Examples include phan-
tom pain, a centrally mediated pain manifested as an intense 
burning sensation at the nerve ending of a damaged, para-
lyzed, or missing extremity. Another example is “stump” pain, 
a peripheral neuropathic pain secondary to neuroma forma-
tion at the site of amputation. These are examples of pain with-
out any obvious noxious input. Further, for some chronic or 
persistent pain disorders, pain does not necessarily originate 
at the periphery.4

Heightened pain sensitivity is probably a protective 
response, reducing tissue exposure to further risk of tissue 
damage, and normally resolves when the tissue is healed. 
Both local and spinal changes contribute to neuropathic 
pain. Tissue damage intensifies the sensation of pain by 
recruitment of otherwise silent receptors. Chemical media-
tors are produced and released by both neuronal and non-
neuronal cells (e.g., fibroblasts, mast cells, neutrophils), 
increasing nociceptor sensitivity. Local injury causes release 
of inflammatory mediators (cyclooxygenase-2 [COX-2], 
interleukins [ILs], leukotrienes [LTs], H+, K+, histamine, 
bradykinin), generating a slightly acidic inflammatory 
milieu that lowers threshold sensitivity (allodynia) by facili-
tating chemical binding to nociceptors. Activation of the 
nociceptors initiates neurogenic inflammation, leading to 
the release of substance P and peptides, which in turn per-
petuate inflammation.5 Dysesthesia may reflect spontaneous 
activity originating in the regenerating, primary, nociceptive 
neurons (myelinated, small afferent fibers). Changes in dor-
sal root Na+ channels also have been reported. Dysesthesia 
may thus reflect a focal inflammatory process as opposed to 
axonal damage. Further, potential involvement of (fast) Na+ 
channels that generate ectopic discharges supports the use 
of local anesthetics (Na+ channel blockers) as part of a com-
bined analgesic approach.9

Heightened sensitivity also involves retrograde signals 
from the site of injury to the neuronal cell body; signals 
alter neurotransmitter release and receptor transcription 
and expression. Among the mediators of hypersensitivity 
are mitogen-activated protein kinases (MAP: p38, ERK and 
JNK), which may initiate changes in the microglia of the dor-
sal horn.6 These changes may persist for weeks. Other media-
tors released and associated with hypersensitivity in the spinal 
cord include but are not limited to the proinflammatory cyto-
kines tumor necrosis factor (TNF), IL-1 and IL-6, prostaglan-
dins, and reactive oxygen species. Microglial cell bodies also 
hypertrophy and multiply, a reaction that, along with release 
of proinflammatory cytokines, may be inhibited by minocy-
cline. Interestingly, chronic morphine administration may 
activate microglial cells and thus exacerbate hypersensitivity, 
an effect that might be reversed by minocycline or pentoxifyl-
line, exemplifying the complexities of hyperalgesia.10

A role for NMDA receptors has not yet been identified in 
normal spinal cord transmission. However, a role might be 
suggested in transmission of pain. Both glutamate and aspar-
tate are major excitatory neurotransmitters in the CNS that 
bind to NMDA receptors. After tissue injury, impulses from 
sensitized nociceptors of C fibers stimulate glutamate and 

other chemical release (e.g., neurokinins) in the primary affer-
ent in the spinal cord. Calcium influx and activation of early 
genes leads to the development and maintenance of hyper-
sensitivity or the wind-up phenomenon and hyperalgesia. 
Hyperalgesia associated with opioid use may involve NMDA 
receptors (see later discussion). Another mediator group that 
may be involved with changes in response to pain is prosta-
glandins (PGs). Induced COX-2 prostaglandin E (PGE) has 
been associated with hyperalgesia in either the spinal cord 
(primary hyperalgesia) or peripherally at nociceptors (sec-
ondary hyperalgesia).11 Induction of spinal COX-2 in the 
dorsal horn has been associated with central sensitization.11-13 
Finally, PGs may potentiate the effects of other chemical 
mediators involved in pain or inflammation (e.g., histamine, 
bradykinin, substance P, nitric oxide), neurotransmitters (e.g., 
inhibition of glycine or potentiation of glutamate), or other 
receptors (e.g., NMDA), although this role in central sensitiza-
tion and hyperalgesia has yet to be determined.

Nociception may awaken long dormant processes. For 
example, GABA is normally inhibitory, but it becomes excit-
atory in the spinal cord after peripheral nerve injury.7 Further, 
if the inciting cause is sufficient, quiescent nociceptors will 
be recruited; output of non-nociceptive neurons (e.g., touch 
receptors) may be interpreted as nociception by second-order 
neurons in the spinal cord.5

Preemptive control. Successful preemptive analgesia pre-
vents the development of increased central nociceptive path-
way responsiveness that is triggered by intense afferent neural 
activity. Surgery involving limbs exemplifies the importance 
of preemptive analgesia. For example, local anesthetic block-
ade of exposed nerves before transaction presumably protects 
the spinal cord from a sudden, massive impulse surge from 
nociceptors. Further, ghost phantom pain can be reduced 
through epidural analgesia or adequate prevention of post-
operative pain, particularly during the first 72 hours after 
surgery.

Meta-analyses of human studies that focused on tim-
ing of analgesia in surgical patients warrant review for their 
implications with regard not only to timing but also to the 
importance of effective pain control.14,15 One meta-analysis 
examined randomized, double-blinded, controlled trials that 
addressed either preemptive or postoperative analgesia for 
acute or chronic postoperative pain relief. Analgesic protocols 
that were reviewed studied the following: Twenty of the clini-
cal trials reported the analgesic efficacy of NSAIDs (n=20; 
diclofenac, ketorolac, ketoprofen, ibuprofen, flurbiprofen, 
and naproxen [endodontal]), opioids (n=8; morphine, fen-
tanyl, alfentanil, sufentanil, meperidine), and NMDA antago-
nists (n=8; ketamine, dextromethorphan). Further, epidural, 
caudal, or intrathecal (n=20) or local anesthetics (n=20) were 
considered. Outcome measures included comparison of pain 
scores before and 24 hours after surgery, time to the need for 
analgesics, and the need for supplemental analgesic therapy. 

KEY POINT 28-4 Effective preemptive analgesia decreases 
the emergence of neuropathic pain.
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In general, meta-analysis concluded that pre-emptive timing 
did not alter the magnitude of postoperative pain, although 
the consumption of analgesia and the time to request addi-
tional analgesics were reduced. For NMDA antagonism, pre-
emptive use of ketamine (as part of combination analgesic 
therapy, generally with opioids) uniformly did not cause a sta-
tistical difference in postoperative pain (a finding substanti-
ated by both meta-analyses), whereas dextromethorphan did, 
although only two trials were reviewed. For epidural analge-
sia 7 of 11 trials using opioids indicated potential benefits, 
although the authors concluded that clinical relevance would 
be improved if epidural analgesia continued for a longer post-
operative period. In general, preemptive nonsteroidal antiin-
flammatory drug (NSAID) therapy provided no difference in 
pain relief, leading the authors to conclude that the risks asso-
ciated with preemptive NSAID therapy (e.g.,  bleeding, renal 
compromise) may not be justified; the power of the study to 
detect a significant difference is not known. Only one of the 
trials addressed the advent of chronic (6 months) pain after 
a surgical procedure. This trial found chronic pain to be sig-
nificantly reduced in patients receiving preemptive analgesia. 
The overall conclusions by the authors was that preemp-
tive analgesia may not be an effective method for reducing 
postoperative pain. However, the authors also suggested that 
future studies should not focus on the timing so much as on 
the approach to prevention of postoperative pain. Specifically, 
studies might address the importance of aggressive control, 
including the use of combinations designed to prevent neu-
ropathic pain. Indeed, the lack of evidence of effective pre-
emptive analgesia for control of postoperative pain reported 
in this study may reflect failed actions that occur in clinical 
patients. Because even abbreviated sensory events may initi-
ate events leading to central sensitization, effective prevention 
may be dependent on continuous sensory  blockade—that 
is, throughout the presence of the stimulating nociceptive 
event. Further, the success of afferent blockade may depend 
on blockade of input from small nonmyelinated C fibers or 
spinal, rather than peripheral, analgesia. Indeed, the meta- 
analysis indicated that neither systemic morphine nor small 
doses of intrathecal opioids had an effective preemptive 
impact. However, larger intrathecal doses of morphine were 
effective. Thorough regional blockade may also be paramount 
to the success of preemptive operative analgesia.

PHARMACOLOGIC CONTROL OF PAIN

Analgesia reflects the selective interruption of the transmis-
sion of injury signals (real or potential) between primary 
sensory neurons, the spinal cord dorsal horn, the rostro-
ventral medulla, and the cortex opioids.5 The paradigm for 
the approach of pain control in both human and veterinary 
medicine has been shifting with the increasing realization 
that uncontrolled pain is not only bad but also avoidable.16,17 
Appropriate pain management is part of the practice of good 
medicine: For human patients, analgesic control is associated 
with more rapid clinical recovery, shorter hospital stays, fewer 
readmits, and improved quality of life.1

CONTROL OF PAIN

Assessing Response to Pain and Stress
One of the more difficult aspects of acceptable control of pain 
for the clinician is detection or recognition of pain.19-21 Sci-
entists agree that all animals feel pain, although the level of 
nociception may vary between vertebrates and invertebrates 
and among classes of animals.22 Animals may feel pain as eas-
ily as human patients; any stimulus that is likely to cause pain 
in a person will cause pain in animals. Animals differ from 
people, however, in their response to pain. Indeed, the laws 
of behavior in wild animals require that abnormal behavior 
associated with pain be avoided. Avoidance, escape, or control 
of pain and distress are responses to pain that are important 
for (wild) animal survival and allow animals to adapt to a new 
or changed environment. Animals showing weakness, pain, 
and distress become targets for predators. Ill or injured ani-
mals tend to be abandoned by others so that an entire stock 
is not jeopardized. This evolutionary process makes clinical 
recognition of pain in animal patients difficult. For example, a 
critical patient is often unable to manifest pain and unwilling 
to care for itself; the clinician must be diligent to recognize the 
likelihood of an underlying disorder in causing pain. Increase 
in heart rate usually is caused by the underlying pathology, 
not in response to pain. The more severe the illness, the more 
important the need for analgesics.

Response to acute and chronic pain varies and includes both 
physiologic and behavioral changes. If pain is too severe for 
the animal to accommodate, a state of distress can develop.23 
Beyond protection, pain rarely has any useful function and 
is associated with dramatic and potentially life-threatening 
physiologic changes.24-26 Physiologic responses to distress 
include gastrointestinal lesions, immunosuppression, and 
hypertension. In human patients failure of response to treat-
ment, hospitalization duration, and hospitalization costs can 
be positively correlated with failure of effective pain control. 
The sensation of pain can be associated with a marked adren-
ergic (catecholamine) release, which may cause life-threaten-
ing hypertension or cardiac arrhythmias. Response to acute 
pain includes physiologic changes such as tachycardia, tachy-
pnea, mydriasis, and salivation and behavioral responses such 
as guarding, protection, vocalization (especially with move-
ment or palpation of painful area), licking, biting or scratch-
ing, shaking, restlessness or insomnia, and recumbency.

Failure to control acute pain can stimulate changes at the 
level of the nociceptor and CNS; nociceptive pain may prog-
ress to neuropathic pain. Neuroplastic changes such as hyper-
sensitization or allodynia worsen the stress response that 
often follows surgery. The response is adaptive and is medi-
ated by behavioral, neural, endocrine, immune, hematologic, 
and metabolic changes that attempt to restore homeostasis. 
However, the combined effects can prove detrimental to the 
patient. Potential sequelae include cardiovascular instability, 
hypercoagulability, insulin resistance, increased metabolic 
rate and protein catabolism, and immunosuppression. As 
such, effective control of pain is paramount in the postopera-
tive or otherwise stressed patient.
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Responses to chronic pain include limping; licking, per-
haps to the point of self-mutilation (of an associated region if 
an animal can reach it, an unassociated one if not); reluctance 
to move; loss of appetite; changes in personality; physiologic 
dysfunctions such as dysuria, tenesmus, and diarrhea; changes 
in appearance of hair coat and degree of eye brightness; failure 
to groom; discharges from eyes and nose; decreased food and 
water intake; and behavioral changes such as aggression or 
docility, agitation, cringing, and extreme submissiveness. The 
well-trained clinician or pet owner can detect subtle changes 
in gait or posture.

Variability among animals in response to stress also makes 
diagnosis of pain difficult (Box 28-1).

The American Veterinary Medical Association reviewed 
the major consensus concepts generated by the Cross-species 
Approach to Pain and Analgesia workshop that took place in 
2002.22 In addition to recommendations regarding the use of 
animals in research involving pain, the review provides guide-
lines for development of a pain assessment tool. The guide-
lines stipulate that a numeric (1-10) scale, based on observable 
behaviors and quantifiable biological markers, be used. Fac-
tors that are likely to alter assessment include animal factors 
such as species (and strain), stage of development (includ-
ing prepartum and postpartum development), gender, previ-
ous experience to pain; environmental factors; and the type 
of pain. Other factors, such as nutrition, drugs, concurrent 
disease, and owner social status, should also be considered. 
The American Society of Anesthesiologists developed a pain-
scoring system (for humans) based on several categories, each 
scored from 1 to 15. Included are behavior (depressed = 1, 
normal = 3, apprehensive = 5, and excited or aggressive = 10), 
preexisting pain (none = 1, minimal = 5, moderate = 10, and 
severe = 15), surgically induced trauma or pain (minimal = 5, 
moderate = 10, and severe = 15), duration of surgery (less than 
1 hour = 5, 1 to 2 hours =10, and >3 hours = 15), and patient 
health (normal = 1, mild disease = 2, severe disease = 3, mori-
bund = 4, and life-threatening = 5).

Appropriate analgesic combinations for any pain group, 
regardless of score, include opioids, local analgesics, NSAIDS 

and (for surgical candidates) epidural analgesic therapy. For 
opioids scores less than 20 might warrant less aggressive con-
trol of pain (i.e., mixed agonists–antagonists or partial ago-
nist opioids), whereas scores of 20 to 30 might require more 
aggressive analgesia (pure opioids) and scores of 30 the most 
aggressive therapy (e.g., constant-rate infusion [CRI] of pure 
opioids). The use of NMDA-receptor antagonists should be 
considered for members of the latter two groups. The prudent 
clinician might consider assessing pain using a numeric scale 
at intervals appropriate for the management of the pain and 
reassess therapy as indicated by the scale. This may be particu-
larly important for prevention or treatment of chronic pain.

Levels of Consciousness
Marked species differences exist in response to drugs intended 
to control or help control pain. Analgesia is defined as the 
absence of pain. This may be harder to define in animals than 
in people. Tranquilization (ataxia, neurolepsis) is a state of 
behavioral change in which the patient is relaxed and uncon-
cerned by surroundings. Generally, the state is not accompa-
nied by drowsiness, analgesia, or unconsciousness. Targets of 
tranquilizers include the hypothalamus and reticular activat-
ing system. The tranquilized animal feels pain but frequently is 
indifferent to minor pain. Tranquilizers may act synergistically 
with analgesics in the control of pain. Sedation reflects a mild 
degree of central depression. Sedated animals are calm, awake, 
and possibly drowsy. Sedatives target the cerebral cortex. With 
anesthesia, light to complete unconsciousness is realized and 
is accompanied by loss of feeling or sensation. General anes‑
thesia is both a loss of consciousness and a loss of pain; it is 
also characterized by muscle relaxation, hyporeflexia, and 
amnesia. However, the loss of pain induced by general anes-
thesia may not be sufficient to preclude the intraoperative use 
of analgesics.

Two other states of consciousness may be associated with 
drugs that also provide analgesia. Hypnosis is a state of artifi-
cially induced unconsciousness (sleep) from which the patient 
can be easily aroused. Akinesia is simply the absence of muscle 
movements and is generally induced by neuromuscular block-
ing drugs. Pain may best be controlled with a balanced com-
bination of drugs, each of which targets a different site in the 
nociception pathway.

Endogenous and Exogenous Pain Control
Endogenous opiates (opiopeptins) provide analgesia when 
released in high concentrations in selected regions of the brain. 
These include enkephalins, dynorphins, and endorphins  (Figure 
28-2). Each opiopeptin is derived from a larger precursor mol-
ecule. Each of the precursor molecules has a characteristic ana-
tomic distribution that is not limited to the CNS. The precursor 
for endorphin (β-endorphin) is pro- opiomelanocortin, which 
is also the precursor of melanocyte-stimulating hormone as 
well as adrenocorticotropic hormone and beta-lipotropin, sug-
gesting a strong link between the opioid system and stress hor-
mones.27 Endogenous recognition sites for these chemicals are 
also the targets of the exogenous drugs. A variety of other neu-
ropeptides also have been implicated in endogenous analgesia 

Types of Biologic Response to Pain
Types of biologic response to pain vary with genetic, age, or physi-
ologic state or makeup:
 1.  Age: Young animals may exhibit reduced tolerance to acute or 

physical pain. Lack of learned or conditioned responses thus 
may be less likely to lead to emotional stress or anxiety associ-
ated with anticipated painful experience.

 2.  Sex: Females appear to be less sensitive than males to pain.
 3.  Health: Healthy patients are less sensitive to pain, and severely 

debilitated animals are less able to respond to pain.
 4.  Species variation: Compared with cats, dogs tend to be stoic. 

Interestingly, however, cats appear to be treated with analgesics 
less commonly,23 perhaps out of concern for adverse reactions.

 5.  Breed differences: Working and sporting breeds of dogs tend to 
be more stoic than other breeds. 

Box 28-1
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(e.g., vasopressin, neurotensin, cholecystokinin, substance P). 
Some of these act in concert with other chemicals to stimulate 
nociceptors. Most notable are the eicosanoids (PGs, LTs), sub-
stance P, and bradykinin. The inflammatory process involves 
the release of a number of these chemical mediators either 
from the tissues at the site of infection or from the inflamma-
tory cells themselves. Control of pain caused by these media-
tors is often largely dependent on controlling the inflammatory 
process. Nociceptin (NC, orphanin FQ, or OFQ) is a novel 
endogenous opioid peptide named for its ability to lower some 
pain thresholds. The NC/OFQ system is non-opioid, charac-
terized by behavioral and pain modulator actions that differ 
from the classical opioids.27 Nocistatin is a related protein of 
the NC/OFQ system.

Factors such as emotional state, expectation, attention, 
blood pressure, stress, counterirritation, and drugs can modu-
late pain, possibly by activating analgesia systems. In humans 
national, religious, and cultural backgrounds and ethnic-
ity also influence pain. Emotions also modify pain: Human 
patients function better when they believe that they have some 
control over pain, an aspect that may be lost or is difficult to 
assess in animals.2

Pain may be relieved or its intensity reduced by environ-
mental (e.g., soft bedding) or behavioral (e.g., petting) manip-
ulation and by the administration of drugs (Table 28-1).28 
With environmental control, emphasis is placed on the well-
being of the animal. For dogs with osteoarthritis, this has cen-
tered on controlled exercise, although this method may be an 
inappropriate anthropomorphism. The single action for dogs 
most responsible for stress relief appears to be socialization 

(with humans). Factors such as emotional state, blood pres-
sure, stress, and drugs can modulate pain, possibly by acti-
vating endogenous analgesia systems such as the opiates. The 
endogenous opiates, such as the enkephalins and endorphins, 
provide analgesia when released in high concentrations in 
selected regions of the brain.

The best treatment for pain is removal of the underlying cause. 
Control of pain often includes nonpharmacologic modalities. 
For example, the goal of pain control with chronic wounds in 
humans includes availability of both local and systemic analge-
sics but also removal of all nonviable, locally infected tissue and 
elimination of cellulitis, identification of wound pathogenesis, 
and assessment of objective improvement through the periodic 
use of an analgesic scale. Notably, the most important aspect of 
pain control in humans is objective assessment coupled with 
assuring the patient that pain will be resolved. The importance 
of the latter in animals is not known, nor is the ability of veteri-
nary clinicians to provide such assurance.

At one time analgesics were categorized by their major site 
of action—that is, whether they acted centrally or peripher-
ally. This categorization is limited because of the shared signals 
between the two locations (see Figure 28-1). Multiple target 
sites are available for drugs in both the peripheral nervous 
system and CNS; additionally, a large number of specialized 
receptors exist in the skin and other tissues that signal chemi-
cal, thermal, and mechanical changes. However, redundancies 
in their activation generally lead to compensatory effects by 
one system on blockade of another. This is particularly true 
for TRP channels and ASICs. As such, targeting sites of signal 
convergence may be more effective. Examples include sodium 
channels specific to the peripheral nociceptive afferents, glu-
tamate receptors in the spinal cord, and their homologs in the 
trigeminal system (e.g., NMDA receptors that are uniquely 
activated by persistent input).4

Proopiomelanocortin

Proenkephalin

Methionine enkephalin

Leucine enkephalin

Prodynorphin

ACTH

COOH

COOH

COOH

NH2

NH2

NH2

�-MSH �-MSH �-MSH �-endorphin

Figure 28-2 Endogenous opiopeptins that provide analgesia (endorphins, enkephalins, and dynorphins) are synthesized from 
precursor molecules. Each opiopeptin is derived from a larger precursor molecule. Each of the precursor molecules has a char-
acteristic anatomic distribution that is not limited to the central nervous system The precursor for endorphin (β-endorphin) is 
proopiomelanocortin, which is also the precursor of melanocyte-stimulating hormone (MSH). Endogenous recognition sites for 
these chemicals are also the targets of the exogenous drugs.

KEY POINT 28-5 Exogenous opioids target receptors for 
endogenous compounds.
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Table 28-1  Doses of Selected Analgesic Drugs in Dogs and Cats
Drug Indication Dose Route Interval (hr)
Alfentanil Preanesthetic 5 μg/kg IV To effect

Analgesic supplement 2-5 μg/kg IV 20 min
Amantadine Combination analgesia 1.25 to 4 mg/kg (D) PO 12-24
Amitriptyline Behavioral problems,  

pruritis, neuropathic  
pain

1 to 4.4 mg/kg (D) PO 12-24. Taper 
 withdrawal

Atipamezole Reversal agent for 
 medetomidine

Volume equivalent to  
medetomidine

IV As needed

Bupivacaine 
 hydrochloride

Epidural analgesia 0.22 to 0.3 mL of 0.5% (max 6 
mL/dog) (preservative free, 
 methylparaben acceptable)

Epidural Once

Local anesthetic 0.5 to 1 mL of 0.25% solution Topical, local Once
0.22 mL/kg Intraarticular Once
1.5 mg/kg in 10 to 15 mL saline Intrathoracic, 

 intraabdominal
Once

Buprenorphine Analgesia <11 kg: 15 μg/kg (D) IM, IV, SC 4-8
11 to 23 kg: 10 μg/kg (D) IM, IV, SC 4-8
>23 kg: 5 μg/kg (D) IM, IV, SC 4-8
5 to 30 μg/kg (D) IM, IV, SC, epidural 4-8
5 to 30 μg/kg (C) IM, IV, SC, topical 

( buccal)
12

Butorphanol Antitussive 0.05 to 0.12 mg/kg (D) PO, SC 8-12
0.55 to 1.1 mg/kg (D) PO 6-12

Preanesthetic 0.05 to 0.4 mg/kg IM, IV, SC To effect
Analgesia, sedation 0.1 to 1 mg/kg IM, IV, SC 1-6

0.55 to 1.1 mg/kg PO 6-12
Antiemetic 0.2 to 0.6 mg/kg IM, SC Once before 

 chemotherapy
Cetacaine Topical anesthetic Topical to effect
Codeine Cough 0.1 to 2 mg/kg (D) PO 6-12

Pain 0.5 to 4 mg/kg PO 6-12
1 mg with each 5 mg 

 acetaminophen (dog only)
PO 8-12

Diarrhea 0.25 to 0.5 mg/kg (D) PO 6-8
Acetaminophen with 

codeine
Analgesic 10 to 15 mg/kg (D) (based on 

 acetaminophen)
PO 8-12

Dimethyl sulfoxide  
40%

Spinal cord trauma 0.5 to 1 g/kg (D). Dilute to a  
10% solution

IV (over 45 min) 6-8

Dextromethorphan Antitussive 0.5 to 2 mg/kg (D) IV, PO,SC 6-8
Combination analgesia,  

pruritis
2 mg/kg IV, PO,SC 6-8

Fentanyl citrate Analgesia Loading dose: 5 μg/kg (D) IV Once
Maintenance dose: 3 to 10 μg/kg 

(D)
IV, CRI To effect

Loading dose: 2 to 3 μg/kg (C) IV Once
Maintenance dose: 2 to  

3 μg/kg (C)
IV, CRI To effect

Maintenance dose: 2 to  
3 μg/kg (C)

IV 20 minutes

Perioperative pain 5 -10 μg/kg (D) IM, IV, CRI, SC To effect
2.5-5 μg/kg (C) IV, IV CRI To effect

Induction 1-5 μg/kg (D) IV To effect
1-2 μg/kg (C) IV To effect

Continued
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Drug Indication Dose Route Interval (hr)
Fentanyl citrate 0.01 mg/kg Transdermal 2-5 days 

( approximate)
25 μg/hr (C) Transdermal 2-5 days 

( approximate)
<10 kg: 25 μg/hr Transdermal 2-5 days 

( approximate)
10-20 kg: 50 μg/hr Transdermal 2-5 days 

( approximate)
20-30 kg: 75 μg/hr Transdermal 2-5 days 

( approximate)
>30 kg: 75 μg/hr Transdermal 2-5 days 

( approximate)
Fentanyl/droperidol Tranquilization >25 kg: 75 μg/hr IV To effect

0.3 to 0.5 mL/55 kg (D) IV To effect
0.04 to 0.09 mL/kg (D) IM To effect
0.01 to 0.14 mL/kg (D) IM To effect

Preanesthetic 0.11 mL/kg (C) IM To effect
Gabapentin Analgesic adjuvant,  

cancer pain
3 mg/kg PO 24

Analgesic, neuropathic 
pain

10 to 30 mg/kg (D) PO 8

Anticonvulsant 10 to 30 mg/kg PO 8
Hydromorphone Analgesia 0.05 to 0.3 mg/kg IM, IV, SC 2-6

Preoperative medication 0.1 mg/kg IM, IV, SC To effect
Alternative induction 

medication
0.1 to 0.2 mg/kg IV infusion To effect

Ketamine  
hydrochloride

Sedation 7 to 11 mg/kg in combination  
with 1.1 to 2.2 mg/kg xylazine

IV To effect

22 mg/kg in combination with  
1.1 mg/kg xylazine

IM To effect

5.5 to 10 mg/kg in combination 
with 0.3 to 0.5 mg/kg diazepam

IV To effect

6.6 to 11 mg/kg in combination 
with 0.066-0.22 mg/kg mid-
azolam IM or IV

IM To effect

33 mg/kg in combination with  
0.22 acepromazine

IM To effect

16 mg/kg in combination with  
0.66 mg/kg acepromazine

IM To effect

5.5 to 22 mg/kg (adjunctive seda-
tive or tranquilizer treatment 
recommended) (D)

IM, IV To effect

Anesthesia 22 to 33 mg/kg (C) IM To effect
2.2 to 4.4 mg/kg (C) IV To effect

N-methyl-d-aspartate 
antagonist (analgesia)

0.1 to 1 mg/kg IM, PO, SC 4-6

Systemic analgesia Analgesia, with morphine and 
lidocaine

IV, CRI To effect

Ketorolac tromethamine Analgesia 0.5 mg/kg (D) IM, IV, PO 12 × 2 doses
0.25 mg/kg (C) IM, IV, PO 8-12 × 2 doses

Levallorphan Narcotic antagonist 0.02 to 0.2 mg/kg IV As needed
Levorphanol tartrate Analgesia 22 μg/kg (D) SC As needed
Lidocaine Dental nerve block 7 mg/kg (D) At site Once

Table 28-1 Doses of Selected Analgesic Drugs in Dogs and Cats—cont’d
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Table 28-1 Doses of Selected Analgesic Drugs in Dogs and Cats—cont’d
Drug Indication Dose Route Interval (hr)
Lidocaine 2 mg/kg (C) At site Once

Decreased cerebral  
blood flow

2.2 mg/kg IV Once

Intraarticular 
 intraoperative block

0.22 mL of 2% solution, max 5 mL At site Once

Epidural analgesia 4.4 mg/kg (D) Epidural Once
1 to 2 mg/kg (C) Epidural Once
0.2 mL/kg of 2% (maximum  

6 mL/dog; preservative free; 
 methylparaben acceptable) (D)

Epidural Once

Analgesia with ketamine, 
morphine

IV, CRI To effect

Decreased cerebral blood 
flow

Lignocaine See Lidocaine
Medetomidine 

 hydrochloride
Chemical restraint, seda-

tion, analgesia, muscle 
relaxant

0.75 to 1 mg/m2 IM, IV To effect

Meperidine 
 hydrochloride

Analgesia, acute pancre-
atitis

3 to 10 mg/kg (D) IM As needed

Sedation 5 to 10 mg/kg (D) IM, IV (slowly) As needed
1 to 5 mg/kg (C) IM As needed

Preanesthetic 2.5 to 6.5 mg/kg (D) IM To effect
2.2 to 5 mg/kg (C) IM, SC To effect

Mepivacaine Local anesthetic Local infiltration as needed Local infiltration To effect
0.2 mL/kg of 2%. Maximum  

6 mL/ dog; preservative free; 
 methylparaben acceptable) (D)

Epidural Every 30 seconds 
until reflexes 
absent

Methadone Analgesia 0.5 to 2.2 mg/kg (D) SC, IM, IV 3-6
0.2 to 0.5 mg/kg (C) SC, IM 3-6
0.05 to 0.2 mg/kg (C) IV 3-6

Preoperative 0.2 to 0.5 mg/kg (D) IM, SC Once
0.1 to 0.2 mg/kg (C) IM, SC Once

Morphine SO4 Supraventricular prema-
ture beats

0.2 mg/kg (D) IM, SC 2-12 (determine 
dose and interval 
per patient)

Analgesia 0.5 to 1 mg/kg (D) IM, SC 2-12 (determine 
dose and interval 
per patient)

1.5 to 15 mg/kg (D) PO 12; variable 
dose reflects 
very erratic 
 absorption

Preanesthetic 0.1 to 0.2 mg/kg (D) SC To effect
Antitussive 0.1 mg/kg (D) SC 6-12

0.05 to 0.1 mg/kg (C) IM, SC 4-6
Cardiogenic edema 0.1 mg/kg (D) IV As needed to effect

0.25 mg (D) SC As needed
Hypermotile diarrhea 0.25 mg/kg (D) PO 4-6
Spinal analgesia 0.3 mg/kg (D) Epidural Once

0.1 mg/kg (C) Epidural Once
Nalbuphine 

 hydrochloride
Analgesia 0.03 to 0.10 mg/kg (D) IV 1-6, to effect

Continued
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Table 28-1 Doses of Selected Analgesic Drugs in Dogs and Cats—cont’d
Drug Indication Dose Route Interval (hr)
Nalbuphine  

hydrochloride
Analgesia 0.2 to 0.5 mg/kg (D) SC 8-12

0.2 to 0.3 mg/kg (C) SC 6-8
0.75 to 1.5 mg/kg IV 1-6, to effect

Nalmefene Stereotypic behavior 1 to 4 mg/kg (D) SC
Nalorphine 

 hydrochloride
Narcotic antagonist 0.1 mg/kg (D). Maximum  

of 5 mg
IV To effect, repeat as 

needed
0.1 mg/kg (C). Maximum of  

1 mg
IV To effect, repeat as 

needed
0.44 mg/kg IM, IV, SC To effect, repeat as 

needed
1 mg for every 10 mg of  

morphine
IM, IV, SC To effect, repeat as 

needed
Naloxone hydrochloride Stereotypic behavior 20 mg SC 12

Shock 2 mg/kg IV infusion Over 1 hour. Repeat 
hourly as needed 
to effect

Opioid reversal 0.002 to 0.04 mg/kg IM, IV, SC To effect, repeat as 
needed

0.04 mg/kg (D) IM, IV, SC To effect, repeat as 
needed

0.02 to 0.1 mg/kg (C) IV To effect, repeat as 
needed

Naltrexone (Trexan) Test dose 0.01 mg/kg SC Once
Stereotypic behavior 1 mg/kg (D) SC 12-24
Behavioral disorders, lick 

granulomas
2.2 to 5 mg/kg PO 12-24

Behavioral disorders, 
adjuvant

25 to 50 mg/cat PO 12

Oxymorphone Sedation 0.05 to 0.1 mg/kg (D) IM, IV, SC To effect
0.1 to 0.2 mg/kg (D) IM, SC To effect

Preanesthetic 0.1 to 0.4 mg/kg IM, IV Once, to effect in 
combination 
with aceproma-
zine, glycopyrro-
late, or atropine

Intraoperative analgesia 0.025 to 0.066 mg/kg (D) IV As needed
Postoperative analgesia 0.05 to 0.1 mg/kg (D).  

Maximum of 4 mg
IM, IV, SC 1-6

0.05 to 0.15 mg/kg (C) IM, IV, SC 1-6. Tranquilizer 
may be necessary

0.05 to 0.1 mg/kg (D) if 
 cardiovascular disease

IV, IM, SC 2-4

Analgesia 0.1 to 0.4 mg/kg (C) IV 2-4 or to effect
Restraint/sedation 0.02 to 0.1 mg/kg (C) IV, IM, SC Once, to effect. 

Tranquilizer may 
be necessary

Anesthesia, during  
gastric dilation

0.1 to 0.2 mg/kg (D). Maximum  
of 3 mg

IM, IV Once, to effect

Pentazocine Analgesia 2.2-3.3 mg/kg (C) IM, IV, SC Maximum of every 
4. May cause 
unacceptable 
dysphoria in cats

1.65-36 mg/kg (D) IM, IV, SC
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OPIATES

Among the most effective and potent drugs used for control-
ling pain in animals, particularly acute pain, are the centrally 
and peripherally acting opioid analgesics.

Definitions
Opiates, including morphine, codeine, and a number of semi-
synthetic or synthetic derivatives, are drugs derived from opium. 
A number of drugs are derived from thebaine, a component of 
opium. Opioids include all drugs that exhibit morphinelike activ-
ity, as either agonists or antagonists (Figure 28-3).27 This includes 
all naturally occurring and synthetic drugs. The term narcotic, 
from the Greek word for stupor, is most appropriately used for 
any drug that induces sleep. The term has, however, become more 
associated with powerful opioid analgesics (which are more likely 
to be associated with sedation). Interestingly, endogenous opioid 
peptides exist in many animals, where they act as neurotrans-
mitters and appear to act as modulators of neurotransmission or 
neurohormones. Their complete physiologic role has yet to be 
described; however, their existence was demonstrated in part by 
the ability of naloxone to reverse endogenous analgesia.27 In addi-
tion to the endogenous opioids, several opium derivatives found 
in nature are also found in mammalian cells, usually conjugated 
or bound to proteins. These include morphine, codeine, and some 
related compounds.29

Mechanism of Action
Receptors
The existence of multiple opioid receptors was postulated on 
the basis of in vivo canine studies.30 The pharmacologic effects 
result from interaction with one or more of three major opioid 

receptors named based according to the first letter of the first 
compound that bound to each receptor: mu (μ; morphine), 
kappa (κ; ketocyclazocine), and delta (δ). Receptors are simi-
lar in structure, expressing at least 40 homologies.The NC/
OFQ receptor is a fourth member of the class whose similarity 
to opioid receptors is based on receptor homology. As with 
sigma receptors, they do not bind to classical opioid ligands. 
However, changes in as few as four amino acids would allow 
the nociceptin receptors to bind to classical opioids. Sigma 
receptors are no longer considered opioid receptors; they bind 
to and are activated by drugs completely unrelated to opi-
oids. Opioid receptors also are chronologically classified, with 
OP-1 (δ) discovered first, followed by OP-2(к), and OP-3 (μ) 
(the most recently discovered). The Committee on Receptor 
Nomenclature and Drug Classification has indicated a final 
designation: MOP, DOP, and KOP, reflecting mu (μ), delta (δ), 
and kappa (κ) opioid receptors, respectively.27 This latter clas-
sification will predominate in this chapter. Nociceptor recep-
tors are classified as OP4 or NOP. Other opioid receptors (e.g., 
epsilon) may reflect splice variants or diamers.

Each of the opioid receptors is subtyped: μ-1, μ-2, к 1-3, 
and δ1 and δ-2, with differences in structure probably gen-
erated after translation. Receptors vary in several character-
istics that complicate predictive responses. The μ-1 or MOP1 
receptors are described as very high affinity receptors that do 
not discriminate well between μ and δ. Dimerization among 
the receptors may play a role in their differential effects; thus 
far, both δ к and δμ diamers have been identified. Differential 
affinity of the heterodiamerized receptors compared to homo-
diamers for selected ligands (endogenous peptides or drugs) 
markedly alters the pharmacologic response. Further, binding 

Drug Indication Dose Route Interval (hr)
Pregabalin Chronic pain, anticonvul-

sant
4 mg/kg (D) PO 8

Ropavacaine 0.5% Analgesia 0.2 mL/kg of 0.5% solution 
(D). Maximum of 6 mL/dog; 
 preservative free;  
methylparaben acceptable

Epidural Once

Tramadol Analgesia 1 to 4 mg/kg PO 8-12
2.5 to 5 mg/kg (D) PO 4-6
2 mg/kg (C) PO 12

Xylazine Sedation, analgesia,  
muscle relaxation

1.1 mg/kg (D) IV To effect

1.1 to 2.2 mg/kg IM, SC To effect
Hypoglycemic crisis 1.1 mg/kg (D) IM To effect
Emetic 0.44 mg/kg (C) IM To effect

Xylocaine See Lidocaine
Yohimbine Narcolepsy, xylazine 

reversal
50 to 100 μg/kg (D) SC 8-12

0.11 mg/kg (D) IV To effect
0.25 to 0.5 mg/kg IM, SC 12
0.5 mg/kg (C) IV To effect

IV, Intravenous; D, dog; PO, by mouth; IM, intramuscular; SC, subcutaneous; C, cat; CRI, constant-rate infusion.

Table 28-1 Doses of Selected Analgesic Drugs in Dogs and Cats—cont’d
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sites of peptides are different from those of alkaloids (drugs): 
The latter appear to fit completely inside or at the mouth of the 
receptor core, whereas peptides appear to bind to extracellular 
loops. Differential binding sites allows for differential ligand 
effects, influencing conformation and subsequent responses. 
Opioid receptors differ from many other receptor systems 
in that a large number of endogenous ligands interact with a 
small number of receptors, potentially limiting the precise con-
trol that characterizes most systems.27 However, mechanisms 
whereby distinct responses to endogenous opioids might 
occur despite the lack of apparent substrate specificity include 
differences in duration of action, activation of multiple recep-
tors or their heterodimers, production of endogenous opioids 
with unique activation profiles (perhaps in part through dif-
ferential responses at the level of intracellular signaling), and 
differences in intracellular trafficking of the receptors them-
selves (see the discussion of adaptation). These mechanisms 
offer means by which pharmacologic interventions might be 
designed to generate the desired opioid response.

Opiate receptors occur throughout the body but are in 
high density in the dorsal horn of the spinal cord, where 
they are responsible for modulating pain reception. The NC/

OFQ system is distributed in the hippocampus, cortex, and 
selected sensory sites and is responsible for complex behav-
ior.27 Peripherally, receptors also are located in the spleen, kid-
ney, intestine, vas deferens, and retina.31 These include effects 
on drug reward and reinforcement, stress responsiveness, and 
feeding behavior. The system is closely related to stress pro-
cesses. Lester and Traynor32 demonstrated in vitro that the 
effect of commonly used opioids correlated to their binding 
of opioid or NOP receptors throughout the brain and spinal 
cord of dogs.

Pharmacodynamics
It is likely that species differences in receptor number, loca-
tion, and specificity or sensitivity to the various drugs are 
important to differences in response to the opiates. Addition-
ally, the type of interaction between ligand and opioid receptor 
influences the response. Ligands may act as agonists (which 
bind and stimulate) or antagonists (which block and inhibit 
the effect). Endogenous antagonists generally have no direct 
effect but occasionally may inhibit normal functions (e.g., 
appetite or release of selected hormones). For example, ago-
nists increase whereas antagonists decrease appetite effects of 
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endogenous opioids. Mixed agonists exhibit variable binding 
specificities at each receptor type, with some sites being ago-
nistic and other sites antagonistic (e.g., butorphanol is a KOP 
agonist and MOP antagonist). Partial agonists do the same as 
mixed agonists, but their positive interaction with the recep-
tors occurs with less than full activity at some of the receptors. 
The magnitude of each ligand–receptor interaction is likely to 
vary among species.

The cellular mechanism and the pharmacologic effects of 
the opioids probably reflect several different effector mecha-
nisms. All three opioid receptors are coupled to G proteins. 
Accordingly, they inhibit adenylyl cyclase activity and activate 
receptor-linked potassium currents while decreasing voltage-
gated calcium currents. The proposed, but as yet unproven, 
analgesic mechanism thus may reflect hyperpolarization of 
the neuronal resting membrane potential. Further complicat-
ing the understanding of their mechanism is their potential to 
affect other secondary messenger systems. They may activate 
MAP kinases and phospholipase C (PLC) mediated cascades 
that lead to formation of inositol triphosphate and diacylg-
lycerol. Other actions include inhibition of neurotransmitter 

release (acetylcholine, glutamic acid, dopamine, serotonin, 
substance P [particularly peripherally], norepinephrine), or 
modulation of a potassium channel. Control of pain appears 
to occur without diminution of other senses. The NC/OFQ 
receptors also are linked to G proteins, as has been demon-
strated in dogs.31

The pharmacologic effects of opioid derivatives, includ-
ing the degree of analgesia, depends on the receptor bound, 
the location of receptor and drug in the body, and the type of 
interaction between the opioid and the receptor (Table 28-2).29 
Opioids act centrally to elevate the pain threshold and alter the 
psychologic response to pain. The opioids also act peripherally. 
The primary pharmacologic effects of all opioids are analge-
sia, euphoria, and sedation (without loss of consciousness).29 
MOP receptors give rise to analgesia and sedation above the 
spinal cord (MOP1) or in the spinal cord (MOP2); interaction 
with central MOP receptors might provide greater analgesia 
than interaction with spinal MOP receptors. For example, 
morphine causes analgesia primarily by way of MOP1 recep-
tors when given systemically.29 However, administration of 
morphine at both spinal and supraspinal sites results in syn-
ergistic analgesic effects, with a tenfold reduction in the total 
dose of morphine necessary at either site alone.29

KEY POINT 28-6 Predictability in opiod response is con-
founded by receptor subtype and species differences in 
receptor type or subtype, tissue distribution, and receptor–
drug interactions.

Table 28-2  Opioid Receptors, Their Pharmacodynamic Effects, and the Impact of Drug–Receptor 
Interaction

Receptor Type Target Agonist Antagonist Drug Effect
MOP Spinal Analgesia (MOP-1) Increase NE Methadone 3+

Supraspinal Analgesia (MOP-2) Increase NE Morphine 3+
Sedation Increase NE Fentanyl 3+
Appetite Increase Decrease Sufentanil 3+
Respiratory function Decrease NE Etorphine 3+
Gastrointestinal Increase NE Oxymorphone 3+
Acetylcholine Decrease NE Butorphanol Partial
Dopamine Decrease NE Buprenorphine Partial
Prolactin release Increase Decrease Pentazocine Partial
Growth hormone release Increase NE Naloxone 3-
Physical dependence Increase NE Naltrexone 3-

Nalorphine 3-
KOP Spinal analgesia Increase Etorphine 3+

Supraspinal analgesia Increase Butorphanol 3+
Sedation Increase Sufentanil 1+
Appetite Increase Morphine 1+
Gastrointestinal Increase Buprenorphine 2-

Naloxone 2-
Naltrexone 2-

DOP Spinal analgesia Increase Etorphine 3+
Supraspinal analgesia Increase Sufentanil 1+
Appetite Increase Naloxone 1-
Dopamine Decrease Naltrexone 1-
Growth hormone release Increase

MOP, KOP, DOP, are mu, kappa, and delta opioid receptors, respectively. NE, No effect.

KEY POINT 28-7 Analgesia, euphoria, and sedation reflect 
interaction with MOP or KOP receptors.
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Interaction with MOP receptors also causes euphoria, respi-
ratory depression, and physical dependence.33 MOP receptors 
located in the gastrointestinal tract mediate the pharmaco-
logic effects characteristic of opiates in this body system. KOP 
receptors (three subtypes) are responsible for analgesia that is 
spinal in origin and stimulate miosis and sedation. Interest-
ingly, stimulation of KOP receptors appears to cause effects 
antagonistic to MOP receptors, including analgesia, toler-
ance, and reward.33 DOP receptors (two subtypes) are located 
on smooth muscle and lymphocytes, in addition to the CNS. 
Interaction with DOP receptors appears to modulate, among 
other effects, emotional behavior and immunomodulation 
(see Chapter 26). Sigma receptors interact with a selected syn-
thetic opioids; positive interactions between drugs and these 
receptors provide no analgesia but do cause adverse events 
including dysphoria, hallucinations, respiratory stimulation, 
and some of the vasomotor responses.

The pharmacologic effects of opioids extend beyond con-
trol of pain. For example, nonanalgesic pharmacologic effects 
account for many of the side effects associated with the use of 
these drugs for control of pain. The effect of opioids on the 
immune system is discussed in Chapter 31. The cardiovascu-
lar system in particular offers an example of the nonanalgesic 
pharmacodynamic effects of opioids. Opioid receptors regulate 
the cardiovascular system centrally (hypothalamus and brain-
stem) and peripherally (cardiac myocytes and blood vessels). 
In the heart both KOP and DOP, but not MOP, receptors have 
been identified.34 Appetite is influenced by all three receptor 
types, with agonists increasing and antagonists decreasing 
response (see Chapter). DOP opioid receptors interact (by way 
of the G protein) with several K+ cardiac channels, and KOP 
opioid receptors interact with calcium cardiac channels.34 
Opioid receptors appear to be involved both in the physiology 
of the normal myocardium and pathophysiology of disease. 
DOP receptors appear to attenuate adrenergic response and 
decrease cardiac performance yet also inhibit acetylcholine-
induced vagal bradycardia; suppress baroreceptor responses; 
and increase inotropy, chronotropy, and blood pressure. In 
contrast, KOP have been associated with arrhythmias. The 
impact of opioids on the myocardium is, not surprisingly, com-
plex. On the one hand, opioids appear to facilitate arrhythmias 
and other disturbances associated with circulatory shock, con-
gestive heart failure, and myocardial ischemia and reperfusion 
injuries. Yet, opioids appear to protect the heart (and several 
other organs) from hypoxic or ischemic insults. For exam-
ple, large amounts of endogenous opioids are released in the 
heart in response to a number of stimuli, including ischemia, 
leading to a cardioprotective effect. During acute myocardial 
ischemia, morphine attenuates neutrophils and endothelial 
activation and reduces adhesion molecules.34 Indeed, opioids 
(endogenous) appear to be involved in ischemic precondi-
tioning. This phenomenon involves the protective effect of 
coronary artery occlusion before a prolonged ischemic insult; 
irreversible tissue damage is prevented, and ATP depletion is 
reduced.34

Administration of nociceptin (FOQ ligand) causes a broad 
range of physiologic changes, with the often contradictory 

responses depending on the site of administration. These 
include antinociception or pronociception, anxiousness, 
altered appetite and cardiovascular effects (depression).31 
Nociceptin also influences transmission at GABA receptors.35

Pharmacokinetics
Most opiates are well absorbed after oral, subcutaneous, or 
intramuscular administration (see Table 28-4 later in this 
chapter). In an attempt to reduce side effects without loss of 
analgesic activity, while improving the convenience of opioid 
administration, a number of alternative routes of adminis-
tration have been studied. Oral, transmucosal (transbuccal), 
and rectal routes are examples discussed with individual 
drugs. Additionally, intranasal administration of opioids 
has been reviewed in humans.36 First-pass metabolism pre-
cludes oral as a reasonable route of administration for most 
opiates. Oral administration can be facilitated with a higher 
dose (if safe), slow-release products, or generation of active 
metabolites. For example, morphine is only 25% bioavailable 
in humans after oral administration. However, it is used effec-
tively through oral administration for control of cancer pain 
in humans.29 In veterinary medicine use of oral opioids has 
been limited to codeine (60% bioavailability), hydrocodone, 
and (at high doses) butorphanol but more recently includes 
morphine. Morphine is also available as a slow-release oral 
(and limited injectable) preparation. Buprenorphine (includ-
ing compounded products) has been used successfully after 
oral administration. Naltrexone is a pure antagonist, simi-
lar in actions to naloxone, which is also orally bioavailable. 
Selected drugs, including morphine, are available as rectal 
suppositories.

Drugs for which intranasal pharmacokinetics have been 
described include fentanyl, pethidine, butorphanol, oxyco-
done, and buprenorphine. In contrast to other mucosal routes 
of administration, lipophilicity does not appear to be a major 
determined of drug absorption through the nasal mucosa; 
indeed, nasal bioavailability of the opioids studied in humans 
ranges from a low of 46% for buprenorphine to a high of 71% 
for fentanyl and butorphonal, with the time to maximum 
concentrations generally being as little as 5 minutes and less 
than 50 minutes. Adverse effects were drug- (opioid-) related 
effects, rather than damage to the nasal mucosa. Limitations 
to this route of administration include the volume (limited 
to 150 μl per nostril) and pharmacokinetic variability, which 
tended to exceed that for intramuscular and subcutaneous 
administration. Both of these limitations may have reflected 
the use of the intravenous preparations: administration of an 
appropriate dose at times required a volume that exceeded 
that recommended, leading to pharyngeal delivery and sub-
sequent swallowing (oral administration). Current interest in 
this route as a method of patient-delivered analgesia may lead 
to approval of products prepared with the intent of intranasal 
administration.

Transdermal preparations are available for systemic deliv-
ery of selected very lipid-soluble products (e.g., fentanyl 
patch.). In general, transdermal gels have not been successful 
in the systemic delivery of opioid analgesics, although limited 
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efficacy may ultimately be demonstrated for selected lipid-
soluble opioids (e.g., buprenorphine: unpublished work by 
the author). Epidural or intrathecal administration results in 
penetration of the spinal cord with limited systemic effects. 
Drugs that are more lipid soluble (e.g., fentanyl) tend to move 
rapidly across the dura into the spinal tissue and thus have a 
rapid, albeit local response. Drugs that are less lipid soluble, 
such as morphine, do not distribute rapidly into the spinal 
cord. Therefore they are more likely to diffuse up or down 
the spinal cord, potentially providing a larger area of anal-
gesia. However, the use of epidural opioids alone for control 
of postoperative analgesia might be reconsidered for some 
patients. In children continuous epidural infusion of fentanyl 
and bupivacaine was found to be superior to intermittent 
epidural morphine in children undergoing major abdominal 
or genito-urologic surgery, as is supported by other human 
studies.37

Distribution of the opioids from blood into the CNS var-
ies. Most opiates are sufficiently lipid soluble to distribute 
into the CNS, although the rate into and out of the CNS is 
variable. Generally, onset of action occurs most rapidly for 
the highly lipid-soluble drugs (heroin, codeine) but is coun-
tered by rapid movement out of the CNS and thus resolution 
of pharmacologic response. The amphoteric opioids such 
as morphine move less rapidly, take longer to be effective, 
and generally act longer. Some opiates, such as loperamide, 
are designed to poorly penetrate the CNS with the intent of 
having peripheral (e.g., gastrointestinal) effects only. In the 
developing fetus, opioid derivatives pass more easily into the 
CNS because the blood–brain barrier is not fully developed. 
In humans the developing fetus can suffer severe depression 
induced by opiates, despite no evidence of depression in the 
pregnant mother.

Most of the opioids are biotransformed by the liver. Gluc-
uronide conjugation is a common metabolic pathway. In 
some species metabolitesmay be active, including glucuronide 
metabolites. Cats may be deficient in some of these pathways, 
contributing to the increased risk of overdose that occurs with 
this species. Hepatic elimination for many drugs is “flow lim-
ited,” meaning that hepatic blood flow determines the rate of 
elimination. Thus liver disease, particularly that associated 
with portal to systemic vascular shunting, renders a patient 
susceptible to adverse reactions (toxicity). Hepatic metabolites 
are renally excreted. Elimination of the bile and enterohepatic 
circulation for some drugs may, however, prolong pharmaco-
logic effects. In general, the opioids are very rapidly eliminated 
in normal animals, with elimination half-lives ranging from 
30 minutes to 2 hours and duration of action being less than 
2 hours in many animals for many of the drugs. For selected 
drugs (morphine, oxymorphone, buprenorphine), pharmaco-
logic effects may remain for up to 6 hours, depending on the 

type of pain, species, and route of administration. Formation 
of active metabolites also affects (prolongs) duration of effect. 
Adherance to receptors may play a role in duration of affect of 
some drugs (e.g., buprenorphine).

Altered response to the opioids should be expected among 
species, in very young and very old patients,38 and in patients 
suffering from hepatic, cardiovascular, or respiratory disease; 
hypotension; cranial trauma; and (in cats) hyperthyroidism. 
The duration, but not the extent, of analgesia increases with age 
in human patients,29 presumably because of changes in hepatic 
metabolism and hepatic blood flow. Doses are decreased up to 
75% in some patients, particularly geriatric patients or those 
with liver disease. However, prolonging the interval, rather 
than decreasing the dose, should be a more effective means 
of compensating for the effects of opioids normally character-
ized by a short half-life unless volume of distribution changes 
result in higher plasma concentrations as well. An exception 
is with CRI, for which doses should be decreased. Both liver 
disease and renal disease can alter the disposition of opioids, 
leading to adverse effects. Renal disease affects the elimination 
of morphine, codeine, and meperidine, in part because of the 
accumulation of active metabolites.29

Adverse Effects
Central Nervous System
The major disadvantages of opioids reflect general CNS 
depression, including dose-related respiratory depression and, 
to a lesser degree, cardiac depression. CNS depression tends to 
preclude the use of opioids in syndromes such as shock, severe 
cranial trauma, and diseases associated with respiratory com-
promise. Synthetic opioids were designed to induce analgesia 
with minmal undesirable side effects (i.e., sedation, respira-
tory depression).

Sedation is common with opioid use, depending on the 
drug and its target receptors, and the species (i.e., MOP and to 
a lesser degree KOP receptor stimulation in the dog) and can 
be a disadvantage or an advantage, depending on the clinical 
situation. Species differences in response to the sedative effects 
of opioids can be profound. “Morphine mania,” typical of that 
described in cats is manifested as dysphoria and psychomotor 
activity. It may reflect sigma receptor stimulation for selected 
opioids or simply may reflect overdosing. Opioids tend to cause 
release (rather than inhibition) of some neurotransmitters (e.g., 
dopamine, acetylcholine), and this may occur in cats with high 
doses. When opioids are used in combination with phenothi-
azine derivatives (which block many of the neurotransmitter 
actions), the incidence of adverse effects appears to be reduced 
in cats. Dogs also are subject to dysphoria, as is exemplified by 
a series of three cases reported by Hofmeister and coworkers.39 
Dysphoria was manifested as vocalization that began within  
5 minutes of administration of either hydrocodone, morphine, 
or fentanyl in association with postoperative analgesia. Clini-
cal signs abated with administration of naloxone.

KEY POINT 28-8 First-pass metabolism that precludes oral 
absorption of most opioids and a desire to avoid intrave-
nous administration have led to a number of alternative 
routes of opioid delivery.

KEY POINT 28-9 Synthetic opiods are designed to minimize 
cardiovascular or respiratory adverse effects without sacri-
ficing analgesic efficacy.
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Respiratory depression usually is the cause of death in 
humans who succumb to opioids. The mechanism is reduc-
tion in the responsiveness of the brainstem respiratory centers 
to carbon dioxide, the primary stimulation for respiration. 
Centers that regulate respiratory rhythm are also depressed.29 
Depression, manifested as a slow respiratory rate, is discern-
ible at doses lower than those associated with sedation and 
increases as the dose increases. Rate, tidal volume, and minute 
volume all decrease. Respiratory depression is, however, rarely 
a clinical concern except in cases of overdose or in the presence 
of pulmonary dysfunction in cases of standard doses.29 Opi-
oids should be used cautiously in patients with compromised 
respiratory function. Patients may appear to be handling the 
drugs well but in fact may be using compensatory mecha-
nisms such as increased respiratory rate.29 Concentrations of 
CO2 may be increased, and respiratory centers may already be 
less sensitive to CO2. The administration of an opioid may be 
dangerous in such situations. Use of opioids in the pregnant 
animal can lead to marked respiratory depression in the devel-
oping fetus, with little to no effect on the mother, because of 
the underdeveloped blood–brain barrier in the fetus.29

Opioids have precipitated attacks of asthma in human 
anesthetized patients, probably as a result of histamine release. 
The importance of this in animals is not clear.

Opioids increase intracranial pressure as a result of 
increased concentrations of CO2 and cerebral vasodilation. 
Cerebrospinal fluid (CSF) pressure also increases.29 These 
effects may be exaggerated after head injury. The effects on 
intraocular pressure are not clear and may vary with the spe-
cies. In humans accommodation is increased, with a decrease 
in intraocular pressure. Opioids cause miosis in humans, and 
mydriasis occurs in some species. Mydriasis may impede 
vision in cats; cats will be sensitive to light until mydriasis 
resolves.43

Convulsions occur in some species when opioids are admin-
istered in high doses. Mechanisms probably include inhibition 
of GABA and may be more likely with morphinelike drugs.29 
The convulsant effects of some opioids can be reversed by nal-
oxone,29 suggesting that drugs with antagonistic actions (e.g., 
butorphanol, buprenorphine) at some receptors might be pre-
ferred in the patient having seizures. The impact of opioids on 
epileptic patients is not clear.

Morphine and related opioids directly depress the cough 
center at concentrations lower than that required for analgesia. 
Respiratory depression and cough suppression do not appear 
to be related. Thus antitussive opioids do not necessarily cause 
respiratory depression.29

In contrast to depression, opioids directly stimulate the 
chemoreceptor triggering zone and thus may cause nausea 

and vomiting. Individual differences in the emetic response to 
opioids are marked in humans, but the amount of variability 
is not clear in animals.29 In human patients in whom opioids 
cause emesis, after subsequent administration, opioids act as 
antiemetics, blocking further response by the chemorecep-
tor trigger zone to opioids. Actions at the vestibular appara-
tus may also be responsible for emesis. The emetic effects that 
typify administration of opioids as sole agents do not typically 
occur in the postoperative, sick, or pain-ridden patient. Butor-
phanol has been used in some species as an antiemetic to con-
trol vomiting induced by cisplatin.44 In the awake dog, at doses 
associated with sedation, MOP agonists (morphine, fentanyl, 
and methadone) prevent emesis induced by apomorphine and 
copper sulfate. At lower doses morphine was able to cause 
emesis. KOP agonists also blocked the apomorphine emetic 
response at sedative doses. Antiemetic effects were blocked by 
naloxone. In contrast, DOP agonists did tend to cause emesis, 
leading the authors to conclude that delta receptor stimulation 
is associated with emesis, but MOP and KOP receptor stimu-
lation with antiemesis.45 Nausea, vomiting, and salivation are 
associated with morphine or hydromorphone administra-
tion in cats. Buprenorphine, butorphanol, or meperidine are 
unlikely to be associated with these side effects.43,46 Decreased 
appetite may occur after several days of continuous opioid 
treatment in cats.43 Urinary retention has been described for 
MOP-active opioids in animals, although effects may vary with 
species.47 Mechanisms may reflect a centrally mediated vaso-
pressin effect on the kidneys. Alternative mechanisms may 
include opioid-induced hypotension, which is probably more 
likely with morphine. Anderson and Day47 demonstrated that 
both fentanyl and morphine decreased urine output in normal 
and traumatized dogs.

Both long- and short-term use of opioids has paradoxically 
been associated with hyperalgesia. A biphasic, dose-dependent 
effect has been described and may reflect an initial increase in 
excitatory neurotransmitters. The hyperalgesic effects of opi-
oids may involve NMDA receptors. Opioids appear to increase 
NMDA neural currents, providing a rationale for the combi-
nation of opioids with NMDA antagonists for enhanced anal-
gesia. Several types of opioid hyperalgesia have been described 
both experimentally and clinically. At low doses, probably a 
reflection of disinhibition, intrathecal opioids induce an excit-
atory effect, which is otherwise masked with the sedation 
typical of larger doses. In contrast, very high intrathecal doses 
stimulate allodynia. With single-dose opioids, increased noci-
ception may appear as the opioid effect diminishes. This may 
be manifested as an increased postoperative need for analge-
sia in patients receiving short-acting opioids intraoperatively. 
Reversal of opioids with naloxone often produces marked 
hyperalgesia. Hyperalgesia has also been associated with 
chronic use; among the clinical sequelae might be marked 
hyperalgesia with opioid withdrawal.48-50

Changes in body temperature reflect altered thermoregu-
latory response. Hypothermia is more common in dogs, 
whereas hyperthermia is more common in cats.56 Opioids 
most commonly associated with hyperthermia in the cat 
include hydromorphone (at 3 times the dose) and meperidine; 

KEY POINT 28-10 “Morphine mania” in cats may simply 
reflect neurotransmitter release at relatively higher doses.

KEY POINT 28-11 Morphine and related drugs directly 
 suppress cough without causing respiratory depression.
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buprenorphine is unlikely to be associated with hyperther-
mia in cats.43,57,58 Experimentally, hydromorphone (1 mg/
kg intravenously) increased body temperature (range 104° 
to 108° F) 1 to 5 hours after anesthesia. Doses at or less than 
0.05 mg/kg had no effect, whereas 0.1 mg/kg was associated 
with increased skin temperature.

Prolonged exposure of opioid receptors to ligands results 
in adaptation to their presence at multiple cellular levels.30 
Cellular tolerance is translated to animal adaptation mani-
fested as tolerance, physical dependence, sensitization, and 
withdrawal. However, their emergence is not a reason to 
forgo opioid use. Tolerance refers to a decrease in drug effi-
cacy associated with repeated administration. Acute tolerance 
(i.e., tachyphylaxis) may reflect short-term receptor desensi-
tization, perhaps owing to phosphorylation of MOP or KOP 
receptors. Long-term administration of MOP ligands causes 
superactivation of adenylyl cyclase, the mechanism tradi-
tionally assumed to be associated with long-term tolerance. 
Different ligands appear to initiate acute or chronic tolerance 
through different mechanisms. Examples include internaliza-
tion of receptors (MOP or DOP but not MOP), truncation of 
receptors or other changes. Adaptation by one response may 
mitigate adaptation by downstream responses; indeed, this 
sequela (i.e., failure to initiate downstream adaptations) has 
been proposed as a mechanism of failed desensitization that 
characterizes some drugs.27 Accordingly, the ability of differ-
ent ligands to initiate tolerance differs. Changes in nitric oxide 
or neurotransmitters or their pathways have been implicated 
as contributors to the development of tolerance.29 Tolerance 
will most likely develop for analgesia, euphoria, sedation, 
respiratory depression, nausea or vomiting, and suppression 
of cough.

Physical dependence occurs when continued administra-
tion is necessary to prevent clinical signs characteristic of with-
drawal. Physical dependence on opioids occurs as exogenous 
opioids replace endogenous opiates. Opioids affect numer-
ous physiologic systems that become imbalanced before drug 
administration. A new balance or equilibrium is established 
in the presence of the drug,27 and abrupt discontinuation of 
the drug requires rapid readjustment to a new equilibrium, 
predisposing the patient to withdrawal. Care must be taken 
to discriminate between dependence, which is associated with 
physical withdrawal, and addiction.

Addiction to opioids may reflect attenuation of the inhi-
bition of dopamine release in the nucleus accumbens. This 
region of the brain has a central role in the reward circuit; 
dopamine promotes desire. The prevalence of addiction in 
humans using opoids is high. 51 Abrupt discontinuation of 
opioids after chronic dosing leads to symptoms of withdrawal, 
with the severity and duration reflecting the rate of onset and 
clearance of the opioid. Withdrawal is generally manifested as 
sign opposite to the original effects caused by the drug and 

reflects CNS hyperarousal as readaptation to the absence of 
the drug occurs.27 Symptoms in humans include nausea and 
diarrhea, coughing, tearing, yawning, sneezing, rhinorrhea, 
profuse sweating, twitching muscles, abdominal and muscle 
pain and cramps, piloerection, and dysphoria. Hyperther-
mia, tachypnea, tachycardia and hypertension also may occur. 
Pharmacokinetic variables may be helpful in the prediction 
of withdrawal.27 Morphine dependence has been described 
in dogs.52 Mixed agonists–antagonists or partial agonists are 
associated with the least risk of dependence; among the opi-
oids studied, buprenorphine appears to be the least likely to 
cause dependence in dogs.53 Opioids can be discontinued in 
drug-dependent human patients without causing signs typi-
cal of withdrawal by decreasing the dose 25% to 50% every 
couple of days. In human patients suffering from withdrawal, 
clonidine, an α2-adrenergic agonist, minimizes the autonomic 
symptoms of opioid withdrawal.27

It is the advent of tolerance and physical dependence that 
has led to the scheduling or classification of most opioids as 
potential substances of abuse. The actual class designated varies 
among the states. Pure agonists tend to be scheduled in class II 
or III; mixed or partial agonists tend to be scheduled in class IV 
or V, depending on the abuse potential. Both butorphanol and 
burpenorphine have been rescheduled from class V to class IV.

Cardiovascular System
The effects of opioids in the myocardium have been described. 
Cardiac depression (particularly bradycardia) is caused by 
selected opioids; pretreatment with atropine can reduce the 
incidence. The risk of hypotension is increased with drugs that 
also cause histamine release.

Those opioids most likely to be associated with histamine 
release are morphine (but not oxymorphone) and meperi-
dine.40,41 Histamine release caused by buprenorphine has been 
demonstrated only in vitro; fentanyl, oxymorphone, and butor-
phanol do not cause histamine release in dogs (as reviewed by 
Guedes and coworkers).41 Hydromorphone was associated with 
an apparent type I allergic reaction when used preoperatively 
in a dog (Chapter 2). However, species differences should be 
anticipated. Histamine antagonists (H1) partially block mor-
phine-induced hypotension; naloxone completely blocks it in 
human patients.29,42 Fentanyl and its congeners are less likely to 
cause hypotension associated with surgery in part because they 
do not cause histamine release.29 Volume replacement should 
be instituted before administration of morphine derivatives that 
causes histamine release in patients that are at risk for hypovo-
lemia. Allergic phenomena in general (including bronchocon-
striction) and those manifested in skin may be exacerbated with 
opioid use if morphinelike drugs are used. In humans opioids 
cause vasodilation of cutaneous vessels, probably because of 
histamine release. Pruritis may occur, in part because of hista-
mine but also because of direct effects on neurons.29

Gastrointestinal Tract
In addition to effects at the chemoreceptor trigger zone, 

opioids have direct effects in the gastrointestinal tract. Hydro-
chloric acid secretion is generally decreased but occasionally 

KEY POINT 28-12 Opioid therapy may be associated with 
both tolerance and physical dependence in animals, 
 leading to controlled status for many of the drugs.
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may be increased.29 Tone of smooth muscle in the antral 
portion of the stomach and upper duodenum will increase, 
despite decreased gastric peristaltic motility. Passage of endo-
scopic or other equipment through the stomach can be pre-
cluded for up to 12 hours after administration. Drug or food 
movement through the stomach likewise can be delayed.29 
In the small intestine, and particularly in the upper small 
intestine, resting tone (segmental) is increased, and propul-
sive activity is markedly decreased.29 Initial stimulation of 
gastrointestinal motility may result in defecation; subsequent 
depressed gastric motility may cause constipation with pro-
longed use.

Opioids also decrease small intestinal secretions, and 
water absorption increases. In the presence of secretory diar-
rheas, morphinelike opioids inhibit movement of electrolytes 
and water into the lumen, probably through inhibition of 
the stimulatory effects of PGE2, acetylcholine, or vasoactive 
intestinal peptide.29 Because of increased transit time allow-
ing more complete absorption of luminal contents, opioids 
may be contraindicated in patients suffering from obstruc-
tive gastrointestinal diseases and those associated with bac-
teria or toxin production. Opioids also decrease biliary and 
pancreatic secretions.29 Morphinelike opioids, however, cause 
contraction of the sphincter of Oddi and increased bile duct 
pressure.29,54,55

Other Effects
Ureteral tone may increase and the voiding reflex of the blad-
der may be diminished as a result of the increased tone of the 
external sphincter and increased volume of the urinary blad-
der. Morphine appears to have antidiuretic effects.29 Inhibi-
tory effects on uterine tone may prolong labor; hyperactivity 
induced by oxytocin can be normalized with morphine. Neo-
natal health may be impaired by use of morphinelike drugs 
during parturition; the neonate appears to be particularly sus-
ceptible to respiratory depression induced by opioids, in part 
because of a poorly developed blood–brain barrier.29

Opioids appear to inhibit cytotoxic activity of natural killer 
cells. Selected opioid compounds, however, appear to enhance 
macrophage and killer cell activity, possibly through a novel 
opioid receptor (see Chapter31).29

Drug Interactions
The depressant effects of opioids can be exacerbated by other 
CNS depressants. Several CNS depressants prolong the effects 
of opioids, including the phenothiazines and tricyclic antide-
pressants (TCAs). Although some phenothiazines may reduce 
the amount of opioid necessary for analgesia, others may 
increase the amount of opioid.29 Among the drug interactions 
associated with opioids are those at the receptor level (phar-
macodynamic) – a interaction often intended for the purposes 
of reversal of undesireable clinical effect. These interactions 
are discussed with antagonists.

Drugs. Improvements have altered the state of the interac-
tion between the opioid and the receptor. A useful categori-
zation largely reflects the potency of the opioids at receptors 
whose ligands control pain: The more powerful drugs tend to 
be those interacting principally with MOP; as such, they pro-
vide the most effective analgesia but the greatest incidence of 
side effects. Drug companies have attempted to improve the 
effects of opioids by enhancing the desired pharmacologic 
effect while minimizing undesirable effects through chemi-
cal alteration of the natural opioids. Semisynthetic drugs are 
made from simple chemical changes of morphine (codeine) 
or thebaine (e.g., oxycodone, etorphine, and naloxone). Other 
morphine derivatives include apomorphine (an emetic), 
hydrocodone, and oxymorphone.29 These changes have 
allowed for differential effects, perhaps by rendering a full ago-
nist to a partial agonist or antagonist.

POWERFUL PURE AGONISTS

Morphine
Morphine is considered the prototypic narcotic. A class II 
drug, morphine targets primarily MOP and to a lesser degree 
DOP and KOP receptors. Morphine frequently is studied as 
morphine sulfate, for which 1 mg will provide 0.76 mg active 
base.

Morphine causes profound sedation and analgesia for up 
to 6 hours in the dog. Its effects are reversed with narcotic 
antagonists. Morphine can cause cardiac depression;59 in 
addition, hypotension may reflect histamine release or CNS 
(vasomotor) depression.40,60 Morphine can cause respiratory 
depression,61 particularly in neonates,62 and can cause acute 
pulmonary edema resulting from histamine release.60 Thera-
peutic uses include premedication for surgical anesthesia 
(reducing the amount of other potentially irreversible CNS 
depressants) and analgesia. Morphine is also used in cases of 
acute, fulminating pulmonary edema because of its ability to 
reduce cardiac preload through hepatic venous constriction 
and splanchnic pooling.

The minimum effective concentration of morphine asso-
ciated with analgesia is variable: in humans, it ranges from 
from 9.1 to 40 ng/mL, but increases to as high as 364 ng/mL 
with chronic administration (as reviewed by Kunakinch et 
al).66 A common target for pharmacokinetic studies in dogs is 
20 ng/ml. Establishing the minimum target concentra-
tion is complicated by the formation of active metabolites. 
 Morphine-6-sulfate (M6S) is metabolite characterized by 
a thirtyfold greater potency compared with morphine in 
mouse models, similar to the active morphine metabolite 
 morphine-6 beta-glucuronide (M6G). Its analgesia also is 
reversed by 3-methoxynaltrexone.63 However, the major 
metabolite of morphine with clinical significance is morphine-
6-β-glucuronide (M6G). It is characterized by pharmacologic 
activity equal to that of the parent compound in some species. 

KEY POINT 28-13 Mechanisms that cause opioids to 
be effective for treatment of diarrhea may also cause 
 constipation.

KEY POINT 28-14 Profound sedation and analgesia associ-
ated with morphine is amenable to reversal in the dog.
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Although more potent than morphine, the metabolite cannot 
cross the blood–brain barrier as effectively.29 However, with 
chronic morphine dosing, drug concentrations will accumu-
late, and the metabolite is likely to contribute more than the 
parent compound to control of pain in humans. It appears to 
be associated with fewer gastrointestinal side effects.64

A role for M6G in analgesic efficacy of morphine in dogs is 
not clearly evident. A study of morphine disposition in dogs66 
demonstrated that M6G was not detected (<25 ng/mL) after 
either intravenous (0.5 mg/kg) or oral (approximately 1.5  
mg/kg, extended release) administration of morphine in nor-
mal Beagles (n = 6). This is in contrast to Jacqz and cowork-
ers,67 who did detect glucuronidated morphine in dogs. They 
described a significant (but not exclusive) role of extrahepatic 
tissues in the formation of the metabolite, which appeared 
within 5 minutes of administration. Garrett and Jackson68 also 
detected formation and renal excretion of morphine mono-
glucuronide in dogs. The differences in metabolite detection 
between these studies may reflect differences in the actual 
metabolite itself, and particularly the position of the glucuro-
nide. The impact of the glucuronidated metabolite to analgesic 
control in dogs may not be clear. 

Disposition of Morphine
In contrast to cats, parenteral and epidural administration 

of morphine is generally well established in dogs and multiple 
studies are available to describe its disposition; several stud-
ies also address its metabolites (Tables 28-3 and 28-4; see also 
Table 28-1). Numerous studies using variable preparations, 
routes and doses in dogs are summarized in Table 28-4 and 
below. 65-75 Multiples studies have focused on more conve-
nient routes of administration (other than IV), including oral 
(including extended release products), rectal and epidural. 
Much of the IV data has been generated in studies that focus 
on alternate routes of delivery or in the context of determining 
analgesic concentrations.

Peak morphine concentration has been determined in 
several studies after intravenous, IM and SC administration. 
Morphine clearance appears to be dose dependent in the dog, 
with an elimination half-life of 83 ± 8 minutes at doses rang-
ing from 7.2 to 7.7 mg/kg versus 37 ± 13 minutes at 0.019-0.07 
mg/kg intravenously.68 Bioavailability of intramuscular mor-
phine is high (119%) but variable (57% to 161%), and elimina-
tion half-life approximates 90 minutes.

Studies focusing on the nociceptive concentration of mor-
phine revealed an effective 50% concentration of 29.5 ± 5.4  
ng/mL in dogs.72 The authors indicated that an intravenous 
infusion of 0.15 mg/kg/hr or multiple doses of 0.5 mg/kg every 
2 hours for 3 doses provided significant nociception. The short 
half-life of morphine may require administration as a CRI in 
dogs. Because steady state may require 3 to 5 hours, a loading 
dose may be indicated. No differences in either analgesia or 
adverse reactions were detected in dogs undergoing explor-
atory laporatomy treated with morphine administered either 
intramuscularly (1 mg/kg at induction and extubation and 
every 4 hours thereafter) or CRI (0.12 mg/kg/h). Steady-state 
serum morphine concentration after CRI was 30 ± 2 ng/mL. 
The power to detect a significant difference was not addressed.

Morphine has been studied in dogs subcutaneously prepared 
as a solution and as a sustained-release gel (N,O-carboxymeth-
ylchitosan polymer) product69 given either subcutaneously or 
orally70 (it is not clear if the sustained oral preparation is the 
same as that approved for use in humans). After subcutane-
ous injection at 1.2 mg/kg, peak concentrations for the solution 
and sustained product were 488 and 180 ng/mL, respectively, 
with time to peak concentrations being 10 and 55 minutes, 
respectively. Variability among animals was large. Elimination 
half-life was 79 (solution) and 108 (gel) minutes. The dura-
tion of analgesia was reported to be between 1 and 2 hours but 
appeared longer clinically. Emesis should be anticipated.56

Oral administration of morphine in humans generates effec-
tive systemic concentrations, although first-pass metabolism 

Table 28-3  Drugs with Potential Epidural Use in Dogs or Cats227

Drug Dose Onset (min) Duration (hr) Comments
Morphine 0.1 20 to 6 16 to 24 62-hour duration has been reported for a sustained-release 

encapsulated product
Meperidine 1 to 4
Methadone 0.7 to 1 Rapid 4
Oxymorphone 0.1 10
Fentanyl Only as adjunct to other epidural analgesics
Butorphanol 0.25 3 No advantage to epidural
Buprenorphine 0.0125 60
Xylazine 30 3 Large animal information available only
Medetomidine 0.01 to 0.015 4 to 8 Lower dose for cats; cats are likely to vomit
Ketamine 0.4 1.5 Dog; must be preservative free
Lidocaine 2% 0.22 mL/kg 10 to 15 1 to 2 with 1:200,000 epineprhine. Lower dose (0.17 ml/kg) for 

Ceasarean section
Bupivacaine 0.5% 0.2 ml/kg 20 to 30 4 to 6

Jones 2001
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Table 28-4  Pharmacokinetic Data for Selected Opioids in Dogs or Cats*227

Drug Species (n) Route Dose Cmax (1) Tmax AUC Vdss CL Half-life (2) MRT F Ref
mg/kg μg/mL hr μg/mL/hr L/kg mL/min/kg h h %

Buprenorphine Cat(n=5) IV 0.01 3 min 7.1 16.7 6.93 6.97 158
Cat (n=6) IM 0.01 0.0036 to 0.0018 (or 

0.0087)
6.33 6.83

Cat (n=6) IV 0.01 0.0071 to 0.0267
Cat (n=6) IV 0.02 0.003 to 0.059 (or 

0.093)
Cat (n=6) TM 0.01 0.0054 to 0.012 15 to 30 113
Cat (n=6) TM 0.02 0.0026 to 0.019
Dog (n=6) IV 0.015 0.014±0.003 3.08±1.05 1.6±0.3 5.4±1.9 4.5±2.1 264 (199 to 

600)(4)
161

Dog (n=6) IV 0.01 160
Dog (Beagle, n=6) IV 0.02 26 L/dog 330±62 mL/ 

min/dog
16.5±3.7 159

TM 0.12
Butorphanol Cats (n=6) IM 0.4 0.132 0.35 141

TM 0.034 1.1
Dogs SC 0.25 33.3±16/9 26.6±13 1.7±0.4 132

IM 0.25 25.1±6/7 42±13 1.5±0.23
Dogs (n=3) IV(8) 0.052 8.2±5.6 27±10 137±19 3.4±1.8 133

Dextrome-
thorphan

Dog (6) IV 2.2 1.14±0.47 (Co) 1.2± 0.37 5.1±4.4 33.8±16.5 ±±0.6 2.6±0.9 11 187

PO 5 0.09±0.03 1
Fentanyl Cat (n=6) IV 0.01 4.7-8.3 ng/mL 9.12±2.0 2.6 19.8±2.7 2.4±0.6 101

Cat (n=6) TD-Patch 25 μg/hr 
(full)

3.55±0.77 44±10 193±21.6

Cat (n=16) TD-Patch 25 μg/hr 
(full)

2.22±0.64 ng/mL

25 μg/hr 
(50% 
expoure)

1.14±0.86 ng/mL 36

Cat PO 0.002 0.96 ng/mL 0.03 (2 
min)

IN 0.002 1.5 ng/mL 0.08 (5 
min)

Dog 10.65 ± 5.53 27.9±9.2 6.03
Dogs (Hound; 

n=?)
IV 0.01 0.0015 2.5 65

0.02 0.0028 2.5 65
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Fentanyl Dog (n=14) IV 0.01 0.0015(B) 8.2±2.5 4.9±0.85 
(area)

78±22 0.77 104

IV, CRI 0.01 1.1 to 1.25 1 to 3 2.5 to 3
0.01 hr 110

Dog (n=6) IV 108
TD-Patch 50 μg/hr (Css)1.6 ng/mL

Dog (n=6) TD-Patch 50 μg/hr (Css) 0.7±0.2 ng/mL 24 3.6±1.2 109
75 μg/hr (Css)1.4±0.5 ng/mL 24 3.4±2.7
100 μg/hr (Css) 1.2±0.5 ng/mL 24 2.5±2.0

Hydromorphine Beagle (n=8) IV 0.5 12.5 129 100
Liposomal SC

Beagle (n=4) (5) IV 0.1 0.032 & 0.032 (Co) 0.014 & 
0.014

4.24 & 4.1 106 & 111 0.57 & 0.63 0.66, 0.73 99

Beagle (n=4) IV 0.5 0.157 & 143 (Co) 0.123 & 
0.135

4.41 & 4.7 60 & 55 1 & 1 1.2&1.2

Beagle (n=6) SC 0.1 0.033 & 0.034 0.19 &  
0.12

0.026 & 
0.025

0.66 0.67 0.9 & 0.95

Beagle (n=5) SC 0.5 0.149 & 0.159 0.3 & 0.25 0.20 & 0.21 1.1 & 1.1 1.4 & 1.4
Dog (n=5) IV 0.1 0.29±0.39(Co); 

0.016±0.006 (B)
94.4±0.44** 4.5±2.4 68±20.4 1.1±0.3 1.6±0.5 94

0.2 0.41±0.51(Co); 
0.025±0.012 (B)

169±43** 7.2±3.1 74.7±0.19 1.76±1.18 1.3±0.87

Cat (n=6) IV 0.1 0.025 (0.008 to 0.035) 
(B)(3)

244 (170-
257)** (4)

3.0 (2.4-4.3) 25(23-35) 1.7 (1-2.3) 1.85 (0.1-
2.53)

95

Ketamine Dog IV 15 1.9 32 1.00
Methadone Greyhounds (n=6) IV 0.5 0.097±0.023 151±22 7.3±1.8 56±9.4 1.53±0.18 2.1±0.2 124

Beagles (n=6) IV 1 0.389±0.150 742±250 3.5±1.1 25±0.2 1.75±0.25 2.4±0.3 125
PO 2 Not detected

Morphine (6) Dog (n=6) IV 0.5 0.135±0.007(Co); 
0.061±0.010 (B)

0.113±15.9 4.6±1.7 62.5±10 1.6±1.5 h 1.36±0.19 66

PO (ER) 1.6 0.005 2 0.0151 1.39 3.34 5.31
Dog (n=6) IV 0.5 0.092 (7) 5.8 (3.76-

11.84)
7.3(5.9-9.0) 1.6 (1.1-2.2) 75

IM 1 0.185 12.3 (9.5-
12.2)

1.4 (0.97-
2.23)

119(58-
161)

Rectal solu-
tion

2 0.029 3.9 (2.1-5.5) 1.1 (0.67-
1.67)

16.5 
(11-
27)

Rectal sup-
pository

1 0.02 2.2 (1.8-3.1) 1.51 (1.41-
2.1)

23 (8.6-
31)

Continued



1016
 D

rugs A
cting on the N

ervous S
ystem

 
S

E
C

T
IO

N
 4

Rectal sup-
pository

2 0.021 3.4 (2.8-5.4) 1.18 (0.7-
1.83)

16.5 
(7.6-
28)

Rectal sup-
pository

5 0.053 8.7 (6.2-
11.5)

1.65 (0.98-
2.6)

19 (7.6-
21)

Cat(6) IV 0.2 0.25 2.6 24 1.22 1.75
Cat (4) IM 0.2 1.55 2

Oxymorphone Dog (n=6) IV 0.1 0.026-0.061 0.018-0.044 2.8-9.3 33-82 0.4-1 1-1.9 92
SC 0.014-0.042 0.08-0.33 0.02-0.04 N/A N/A 0.7-1.3 0.8-1.5

Pethidine Cat (6) IM 5 0.12 3.60 5.12
Tramadol Cat IV 2 0.46±23 (B); 1.32±0.92 

(Cmax)(3)
1.65±0.2 3.0±0.1 20.8±3.2 2.23±0.3 177

(ODM-Tramadol) 
(9)

N/A 0.37±0.031 0.91±0.28 2.247±0.30 4.35±0.46

Tramadol Cat PO 5.2 0.80±0.16 (B); 
0.91±0.23 (Co)

4.1±0.05 3.4±0.13 93±7

(ODM-Tramadol) N/A 0.655±0.77 0.83±0.21 4.42±0.314 4.82±0.32
Tramadol Dog (n=6) IV 4 1.7±0.4 (Co); 

0.31±0.26 (B)
1.2±0.18 3.0±0.45 54.6±8.2 1.8±1.2 0.93±0.12 176

(ODM-Tramadol) N/A 0.147±0.040 0.4±0.2 0.362±0.072 1.69±0.45 2.59±0.67
PO 11.2±2 1.4±0.7 3.9±2.2 1.7±0.12 3±0.4 65±38
N/A 0.45±0.21 0.5±0.2 1.1±0.38 2.18±0.55 3.2±0.8

Dog (3) IV 1 0.53±0.029 (Co) 0.48±0.07 2.57±0.02 34.9±5.53 0.94±0.09

AUC, Area under the curve; Vdss, volume of distribution at steady state; CL, clearance; MRT, mean residence time; F, bioavailability; Ref, reference; IV, intravenous; IM, intramuscular; TM, transmucosal; SC, subcutaneous; PO, by mouth; 
TD, transdermal; IN, intranasal; Css, concentration at steady state; ER, extended release; N/A, not applicable, B, y intercept extrapolated from the terminal phase of plasma drug concentration vs time curve; Cmax, maximum drug concentration 
at Tmax (time to maximum concentration).
*See text for additional information.
**Note that units in table have been standardized for each drug and may not necessarily match units described in the text.

1 Elimination or terminal
2 Cmax was reported after IV administration.
3 Cmax = oral; for IV, Co=Y intercept of initial phase; B=Y intercept of terminal phase
4 Median (low-high)
5 Mean and median
6 Administered as morphine sulfate (76% morphine base)
7 Median at 5 minutes post injection
8
9

Based on parent compound and norbutorphanol metabolite
ODM is the o-demethylated metabalite of tramadol.

C0 y intercept extrapolated from initial phase of plasma drug concentration vs time curve initial phase
ER Extended release
F Bioavailability
L Liposome encapsulated

Table 28-4  Pharmacokinetic Data for Selected Opioids in Dogs or Cats*227—cont’d

Drug Species (n) Route Dose Cmax (1) Tmax AUC Vdss CL Half-life (2) MRT F Ref
mg/kg μg/mL hr μg/mL/hr L/kg mL/min/kg h h %
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requires oral doses that are two to six times parenteral doses. 
A sustained-release oral morphine preparation (Morphelan) 
has been approved for use in humans in the United States. The 
product is designed for both immediate and extended release. 
Because several days are required for steady-state kinetics to 
be reached, an initial loading dose of twice the intended subse-
quent daily dose has been recommended to achieve steady-state 
concentrations within 2 days of initiation of therapy.71 However, 
the role of oral administration of morphine in providing effec-
tive analgesia in dogs is not clear. The formation of M6G after 
oral administration of approximately 1.6 mg/kg, morphine sul-
fate extended release in dogs was previously discussed. In their 
study, KuKanich and coworkers 66 compared the disposition of 
intravenous morphine (morphine sulfate 0.5 mg/kg) and orally 
administered morphine as a commercially available extended-
release tablet (1.6 ± 0.1 mg/kg) in Beagles (n=6) (see Table 28-4). 
One dog vomited after oral administration. Oral absorption of 
the extended-release tablet was poor (5%) and erratic, achiev-
ing a Cmax of morphine of 5.0 ng/ml (variability not provided); 
this low concentration presumably reflects poor oral absorp-
tion rather than high first pass metabolism in that M6G was not 
detected. This compares to an extrapolated (after distribution) 
peak concentration of 60 ± 10 ng/ml after IV administration of 
0.5 mg/kg. Accordingly, for effective analgesia, a dose of 0.5 mg/
kg intravenously every 2 hours was recommended.

More recently, Aragon and coworkers74 reported the dispo-
sition of morphine (1 and 2 mg/kg) as either an immediate or 
oral sustained-release product in dogs (n=14). Although drug 
concentrations were detectable for 24 hours, concentrations 
were considered too low and too variable to be of clinical use.

Rectal administration may be a viable alternative route of 
of administration in dogs. After rectal administration in dogs, 
morphine is approximately 20% bioavailable,75 achieving peak 
concentrations of 28 ng/mL when 2 mg/kg is administered as 
a solution and 20, 21, and 51 ng/mL when administered as 
a suppository at 1, 2, and 5 mg/kg, respectively. Elimination 
half-life (minutes) ranged from 65 (solution) to 98 (supposi-
tory) (see Table 28-4). Vomiting was common (five of six ani-
mals) with a 5-mg/kg rectal suppository.

Morphine was studied in dogs after intramuscular and rec-
tal administration, the latter as either a solution or suppository 
(see Table 28-4). Median peak concentrations were reported at 
5 minutes. The duration that drug concentrations were above 
a target of 20 ng/mL were 120 minutes for the intramuscular 
dose, 5 to 30 minutes for the rectal solution, less than 40 min-
utes for the low (1 mg/kg) and medium (2 mg/kg) suppository 
dose, and 120 minutes for the high suppository dose (5 mg/kg 
morphine sulfate).75

Morphine also has been studied in dogs after epidural 
administration of the solution (0.1 mg/kg)76 and as a sustained-
release encapsulated preparation (experimental; 10 and 30 
mg in 3 mL saline).77 Both appear to prolong analgesia while 
avoiding side effects. King and coworkers78 demonstrated 
that epidural morphine (0.07 mg/kg, containing 0.1% sodium 
metabisulfate) was not associated with histologic damage to 
the spinal cord in dogs (n=16). Morphine has been studied in 
Beagles after repetitive epidural administration (30 mg at 10 

mg/mL) as a sustained-release multivesicular liposome prepa-
ration (DepoFoam drug delivery system).79 Adverse reactions 
were limited to moderate, transient behavioral and physi-
ologic changes, consistent with morphine administration, at 
each injection. A modest effect on cord histopathology was 
not associated with changes in CSF or neurologic signs.79

Morphine also has been studied intravaginally in humans. 
When this route was used, pain was effectively reduced in 
one patient, although close monitoring was necessary.80 Mor-
phine has been studied in both dogs and cats after transdermal 
administration as a pluronic lethicin organo (PLO) gel. Drug 
was not quantifiable in either species when administered at 1.6 
to 2 mg/kg.65

Adverse Events and Drug Interactions
Adversities of morphine were discussed as a class. Morphine 
appears to cause more sedation than transdermal fentanyl 
when used as a postoperative analgesic.76 Guedes and cowork-
ers41 demonstrated that morphine was associated with vari-
able histamine release in conscious dogs at 0.3 and 0.6 mg/
kg load followed by 0.17 or 0.34 mg/kg/hr, although the dif-
ference from placebo was statistically significant only for the 
higher dose. Flushing of the skin occurred within 5 minutes 
of 60% and 100% of dogs receiving the lower and higher dose, 
respectively. Although no adverse cardiovascular events were 
detected, adversities might be anticipated in at-risk patients.

Intrathecal administration of morphine at 0.15 mg/kg has 
been associated with a number of adverse effects in dogs, 
including bradycardia, hypotension, myoclonus, and uri-
nary retention (as reviewed by Novello and coworkers).81 
However, Novello and coworkers81 demonstrated in clinical 
cases undergoing cervical or thoracolumbar laminectomy 
that a low intrathecal dose of morphine (0.023 to 0.034 mg/
kg) administered at the lumber level 25 to 65 minutes before 
surgery reduced the dose of fentanyl (1.2 μg/kg/hr) needed to 
maintain a steady-state heart rate and arterial blood pressure 
when compared with a placebo group (4.2 μg/kg/hr fentanyl 
infusion). Ketamine was also administered to all animals (0.5 
mg/kg every 60 minutes starting 10 minutes before surgery). 
Induction and fentanyl protocols differed among animals in 
the study; it is not clear if both methods were distributed simi-
larly among treatment groups.

Vomiting is relatively consistently associated with mor-
phine administration in dogs. Vomiting occurred after 
intravenous (0.5 mg/kg) or intramuscular (1 mg/kg) admin-
istration in one study (five of six dogs) at a mean morphine 
concentration of 66 ng/mL, and heart rates were significantly 
lower.75Drug interactions with morphine appear to be limited. 
KuKanich and Borum73 found morphine disposition in Grey-
hounds was not affected by ketoconazole. The simultaneous 
combination of morphine with the pure antagonists naltrex-
one did not affect the disposition of either drug in dogs.82

Therapeutic Use
Morphine has been used in the dog and cat effectively as a 
premedicant or a perioperative analgesic56 using a variety of 
routes. Lucas and coworkers83 found no differences in the 
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analgesic efficacy of morphine when administered as a CRI 
(0.12 mg/kg/hr) or intramuscularly at intubation, extubation, 
and every 4 hours in dogs (n=20) undergoing exploratory 
laparotomy. Morphine can be administered safely epidurally, 
although preparations made specifically for epidural admin-
istration are preferred. Epidural administration appears to be 
effective when given either epidurally84,85 or locally (intraar-
ticularly)84 for control of some orthopedic pains.

The postoperative analgesic effects of epidural morphine 
(0.1 mg/kg) or morphine combined with medetomidine  
(0.005 mg/kg) have been compared in dogs (n=6/group) under-
going cranial cruciate repair. No differences were detected in 
control of pain (power of the study not reported), although 
the combination drug consistently had a lower numeric score. 
Increasing sample size may have resulted in statistical signifi-
cation. Likewise, no differences were detected in plasma mor-
phine concentrations between the two treatment groups (peak 
concentrations of approximately 4 ng/mL).86 The effect of 
morphine on healing corneal ulcers has been studied in dogs 
after administration of an ophthalmic preparation. Both MOP 
and DOP receptors have been identified in the canine cornea. 
Topical 1% (but not 0.5%) morphine provided good corneal 
analgesia with no apparent adverse effects.87

Morphine (0.2 mg/kg subcutaneously) was compared with 
buprenorphine (0.02 mg/kg subcutaneously) and metha-
done (0.2 mg/kg subcutaneously) in cats (n=8) subjected to 
mechanical and thermal stimulation. Morphine provided the 
best analgesia.126

Oxymorphone
Oxymorphone is a semisynthetic drug (class II) that has 
been used in both dogs and cats, It is characterized with 10 
times the potency of morphine. Receptor interaction is simi-
lar to that of morphine. Unlike morphine, however, it does 
not appear to be associated with histamine release in dogs.40 
It has been a common component of neuroleptic analgesia. 
Oxymorphone is effectively antagonized by naloxone and par-
tially antagonized by butorphanol.56,88 Its duration of action 
is 4 to 6 hours, which may exceed that of its reversal agent, 
naloxone.89 Like fentanyl, it is associated with marked audi-
tory sensitization, altered thermoregulation, and bradycardia 
(pretreat with atropine). Decreased heart rate may still occur 
with epidural administration.90 Oxymorphone is used primar-
ily to induce neuroleptanalgesia or reduce the amount of bar-
biturate needed for surgical anesthesia. It also, however, has 
been commonly used to control postoperative pain in small 
animals, although use has been curtailed by limited availabil-
ity and increased use of alternative opioids.23 Oxymorphone 
has been studied with and is approved for use in the dog91 and 
cat. It remains an excellent analgesic for both young and old 
patients and for debilitated patients.

Oxymorphone has been studied in normal dogs after intra-
venous and intramuscular use (Table 28-4).92 Oxymorphone 
also has been studied in Beagles after administration as a 
subcutaneously administered slow-release liposome-encapsu-
lated [LE] preparation.93 A dose of 0.5 mg/kg LE preparation 
yielded concentrations comparable to 0.1 mg/kg of standard 

morphine achieving a (plasma Cmax of approximately 37 μg/
mL using an enzyme-linked immunosorbent assay (ELISA) 
that measures both parent compound and glucuronide metab-
olite; however, the elimination phase appeared to be similar 
(elimination half-life not reported). Sedation and physiologic 
scores were comparable at these two doses, suggesting no ben-
efit in pharmacologic effects when morphine or its metabo-
lite are delivered as LE preparations compared with standard 
preparations.

Hydromorphone
Hydromorphone is a pure MOP agonist with a potency (in 
humans) 5 to 7 times that of morphine suggesting effective 
concentrations to be 2 to 3 ng/mL. A minimum effective con-
centration of 4 ng/mL has been suggested (as reviewed by 
Guedes and coworkers).94 It has been administered for control 
of pain by a number of routes in humans, including parenteral, 
transmucosal, and epidural. Hydromorphone (0.1 mg/kg 
intravenously) disposition and its association with analgesia 
have been described in the cat.95 Peak plasma concentration 
was of 94.25 ± 8.40 ng/mL after intravenous administration of 
0.1 mg/kg; median concentrations extrapolated from the ter-
minal phase were 25 ng/mL (range 8 to 35). Despite a short 
elimination half-life (median 100 minutes; range approxi-
mately 60 to 140) leading to nondetectable concentrations 
(less than 1 ng/mL) by 6 hours, analgesia as measured by ther-
mal threshold was maintained for 7.5 hours.95 No behavioral 
side effects were reported; most cats became nauseated, but 
none vomited. Mydriasis and “tail tucking” were observed in 
all cats.

The impact of hydromorphone on nociception has been 
studied in cats. Hydromorphone at 0.1 mg/kg provided ther-
mal antinociception for 230 minutes (as reviewed by Guedes 
and coworkers.)94 A dose-dependent effect was evident 
between 0.025 and 0.1 mg/kg. In contrast to dogs, hyper-
thermia is associated with hydromorphone treatment in cats. 
Analgesic effects, based on thermal thresholds, of hydromor-
phone (0.1 mg/kg intramuscularly), butorphanol (0.4 mg/kg 
intramuscularly), or the combination have been studied in 
cats.96 The duration of analgesia was approximately 3 hours 
for butorphanol, 6 hours for hydromorphone, and 9 hours 
for the combination. However, the initial intensity of hydro-
morphone and, to a lesser degree, butorphanol analgesia was 
substantially reduced when the combination was used. Side 
effects included dysphoria (butorphanol only) and vomiting 
(hydromorphone only).97

The pharmacokinetics of hydromorphone have been 
described in Beagles at 0.1 and 0.5 mg/kg intravenously or 
subcutaneously (see Table 28-4).99 The short half-life (30 to 60 
minutes) led the authors to recommend that treatment should 
occur at 2-hour dosing intervals for either route of adminis-
tration or that a CRI be used. Hydromorphone was also stud-
ied in Beagles after administration in a controlled-release LE 
product at 0.5 intravenously or, 1, 2, and 3 mg/kg subcutane-
ously using a randomized design with a 14- to 28-day wash-
out.100 Serum drug concentrations corrected for dose ranged 
from 19.41 to 25 ng/mL at 0.19 to 0.27 hour. Concentrations 
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approximated 4 ng/mL for 6 to 72 hours at 2 mg/kg; at 3 mg/
kg, concentration exceeded 4 ng/mL for 96 hours.

Guedes and coworkers94 also described the pharmacoki-
netics (see Table 28-4) and pharmacodyanmics of intravenous 
hydromorphone (0.1 or 0.2 mg/kg) in dogs (n=5; 2 Beagles) 
and coupled their studies with pharmacodynamic assessment 
of analgesia. Antinociceptive effects (based on towel clamp–
induced withdrawal) and sedation were compared with those 
of morphine (0.5 and 1 mg/kg). Hydromorphone clearance 
surpassed hepatic blood flow reported for dogs, leading the 
authors to suggest extrahepatic clearance. Both drugs were 
associated with more antinociception and sedation compared 
with placebo, but differences were not detected between doses 
or drugs. The authors suggested that lack of dose dependency 
may reflect achievement of the maximum effect at the low 
dose. The lack of differences between drugs was interpreted 
as confirmation of the potency of hydromorphone compared 
with morphine. However, the power of the study to detect 
significant differences was not reported. Analgesic concentra-
tions of 0.5 to 4 ng/mL were suggested on the basis of their 
work as well as that of others, including studies of humans. 
Other differences compared with placebo were increased 
respiratory rate, with return to baseline occurring more rap-
idly for the hydromorphone compared with morphine group. 
Body temperature decreased in a dose-dependent manner for 
both drugs, although changes were significantly different only 
when compared with placebo. Hydromorphone provided clin-
ically relevant antinociception for at least 2 hours.

Fentanyl
Fentanyl is a synthetic opioid (class II) with a potency 100 
times that of morphine and 500 times that of meperidine. 
Doses are cited in μg/kg rather than mg/kg. Fentanyl is a pure 
MOP agonist, but it also positively interacts, although to a 
lesser degree, with DOP and KOP receptors. In contrast to 
morphine, fentanyl is associated with minimal hemodynamic 
changes or cardiac suppression. Historically, fentanyl has been 
recognized as a drug used to induce neuroleptanalgesia (when 
combined with droperidol). After parenteral administration, 
however, it causes profound sedation and respiratory depres-
sion. Auditory sensitization and altered thermoregulation 
(leading to panting) may occur. Pretreatment with atropine is 
indicated when administering the drug parenterally. Because 
it undergoes redistribution (as with thiobarbiturates), repeti-
tive administration may result in accumulation of the drug in 
fat and prolonged duration of effect.

Pharmacokinetics and Pharmacodynamics
Fentanyl has been studied in dogs and cats using several differ-
ent methods of delivery. Using a thermal threshold response, 
fentanyl concentrations greater than 1 ng/mL have been rec-
ommended for therapeutic analgesic effects in cats.101 A dose 
of 10 μg/kg intravenously provided analgesia (measured by 
thermal response) for approximately 2 hours in cats.

In normal dogs the elimination half-life approximates 3 
hours and the volume of distribution 10 L/kg (see Table 28-4); 
μg/kg was 1.5 and 2.8 ng/mL, respectively; elimination half-life 

was approximately 2.5 hours.65 In normal cats the elimination 
half-life also approximates 3 hours, but volume of distribu-
tion appears to be smaller.102. A half-life approximating 2.5 to 
3 hours in either species potentially supports the use of a CRI, 
although a loading dose is indicated. An infusion rate of 0.4 
μg/kg/min after a loading dose of 5 μg/kg is recommended in 
cats. For dogs, fentanyl has been studied after an intravenous 
loading dose, and an intravenous loading dose (10 μg/kg) fol-
lowed by CRI (10 μg/kg/hr) for 1 to 3 hours (see Table 28-4).103 
Concentrations declined to below 1 ng/mL by 20 minutes after 
the intravenous loading dose and reached 1 ng/mL again by 
about 2 hours, with steady-state concentrations at 1, 3, and 4 
hours of infusion being 1.0 ± 0.7, 1.11 ± 0.4, and 1.25 ± 0.7 
ng/mL, respectively. Variability in concentrations was marked. 
The elimination half-life of fentanyl after the CRI was discon-
tinued was 151 ± 61 (2.51+1 hours) to 182 ± 68 (3+1 hours).

Fentanyl is among the drugs for which alternative routes of 
administration have been developed,104 several of which have 
been studied in dogs and cats. Transdermal delivery of 10 or 
30 μg/kg as a PLO gel yielded no detectable plasma fentanyl 
nor any analgesia in cats in one study.101 However, a second 
study (unpublished data by author) found a Cmax of 8.8 ± 5 ng/
mL at 10 ± 19 hours after transdermal delivery of a PLO gel (5 
mg/mL) to cats (n=3) at a mean dose of 0.08 ± 0.03 mg/kg (80 
± 30 μg/kg). Potentially therapeutic concentrations persisted 
throughout the duration of the study: concentrations of 4 ± 5 
ng/mL were measured at 61 hours. In contrast to cats, fentanyl 
was not detected in dogs after administration of 0.88 mg/kg 
(880 µg/kg) as a transdermal PLO gel.65

Fentanyl (2 μg/kg) has been studied after oral and intrana-
sal administration in cats. Cmax (ng/mL) 5 minutes after oral 
administration was 0.96 and 2 minutes after intranasal admin-
istration, 1.48 ng/mL.101 Although not yet studied in dogs or 
cats, nn humans, after administration as an aerosol (50 μg/mL 
solution aerosolized for 5 minutes), fentanyl concentrations 
were approximately 25% of that achieved after 100 μg intrave-
nously (1.4 ng/mL versus 4.4 ng/mL, respectively), suggesting 
aerosolization as a possible route of administration.105

Fentanyl has been available for about 10 years as a trans-
dermal drug delivery system intended for control of pain 
 (Figure 28-4). Issues surrounding transdermal drug delivery 
in animals have been well reviewed. 106 The transdermal patch 
system has proved safe and effective for delivery of fentanyl 
to both dogs and cats. The transdermal drug delivery system 
provides slow, continuous drug delivery that is intended to 
provide a fairly constant plasma fentanyl concentration. Peak 
and trough concentrations, which might cause toxicity and 
therapeutic failure, respectively, are thus avoided. The fentanyl 
transdermal patch system has been approved for control of 
cancer pain in humans. The system consists of a patch with an 
adhesive layer that attaches to the skin. A “release” membrane 
controls the rate of release of drug from the reservoir. Because 
the amount of drug that is released is proportional to the size 

KEY POINT 28-15 Fentanyl is such a potent pure MOP ago-
nist that it is dosed in micrograms rather than milligrams.
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(area) of the patch,107 the dose delivered is the amount of drug 
(in μg) released per unit time (hour). The system is available 
in four sizes: 25, 50, 75, and 100 μg/hr. Drug delivery through 
the stratum corneum can be influenced by a number of fac-
tors that vary among patients. These include thickness of the 
stratum corneum and epidermal layer, skin appendages (e.g., 
number of sweat glands), body temperature, hydration status, 
and diseases that might alter the permeability of the stratum 
corneum.

Species difference mandate that the fentanyl patch system 
be studied in the target species before use. Peak concentra-
tions occur within 24 hours in the dog and can occur in as 
few as 3 to 5 hours in the cat. The commercially available fen-
tanyl patch has been studied in both dogs102, 108,109 and cats.110 

With the 50 μg/hr patch, drug delivery approximated 37 μg/hr 
(range of 13.7 to 59.8 μg/hr) in dogs, and the patch was found 
to be an effective means of constant, slow drug delivery.108 
A comparison of drug delivery from different patch sizes 
found the average fentanyl concentration from 24 to 72 hours 
to be 0.7 ng/mL (50 μg/hr), 1.4 ng/mL (75 μg/hr), and 1.2 ng/
mL (100 μg/hr) in dogs weighing approximately 20 kg.109 The 
elimination (disappearance) half-life ranged from 3.6 hr (50 
μg/hr) to a low of 2.5 hr (100 μg/hr). Variability among dogs 
was marked, making duration of analgesia difficult to predict 
in individual animals.

Fentanyl delivery has been studied after administration of a 
25 μg/hr patch in cats.102 Delivery was approximately 8.5 μg/hr 

(36% of the predicted) with mean steady-state concentrations 
of 1.58 ng/mL being achieved at 12 to 100 hr; the maximum 
concentration of 3.6± 0.8 was achieved at 44±12 hr. Concen-
trations dropped below 1 ng/mL in four of six cats within  
12 hours of patch application and in all cats within 36 hours. 
The amount of drug delivered through a fentanyl transdermal 
patch can be reduced by decreasing the surface area contact 
with the skin. The most accurate approach probably is removal 
of only a portion of the protective lining cover of the patch, 
although the proportion of drug delivery will not be exactly 
proportional to the amount of lining removal. Folding half of 
a 25 μg/hr patch in cats yielded mean peak concentrations of 
1.14 ± 0.9 ng/mL compared with 1.8 ± 0.9 ng/mL (38% reduc-
tion) for full patch exposure. 110

Robertson and coworkers101 determined the pharmacody-
namic response of fentanyl either intravenously or as a PLO 
(10 μg/kg) applied to the inner pinna. Plasma fentanyl concen-
trations greater than 1 ng/mL were required for effective anal-
gesia. The only value reported in the study was Cmax (rather 
than extrapolated γ intercept) for fentanyl after intravenous 
administration. However, mean concentrations appeared to 
be above 1 ng/mL for approximately 60 minutes after intrave-
nous administration. Elimination half-life estimated from the 
plasma drug concentration versus time curve approximated 
15 to 30 minutes. Cats tolerated fentanyl administration well, 
with most cats exhibiting euphoria. Fentanyl was not detected 
after PLO administration when administered at 30 μg/kg.

Protective covering

Backing

Drug reservoir

Microporous membrane

Contact adhesive

Stratum corneum

Epidermis

Dermis
(site of microcirculation)

Subcutaneous tissue

Figure 28-4 The transdermal fentanyl patch system. The dermis is the site of microcirculation and thus drug absorption.
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In this same study, Robertson and coworkers101 studied 
fentanyl after oral or intranasal administration of 2 μg/kg, 
yielding Cmax values of 0.96 and 1.48 ng/mL at 5 and 2 min-
utes, respectively. Cats receiving the drug orally or intranasally 
salivated profusely and were difficult to restrain. Thermal anti-
nociception differed from saline control for approximately 2 
hours.

The rate of drug release from the patch and skin can vary 
with environmental factors that alter delivery through the 
stratum corneum. Most notable is temperature; fever or a 
heating pad will increase drug movement. Body temperature 
was shown to influence fentanyl concentrations when deliv-
ered using a fentanyl as a transdermal patch in cats undergo-
ing isoflurane anesthesia. Peak concentrations were 1.8 ± 0.6 
ng/mL in normothermic patients compared with 0.6 ± 0.3 ng/
mL in hypothermic cats.114 In another study, experimentally 
induced hypothermia (35°C) was associated with a decline in 
plasma fentanyl concentrations of 33% (0.6 ng/mL) compared 
with that at baseline (1.8 ng/mL).117 Patches had been applied 
24 hours before anesthesia. In contrast, hyperthermia may 
increase the risk of fentanyl overdose.115

Therapeutic Use
Only a few clinical trials have compared non-transdermal fen-
tanyl to alternative opioids. Anderson and Day47 compared 
the effects of morphine (0.12 mg/kg/hr), fentanyl (3 μg/kg/hr) 
administered by CRI with those of placebo on urine output 
in healthy (n = 23) and traumatized (n = 18) patients. All ani-
mals received a similar rate of fluid infusion. Both fentanyl 
and morphine decreased urine output in both the trauma 
and healthy groups (approximately 0.7 to 0.76 mL/kg/hr in all 
groups compared with 1.2 mL/kg/hr in the untreated group).

Several studies have demonstrated efficacy of the fentanyl 
transdermal patch system in cats.110,111,113 Fentanyl admin-
istered as a 25 μg/hr patch was effective on controlling pain 
associated with ovariohysterectomy in cats.111 Fentanyl was 
more effective than butorphanol (0.4 mg/kg intravenously) 
in cats undergoing ovariohysterectomy or onychectomy.113 
A number of studies have documented analgesic efficacy of 
transdermal fentanyl in dogs. Analgesia did not differ from 
produced by intramuscular oxymorphone (0.05 mg/kg), but 
fentanyl was associated with less sedation when used in canine 
patients undergoing ovariohysterectomy.112 Robinson and 
coworkers76 compared the efficacy of transdermal fentanyl 
(100 μg/hr; placed 24 hours before surgery) with that of epi-
dural morphine (0.1 mg/kg) at induction of anesthesia in dogs 
(n=10) undergoing major orthopedic surgery. Fentanyl pro-
vided superior analgesia. The fentanyl patch system was equal 
to or better than epidural morphine (0.1 mg/kg) in canine 
patients undergoing orthopedic surgery76. 

The fentanyl transdermal patch appears to be a reasonable 
alternative to pain management for dogs and cats, but with 

several caveats. Patches can cause irritation. Because the time 
to peak therapeutic concentrations of the drug may be up to 
24 hours,109 the need for shorter-term control of pain (e.g., for 
postoperative pain) should be anticipated. Patches should be 
applied 12 to 24 hours before the anticipated need for analgesia. 
Likewise, after the patch is removed, a similar 12- to 24-hour 
period must elapse before the drug is no longer detectable in 
the patient. Analgesia is provided for 24 to 72 hours, although 
variability among animals can be marked, making use of the 
patch for the individual animal less predictable. Intravenous 
fentanyl (30 μg/kg has been recommended for dogs) can be 
given at the time of patch application as a loading dose for 
patients in need of immediate analgesia. Other opioids also 
can be given intravenously, intramuscularly, or subcutaneously 
until the patch is effective. Although a pure opioid (morphine, 
oxymorphone) is probably preferable, a mixed or partial drug 
(butorphanol or buprenorphine, respectively) can be given. 
Because both of the latter drugs have some MOP antagonist 
effects, however, the MOP effects of fentanyl from the patch 
will be blocked until the antagonist is eliminated. This may be 
more problematic with buprenorphine, which has a very tight 
affinity for MOP receptors.113a

The transdermal delivery of fentanyl appears to be very use-
ful in small animals experiencing pain, including postopera-
tive pain, cancer pain, and pain associated with trauma. The 
patches can be dosed as follows on the basis of body weight: 5 
to 10 kg: 25 μg/hr; 10 to 20 kg: 50 μg/hr; 20 to 30 kg: 75 μg/hr; 
and more than 30 kg: 100 μg/hr.115 The dose of fentanyl admin-
istered by a transdermal patch can be decreased in animals ≤5 
kg by folding the adhesive membrane such that only a por-
tion of the patch is exposed to the skin or by cutting away half 
of the seal (but not the patch itself). However, variability in 
concentrations will complicate effective use. Exposure of the 
second half of the patch may not provide equivalent analgesia 
if applied to a different cat or after all fentanyl has been elimi-
nated. For animals larger than 30 kg, multiple patches can be 
applied. Patches can be used on an outpatient basis. Heating 
pads should not be placed at the site of a patch. Patches gener-
ally are placed on the dorsum of the neck, which first must be 
clipped and dried. The patch must come in close, snug contact 
with the skin. A bandage should be applied to keep the patch 
in place and prevent the animal or people (especially children) 
from disturbing the patch.

If the patch is prescribed, veterinarians should apply the 
patch to, and on completion of analgesia remove it from, the 
animal rather than allow the client to do so. Clients should 
be warned that the patches are not approved for use in ani-
mals. Patches that are sent home with the patient should be 
collected when removed from the animal to minimize the risk 
of drug abuse by pet owners.116 Animals occasionally remove 
the patch and swallow it; however, the risk of drug toxicity is 
minimized because it is unlikely that the close contact neces-
sary for drug delivery will occur between the mucosa and the 
patch. In addition, first-pass metabolism of any fentanyl that is 
absorbed will limit the amount of drug that reaches systemic 
circulation. This will not be true if the patch is chewed such 
that absorption through the buccal mucosa occurs.

KEY POINT 28-16 The transdermal fentanyl patch system has 
proved to be an effective method of analgesia delivery in 
dogs and cats.
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Sufentanil
Sufentanil is a thiamylal derivative of fentanyl. It is 5 to 10 
times as potent as fentanyl but is apparently associated with 
fewer cardiac or respiratory side effects. Its half-life is shorter 
than that of fentanyl, but its onset of action is much more 
rapid. It has been used as an effective analgesic in dogs.118

Meperidine (Pethidine)
Meperidine (pethidine) (2 to 10 mg/kg intramuscularly every 
2 hours [dogs]; 2 to 4 mg/kg intramuscularly every 2 hours 
[cats]; class II) induces analgesia that is about one fifth that 
of morphine and lasts approximately 1 to 2 hours. Its seda-
tive properties, however, are useful for preanesthesia. It under-
goes marked first-pass metabolism and is eliminated rapidly 
in dogs. Meperidine reduces the heart rate and systemic arte-
rial pressure in dogs partly through peripheral vasodilation. 
Bronchoconstriction also occurs in the dog. It is a potent ini-
tial stimulant of the gastrointestinal tract. Rapid intravenous 
injection can cause peripheral vasodilation. Diphenoxylate 
(the active opioid ingredient in Lomotil) is a derivative of 
meperidine. In a randomized, blinded, multicenter clinical 
trial, meperidine (postoperatively, 3.3 mg/kg intramuscularly; 
n = 57) provided analgesia equal to that of carprofen (preop-
eratively, 4 mg/kg subcutaneously; n = 59) in cats.119 However, 
the duration of analgesia was longer for the carprofen group. 
Millette and coworkers120 studied the effects of meperidine (5 
mg/kg intramuscularly) on various nociceptive thresholds in 
cats (n = 8). Both thermal and mechanical thresholds changed 
with meperidine.

MILD TO MODERATE PURE AGONISTS

Codeine
Codeine is 60% bioavailable in humans after oral adminis-
tration. Although effective concentrations reach circulation 
after oral administration, the potency of codeine as an anal-
gesic is less than that of morphine. Codeine has a very low 
affinity for opioid receptors, and its analgesic effects are pri-
marily due to metabolism (demethylation) to morphine.29 
Only a small percentage (10%) of morphine is formed, how-
ever, and its antitussive effects probably reflect direct inter-
action with codeine receptors.29 In dogs, even less codeine 
appears to be converted to morphine. Its antitussive effects 
require lower plasma drug concentrations than expected for 
analgesia. Currently, its primary indication for small animals 
is as a cough suppressant (2.2 mg/kg [dogs]) or antidiarrheal. 
Outpatient use of this drug as an analgesic, particularly 
when combined with a non-narcotic analgesic (i.e., NSAIDs 
or acetaminophen) is increasing. Codeine is scheduled as 
class II.

The disposition of codeine (20 mg/kg) after subcutane-
ous administration was briefly described in dogs.121,122 The 
elimination half-life of the free form approximated 2.5 hours, 
and the conjugated form 4 hours. Urinary excretion was 

the major route of elimination (approximately 50% to 70% 
of total dose) as either the conjugated (approximately 50% 
of total dose) or free form (up to 11%). Morphine was not 
detected.

Methadone
Methadone is an MOP receptor agonist similar to morphine 
in action. Analgesia is largely due to the l-methadone isomer, 
which is eightfold to fiftyfold more potent than the d-isomer. 
The -d-isomer is characterized by antitussive activity.27 Its 
extended duration of action is useful for its suppressant effects 
on withdrawal in physically dependent humans. Further, 
effects persist with repeated administration. Its ability to block 
tolerance induced by morphine may reflect its mild antago-
nism of NMDA receptors, also a function of the d isomer.123 
In humans it is characterized by an elimination half-life of 15 
to 40 hours, resulting in its designation as a long-acting drug. 
Side effects are similar to those produced by morphine; tol-
erance develops to the gastrointestinal (including anorexia), 
sedative, miotic, and cardiac and respiratory effects but not to 
the constipative effects. Its overall abuse potential is similar to 
that of morphine in humans.

Methadone has been used as an analgesic in dogs. The 
disposition of methadone (0.5 mg/kg; 0.45 mg/kg free base) 
has been described in Greyhounds124 and Beagles.125 Inter-
estingly, the disposition is different between the two breeds. 
A larger volume of distribution in Greyhounds (Table 28-4) 
was attributed by the authors to potentially reflect pH par-
titioning of methadone (pKa of 7.4) from plasma (pH 7.39) 
into muscles (pH 6.9). Methadone was well tolerated in Grey-
hounds at the dose, although dogs panted and defecated 
shortly after administration. Because clearance is twice the 
volume in Greyhounds compared with Beagles, elimination 
half-life is similar between the two breeds despite the larger 
volume of distribution in Greyhounds. The antinociceptive 
effects of methadone apparently have not yet been deter-
mined in dogs. The impact of the CYP and P-glycoprotein 
inhibitors ketaconazole and omeprazole on the disposition 
of oral methadone (2 mg/kg) was studied in Beagles.125 Oral 
methadone was not detected in any dogs, with the excep-
tion of one that was also receiving ketaconazole. Methadone  
(0.2 mg/kg subcutaneously) was compared with buprenor-
phine (0.02 mg/kg subcutaneously) and morphine (0.2 mg/
kg) in cats (n = 8) subjected to mechanical and thermal stim-
ulation.126 Analgesia associated with methadone was bet-
ter than that associated with buprenorphine and compared 
favorably with that produced by morphine, although it was 
not quite as effective.

Miscellaneous Drugs
Oxycodone (Percodan, class II), hydrocodone (Hycodan, class 
III), and propoxyphene (Darvon, class IV) are used to varying 
degrees in veterinary medicine. Among them, hydrocodone is 
most commonly used for suppression of cough. Diphenoxyl‑
ate (class II as a sole agent; when combined with atropine to 
control substance abuse as Lomotil, class V) is used to con-
trol diarrhea because of its effects on the gastrointestinal tract. 

KEY POINT 28-17 The short duration of action of meperidine 
largely limits use to preanesthesia.
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Loperamide is similar to diphenoxylate, but it does not pen-
etrate the blood–brain barrier as effectively and therefore is 
associated with no CNS side effects.

MIXED AGONISTS AND ANTAGONISTS

Butorphanol
For decades, butorphanol had a nonscheduled designation 
by the Food and Drug Administration, but it has since been 
redesignated as class IV. Butorphanol (0.4 to 0.8 mg/kg intra-
muscularly, subcutaneously, intravenously every 3 to 6 hours 
[dogs, cats]; oral [antitussive in dog]: 0.5 to 1 mg/kg every 12 
hours) is a KOP agonist and a MOP antagonist, although it 
may have moderate MOP agonistic actions. It is three to five 
times more potent (KOP agonist) than morphine and about 
50 times less potent than naloxone as an antagonist. Butorpha-
nol has been used as both a preanesthetic and a perioperative 
analgesic in dogs and cats. Historically, it has been one of the 
three most commonly used opioids for control of postopera-
tive pain in small animals,127,128 the other two being buprenor-
phine and oxymorphone.23 However, the short duration of 
analgesia provided by butorphanol increasingly is limiting its 
use to pre-operative in nature. Butorphanol also is approved in 
dogs for use as an antitussive.129

The duration of analgesia after intravenous or subcutane-
ous administration in dogs is 30 to 45 min at 0.4 mg/kg130,131 
although analgesic effects can last up to 4 to 6 hours in some 
animals. The duration of analgesia is shorter than sedation.130 
Limited information is available regarding pharmacokinetics 
in dogs (see Table 28-4).132,133 In dogs the elimination half-
life is 1.65 hours.132 At high doses butorphanol provides some 
relief of somatic pain. Butorphanol may be an effective anal-
gesic for mild to moderate pain. For postsurgical pain, butor-
phanol should be administered 10 minutes before the end of 
surgery. In general, the efficacy of butorphanol as an analge-
sic in dogs does not compare favorably with that of NSAIDs. 
For example, butorphanol (0.2 mg/kg intravenously) was less 
effective than carprofen, etodolac, or meloxicam for control of 
pain associated with experimentally induced acute synovitis 
in Beagles despite the small sample size (four dogs per treat-
ment group).134 In this study butorphanol was different from 
control only at 3 and 4 hours after treatment of the 6-hour 
study period. Butorphanol (0.4 mg/kg) was ineffective as an 
analgesic in dogs (n = 22) undergoing laparotomy or shoulder 
arthotomy.135 The intent of the study was to compare butor-
phanol with ketorolac or flunixin meglumine; oxymorphone 
was subsequently substituted.

The oral preparation of the drug has been dispensed for 1 
to 2 days in patients released from the hospital; higher oral 
doses compared with parenteral doses are required because of 
its reduced bioavailability after oral administration (0.5 to 1 
mg/kg every 12 hours). However, there is no evidence that this 
is an effective analgesic dose.

Butorphanol may act synergistically when combined with 
acetaminophen (dogs only) for control of pain.136 Although 
safe, epidural administration of butorphanol does not provide 
sufficient duration of action to be clinically useful.137, 138 As 
such, the short duration of action (and mechanism of action 
of butorphanol) should be questioned with regard to efficacy 
in most cases of pain control.

An advantage of butorphanol is its MOP antagonistic 
effects. Butorphanol (0.4 mg/kg) can be used to partially 
reverse the sedative or respiratory depressant effects of oxy-
morphone88 (and presumably other pure opioid agonists). 
Some of the analgesic effects of the pure opioid will also, how-
ever, be reserved. An advantage of butorphanol as a reversal 
agent is its apparent efficacy as a reversal agent in cats, which 
is in contrast to naloxone. For example, the initial intensity of 
hydromorphone and, to a lesser degree, butorphanol analge-
sia was substantially reduced when the two drugs were used 
in combination. Side effects included dysphoria (butorphanol 
only) and vomiting (hydromorphone only).97Although butor-
phanol does cause respiratory depression, a ceiling apparently 
is reached beyond which additional dosing does not cause 
further depression (a MOP antagonist).139 Butorphanol causes 
less biliary spasm than does morphine, supporting the postop-
erative use of butorphanol.54

Butorphanol appears to be safe in cats if used cautiously, 
although again, its analgesic efficacy is questionable.140 Butor-
phanol has been studied in cats (n = 6) after intramuscular 
and buccal transmucosal administration of 0.4 mg/kg.141 The 
relative bioavailability of butorphanol transmucosally com-
pared with intramuscularly was 38%. The duration of poten-
tial antinociception was quite variable at 155 ± 130 minutes 
based on the duration that concentrations were at or above 
45 ng/mL. The latter was the target concentration based on a 
review of the literature. The antinociceptive potential of butor-
phanol was studied in cats (n = 6) at 0.2, 0.4, or 0.8 mg/kg.142 
No dose–response relationship was detected, although this 
likely reflected the small number of cats in the face of small 
changes in dose. Analgesia began at 15 minutes and persisted 
for 90 minutes after injection. Mydriasis and dysphoria were 
frequent. Lascelles and Robertson96 demonstrated that hydro-
morphone prolonged the antinociceptive effects of butorpha-
nol (or vice versa).

Johnson143 compared the antinociceptive potential of intra-
muscular butorphanol, buprenorpine, or the combination in 
cats (n = 6). Marked variability was recorded in terms of dura-
tion of response: 1 to 8 hours for butorphanol, 0.5 to 5 hours 
for buprenorphine, and 1 to 8 hours with the combination. 
This variability contributed to the lack of significant differ-
ences among the opioid treatment groups.

Buprenorphine
Buprenorphine (0.005 to 0.03 mg/kg intravenously, intra-
muscularly, subcutaneously, epidurally [dogs]) is a class IV 
thebaine derivative with potent analgesic effects 25 or more 
times greater than those of morphine.144 It is a KOP antago-
nist and a MOP partial agonist–antagonist.145 It is metabo-
lized to norbuprenorhpine, which, as with buprenorphine, 

KEY POINT 28-18 The short duration of efficacy of butorpho-
nal limits its use as a primary analgesic.
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is then glucuronidated. The metabolite has approximately 1⁄50 
the analgesic effect of the parent compound (in rats) inpart 
because of poor penetration of the blood–CSF or blood–brain 
barrier as well as low intrinsic activity compared with buprenor-
phine.146 Buprenorphine has a long duration of activity which 
reflects, in part, tight adherence to its target receptors.146

Buprenorphine is one of the three most commonly used 
opioids for control of pain in small animals,127,128,147 and it 
has been recommended as the most generally useful analgesic 
for controlling pain in laboratory animals (including dogs).148 
Although its onset of action is longer than that of morphine, 
its effects last much longer (in humans). In dogs buprenor-
phine appears to have a 42-hour half-life.149 Because of its high 
lipophilicity, buprenorphine has a very high volume of distri-
bution (33 L/kg) and appears to be sequestered in tissues. The 
long half-life may contribute to its longer duration of action 
compared with butorphanol. It is metabolized by CYP3A4.

Several studies have addressed the disposition of buprenor-
phine via alternative routes of administration. Sublingual use 
has been noted as impossible because of local pH inactivation. 
However, buprenorphine is approved as a sublingual product 
in the United Kingdom; sublingual bioavailability in humans 
ranges from 16% to 94% compared with 40% to 90% after 
intramuscular administration.157 Greater doses are claimed 
to be associated with longer duration of analgesia with no 
increase in sedation, yet increased doses have been associated 
with lethal respiratory depression in humans. The intravenous 
disposition has been reported in cats158 and dogs by a number 
of investigators (see Table 28-4).159-161 Among them are oral 
and transmucosal routes. Abbo and coworkers160 described 
the disposition of buprenorphine (20 and120 μg/kg) in dogs 
(n=6) after oral transmucosal administration. The bioavailabil-
ity was 38 ± 12 % and 47 ± 16%, respectively, for the two doses. 
Robertson and coworkers138 described the disposition of 
buprenorphine after oral transmucosal (transbuccal) adminis-
tration (0.01 mg/kg administered as 0.033 mg/kg) in cats. Peak 
concentrations of 7.5 mg/mL were achieved at 15 minutes.

Like morphine, buprenorphine induces dose-dependent 
respiratory depression, which may be delayed in onset. Like 
butorphanol, a ceiling is reached in respiratory depression 
but not analgesia in humans.150 The differential effect may 
reflect full agonistic actions at analgesic receptors and par-
tial agonism at receptors controlling respiratory depression. 
The differences may also reflect differences in receptor num-
ber. Although respiratory depression has not been a problem 
in human patients receiving the drug, it is noteworthy that 
these effects are not fully reversible with antagonists such as 
naloxone. The risk of respiratory depression associated with 
buprenorphine is markedly increased when used in combi-
nation with other CNS-active drugs. Adversities, including 
deaths, have been reported in humans simultaneously tak-
ing opioids (drug addicts taking buprenorphine as substitu-
tion therapy),151 fentanyl,152 or ketorolac as part of balanced 

analgesia and diazepam;153 only mild interactions have been 
reported with amitriptyline.154

Cardiovascular side effects of buprenorphine are limited. 
The cat may respond to buprenorphine with mydriasis and 
agitation at doses exceeding 0.2 mg/kg. An added advantage of 
buprenorphine is its ability to reverse opioid-induced sedation 
while maintaining analgesia. It has been recommended as the 
reversal agent of choice (i.e., instead of naloxone) for human 
patients receiving neuroleptanalgesics.

Naloxone, when combined with buprenorphine at a 1:4 
ratio, has no antagonistic effect when administered sublin-
qually in humans.155 However, it causes withdrawal signs in 
humans physically dependent on opioids and is combined for 
such purposes to prevent abuse.

Buprenorphine has proved to be a very effective analgesic. 
For example, in humans buprenorphine (intravenously) was 
found to provide superior analgesia and improved hemo-
dynamic indices compared with fentanyl (intravenously) in 
human patients undergoing spinal surgery.156 A plethora of 
anectodal information exists regarding the use of buprenor-
phine in animals.

Buprenorphine is the most popular opioid used in small ani-
mal practice in the United Kingdom.138 It may provide 6 hours 
of analgesia after intramuscular administration (0.01 mg/kg), 
although onset of action may take 2 hours.138 Robertson and 
coworkers138 a determined the analgesic threshold of buprenor-
phine in cats after intravenous or transmucosal administration 
of 20 μg/kg. Bioavailability of the transmucosal route was 113%. 
Thermal thresholds did not differ by route; peak effect occurred 
at 90 minutes. The authors concluded that transmucosal was 
as effective as intravenous administration, providing analge-
sia for 6 hours. Buprenorphine also has been studied in cats 
(n = 6) after administration as a transdermal patch.162 Peak 
buprenorphine was 10 ± 0.81 ng/mL, but thermal thresholds 
did not change throughout the 72-hour test period. Steagall163 
evaluated the antinociceptive response of IV buprenorphine 
in cats using both thermal and mechanical stimulation. Cats  
(n = 8) were treated with 0.01, 0.02 or 0.04 mg/kg using a ran-
domized three-way crossover design with a week washout 
period between treatments. Response among cats was mark-
edly variable and was not correlated with coat color or group. 
Cats (1 in the middle dose and 2 in the high dose) exhibited 
marked euphoric behavior. Thermal antinociceptive response 
was noted within 15 minutes at any dose, lasting from 2 to  
4 hours at the low and middle dose and 8 hrs at the high dose. 
The medium and high doses were associated with greater 
MT antinociception. Slingsby and coworkers166 compared 
the difference between a 4-hour 10 μg/kg dose or a second 
6-hour 20 μg/kg postoperative dose of buprenorphine in dogs 
(14 dogs per group) undergoing castration; both groups 
received buprenorphine (10 or 20 mg/kg) preoperatively. Dogs 
were studied using a parallel randomized design. Pain scores 
were low for both groups, decreasing again with the second 
dose. A trend towards better analgesia occurred with the higher 
dose and longer interval. Sedation was also effective in both 
groups. Three dogs at the low dose and 1 dog at the high dose 
required carprofen rescue analgesia.

KEY POINT 28-19 Buprenorphine may be the most generally 
useful analgesic in dogs and cats.



1025CHAPTER 28 Control of Pain in Small Animals

A number of prospective clinical trials have examined the 
analgesic efficacy of buprenorphine compared with other drugs. 
Changes in thermal threshold for buprenorpine (0.01 mg/kg) 
was compared with those for morphine (0.2 mg/kg), butorpha-
nol (0.2 mg/kg), and placebo.46 For butorphanol the threshold 
increased at 5 minutes but decreased by 2 hours. The duration 
for morphine was 4 to 5 hours and for buprenorphine 4 and 12 
hours. Johnson and coworkers143 compared the antinociceptive 
response of intramuscular buprenorphine, butorphanol, or the 
combination thereof to placebo in cats using a thermal thresh-
old method. Each treatment provided analgesia greater than that 
in the control group, but no differences could be demonstrated 
among treatment groups (power of this study not addressed). 
Duration of analgesia was from 35 minutes to 5 hours for 
buprenorphine and 50 minutes to 8 hours for butorphanol or 
the combination. Steagall and coworkers126 also compared the 
analgesic efficacy of methadone (0.2 mg/kg subcutaneously), 
morphine (0.2 mg/kg subcutaneously), and buprenorphine 
(0.02 mg/kg) in cats (n=8). Cats were studied using a four-way 
crossover design; mechanical and thermal antinociception was 
studied. Response to buprenorphine provided the least analge-
sia, which was attributed in part to subcutaneous administra-
tion. Bosmans and coworkers164 compared the combination 
of tepoxalin and buprenorphine to buprenorphine alone dur-
ing the 24-hour period after cruciate repair in dogs (n=20; 10 
per group). Animals were studied using a parallel randomized, 
blinded design. Pain was assessed using visual analog scales and 
a multifactorial pain scale. No statistical differences were found 
in either control of pain or side effects. However, the ability to 
detect a difference is likely to have been limited by the small 
sample size. Shih and coworkers165 compared the analgesic effi-
cacy of buprenorphine (0.02 mg/kg) alone, carprofen (4 mg/kg)  
alone, and carprofen combined with buprenorphine in dogs 
(n=20 per group) undergoing ovariohysterectomy. A random-
ized parallel design was used. Anesthetic protocols were the 
same for all animals. Efficacy was based on a dynamic visual 
analog scale, and wound swelling was assessed. The carpro-
fen-treated group required more propofol for induction com-
pared with the other two groups. All three treatments provided 
effective analgesia at 6 and 24 hours, but the pain and wound 
management scores were superior for the groups treated with 
carprofen. Buprenorphine also has been compared to local 
analgesics (e.g., bupivacaine) (see later discussion).

The partial receptor effects of buprenorphine have proved 
therapeutically beneficial in the detoxification and main-
tenance treatment of heroin and methadone addicts. The 
potency of buprenorphine complicates kinetic studies because 
the low concentrations associated with analgesia are dif-
ficult to detect and thus difficult to characterize. The role of 
buprenorphine as a reversal agent in dogs or cats apparently 
has not been studied.

Pentazocine
Pentazocine (2 to 3 mg/kg intramuscularly every 2 hours 
[dogs] or every 4 to 5 hours [cats]) induces analgesia that is 
one third as potent as that induced by morphine. It is not, how-
ever, associated with as severe cardiovascular and respiratory 

depression. It is effective only as a visceral analgesic. Its utility 
is limited by its short duration of activity (30 minutes) and its 
tendency to cause undesirable behavior.140

Nalbuphine
Nalbuphine is a nonscheduled opioid that was at one time 
used as an analgesic for small animals. It is an MOP receptor 
antagonist and KOP receptor agonist with minimal cardio-
vascular effects. Butorphanol and buprenorphine have largely 
replaced the use of this drug.

NARCOTIC ANTAGONISTS

Antagonists are used to provide quick reversal in the event of 
an overdose or serious respiratory depression or if ambulation 
is desirable after use of an opiate. Depending on the antago-
nist and the receptors with which it interacts, analgesia will be 
reversed along with the undesirable side effects. This is partic-
ularly true of pure antagonists. Like agonists, antagonists can 
be considered pure or partial in their effects. The use of butor-
phanol as an antagonist was previously discussed. Antagonists 
generally are not scheduled. The use of MOP opioid antago-
nists as behavior-modifying drugs is addressed in Chapter 26.

Naloxone
Naloxone (is a pure antagonist with 30 times the potency of 
nalorphine and 50 times the potency of butorphanol. It is 
approved for use in the dog but not the cat. As a pure antago-
nist (0.04 mg/kg intramuscularly, subcutaneously, intrave-
nously every 2 hours or as needed [dogs, cats]; dilute dose in 
10 mL of saline and administer to effect intravenously; give 
remaining dose subcutaneously), it is not regulated by the 
Controlled Substances Act. Its ability to block each of the opi-
oid receptor types varies; indeed, receptor type can be based 
somewhat on response to naloxone. MOP receptors are the 
most sensitive to naloxone antagonism, sigma receptors the 
least. High doses of naloxone will reverse both DOP and KOP 
receptors. Reversal with naloxone also depends on the affinity 
for naloxone and the target receptor being greater than that of 
the drug to be reversed and on the receptor. Among the opi-
oids, buprenorphine is characterized by a very high affinity for 
receptors that exceeds that of naloxone; thus buprenorphine is 
not reversible by naloxone.155

After successful reversal with naloxone, respiratory, seda-
tive, and cardiovascular effects of opioids are reversed for 1 
to 4 hours. Repeat administration may be indicated, depend-
ing on which opioid agonist was used. For example, the effects 
of oxymorphone may last longer than those of naloxone.89 
Reversal of undesirable opioid side effects with naloxone can 
be accomplished while maintaining opioid analgesia by mix-
ing 0.1 to 0.25 mL/kg of 0.4 mg/mL naloxone with 10 mL 
saline. The diluted solution is then administered at 1 mL/min-
ute until unwanted affects are eliminated.167 Dosing may need 
to be repeated at 30-minute intervals.

KEY POINT 28-20 MOP receptors are most conducive to 
antagonism, and in dogs more so than in cats.
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Naloxone should be administered slowly when given as an 
intravenous bolus because of possible cardiovascular stimula-
tion that manifests as increased sympathetic nervous system 
activity.168 The increased sympathetic nervous system activ-
ity presumably reflects the sudden reversal of analgesia and 
thus the perception of pain. In human beings this increased 
sympathetic nervous system activity may be demonstrated as 
tachycardia, hypertension, pulmonary edema,169,170 and car-
diac dysrhythmias (including ventricular fibrillation). Nalox-
one induces hyperglycemia in cats, similar to that caused by 
morphine.171 Naloxone antagonizes the effects of nonopiate 
depressants and alters dopamine and GABA actions in the 
CNS.56 It has also been studied for its ability to alter detri-
mental physiologic response in circulatory and septic shock; 
however, this therapeutic use, which was once considered a 
benefit, appears to provide no decrease in mortality rates and 
may cause detrimental effects. Diltiazem may impair the phar-
macologic actions of naloxone (statement in abstracts of drug 
interactions with buprenorphine). Naloxone is not approved 
as a reversal agent in cats, and cats do not appear to react pre-
dictably to reversal with naloxone. Recovery and survival were 
not improved in kittens in which opioids were reversed.172

Nalorphine
Nalorphine is a partial agonist and as such is a class III drug. 
Sedation and analgesia are maintained, and CNS (including 
respiratory) depression is reduced.

Nalbuphine
Nalbuphine (Nubain) (1 mL of 20 mg/mL solution to 9 mL 
saline, as with naloxone) is discussed as a mixed agonist–
antagonist. Like butorphanol and buprenorphine, nalbuphine 
has been used as a partial antagonist to induce reversal of CNS 
depression but not as an analgesic.

Naltrexone
Naltrexone is an orally bioavailable pure antagonist that has 
been used to treat lick granulomas in dogs (see Chapter 26).

THERAPEUTIC USE OF OPIOID 
ANALGESICS

Opioids are used in veterinary medicine to control pain; as 
adjuvant anesthesia, emetics (apomorphine), antitussives, 
and antidiarrheals; and for chemical restraint. In 1954 the 
optimum dose of opioids as defined in human medicine was 
described as “that which provided the desired therapeutic 
effects with a minimum of undesirable side effects”.173 Yet cau-
tion was encouraged when opioids were used to control pain 
because of their unpleasant, dangerous side effects and the risk 
of addiction. Hence a 4- to 6-hour dosing interval has largely 
been followed, even though subsequent studies in humans 
have shown this approach to be largely ineffective. For human 
patients suffering from pain, a sophisticated method of opioid 
self-administration (patient-controlled analgesia [PCA]) is 
available; interesting observations have been generated from 
users of PCA regarding the effectiveness of opioids to control 

pain; many of these observations can be applied to the control 
of pain in animals.173,174

In patients using PCA, the method preferred by patients, 
the dose varies eightfold to tenfold among those within a given 
age group. Additionally, the analgesic needs of any patient are 
rarely constant; rather, temporary increases in the dosage of 
opioids are necessary for “incident” pain such as that caused 
by ambulation and wound dressing. As expected, the dose 
declines each day after the surgery. The use of visual analogs 
reduces the risk of underdosing. The sedative effects of the 
opioid that occur at high doses appear to prevent the risk of 
self-overdose. Excessive sedation is an earlier and better indi-
cator of respiratory depression; reduced respiratory rate is a 
late and unreliable indicator of overdosage. Older patients 
require less drug than younger patients. Indeed, age is a better 
predictor of the initial dose than is body weight, although this 
likely reflects similarities in weight among people, a character-
istic that would be more variable in animals. Opioid addiction 
occurs very rarely when these drugs are used to control post-
operative pain.173

Comparisons of opioids have been based on potency, with 
morphine generally serving as the prototypic drug for com-
parison. Interestingly, the thermal threshold for a variety of 
opioids in cats approximates 50 ng/mL.135 Factors determining 
potency include lipid solubility (and movement into and out of 
the CNS), affinity for receptor sites, and other factors. As such, 
fentanyl and its congeners and buprenorphine are among the 
most potent drugs and thus are dosed in μg/mL as opposed to 
mg/mL. In contrast to potency, efficacy is affected by relation-
ship to receptors and pharmacokinetics that describe absorp-
tion, distribution (including rate and extent), and elimination. 
Therefore elimination half-life will play a role in the selection 
of the drug. Generally, lipophilic drugs move rapidly into the 
CNS, but duration is short because of rapid movement from 
the CNS.173 In human patients the plasma elimination of the 
opioids varies from twofold to fourfold. Uptake and elimina-
tion from the CNS also may vary. Thus differences among 
patients should be anticipated, underscoring the importance 
of a visual pain-scoring system when evaluating patient need 
for opioid dosing.

Pain is generally best controlled with sufficient fixed doses at 
short intervals (generally 2 to 4 hours).23,29 Intramuscular doses 
will usually prolong the duration of analgesia. However, a trans-
dermal patch or CRI can be used to provide prolonged analge-
sia without peak and trough effects of marked fluctuation in the 
plasma drug concentration. Epidural administration achieves 
analgesia at doses that are a fraction of parenteral doses.

Indications of opioid analgesics include but are not limited 
to trauma, postoperative pain, and thermal injuries. Postop-
erative analgesia is best achieved if the drug is administered 
before anesthetic recovery; preanesthetic administration may 
be indicated if postoperative analgesia is anticipated. Control 
of chronic pain with opioids may be difficult in part because 
tolerance and physical dependence may complicate therapy. 
Although long-term opioid therapy may be very effective, 
alternative therapies such as local nerve blocks, acupuncture, 
and behavioral modification also are implemented for human 
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patients. Other drugs that might be used include antidepres-
sants and NSAIDs. NSAIDs should also be considered in 
combination with opioids, particularly for orthopedic pain 
associated with cancer. For example, butorphanol and acet-
aminophen appear to act synergistically for control of pain.136 
Constipation should be anticipated with chronic use of opi-
oids, and mild laxatives or stool softeners may be necessary.

Rotation of opioids remains a therapeutic option for con-
trol of pain in humans.175 Drugs most commonly used are 
morphine, fentanyl, 1-methadone, and buprenorphine. The 
most common indications for change included insufficient 
control of pain (most common at 43%) and intolerable side 
effects or both. Change is successful in controlling pain in 65% 
of patients for which initial opioid choice failed. Intolerable 
side effects tend to reflect individual differences in response 
rather than dose dependency. Unpredictable and incomplete 
cross-tolerance among the drugs requires careful titration 
whenever one opioid replaces another.175

OTHER CENTRALLY ACTING DRUGS

Tramadol
Structure Activity Relationship
Tramadol (Ultram) is a synthetic analog of codeine currently 
marketed as a racemic (1:1) mixture of ± enantiomers. Tra-
madol appears to have multiple mechanisms of analgesia, with 
interaction among the pathways perhaps contributing to its 
efficacy. Opioid analgesia reflects agonistic interaction with 
MOP receptors; additionally, tramadol enhances spinal pain 
inhibitory pathways through inhibition of neuronal reuptake 
of serotonin (5-HT) and noradrenaline (NA) and release of 
5-HT. As such, tramadol might be indicated for a broad array of 
conditions associated with pain, including chronic pain: Stud-
ies suggest that the analgesia associated with 5-HT1A receptor 
agonists increases with chronic or repeat administration.48

Both tramadol stereoisomers are associated with analgesia, 
although receptor interactions appear to differ between the 
isomers. Tramadol is de-ethylated by CYP2D6 to an active 
metabolite, O-desmethyltramadol (ODT, M1). Opioid MOP 
receptors are bound by both tramadol (low affinity) and ODT 
(higher affinity). Studies in CYP2D6 deficient or inhibited 
states suggest that the majority of analgesic activity (at differ-
ent receptor types) reflects ODT. In animal models ODT is 200 
times as potent as tramadol in MOP-opioid binding and up 
to 6 times more potent as an analgesic (sponsor information). 
However, the potency of ODT is still 6000 times less than that 
of morphine. Differences in enantiomer and receptor interac-
tions with opioid and nonopioid drugs have been described 
for both tramadol and ODT. (+)-Tramadol and ODT inter-
act with opiate (MOP, KOP, and DOP) receptors, alpha (2) 
receptors, and (tramadol) serotonin reuptake and receptors, 

whereas (-)-tramadol and ODT interact with norepineph-
rine uptake and alpha (2) receptors.176 Although ODT may 
be responsible for the majority of analgesic activity, tramadol 
appears to act synergistically with ODT, which may explain its 
apparent efficacy in dogs despite the apparently small contri-
bution of ODT to tramadol metabolism.176

Minimum effective plasma concentrations for tramadol 
and ODT are quite variable, ranging from 298 (± 171) to 590 
(± 410) for tramadol and 39.6 (± 29.5) to 84 (± 34 ng/mL) for 
ODT in postoperative human patients.176 The efficacy of tram-
adol as an analgesic is dose dependent, with efficacy described 
as being between that of codeine and morphine and similar to 
that of meperidine (pethidine), or about 10% to 20% of that of 
morphine.

Disposition
The volume of distribution of tramadol in humans (and dogs; 
discussed later) is large, and in rat models the drug crosses 
the blood–brain barrier. Hepatic metabolism of tramadol 
produces a number of metabolites. As noted, hepatic demeth-
ylation of tramadol by CYP2D6 (an enzyme characterized 
by polymorphism in humans) yields ODT (M1), which also 
exists as a racemic mixture. Tramadol also is metabolized 
by CYP3A4 and CYP2B6, with parent drug and metabolites 
excreted renally.

The disposition of tramadol and its active metabolite ODT 
have been studied in normal Beagles;176 ODT was studied 
after both intravenous and oral administration of tramadol or 
ODT (1 mg/kg IV) (see Table 28-4). The proportion of trama-
dol metabolized to ODT in dogs is approximately 15% after 
intravenous administration. After an oral dose of 11 mg/kg, 
plasma Cmax (ng/mL) of the parent compound is 1403 ± 695 
occurring at 1.04 ± 0.51 hours. Oral bioavailability of tramadol 
is of 65 ± 38%. Elimination half-life of tramadol is approxi-
mately 2 hours (1.8 ± 1.2). The volume of distribution of tram-
adol appears to be larger than that of ODT. However, clearance 
also is faster for the parent compound compared with that for 
the metabolite, resulting in an elimination or disappearance 
half-life that is similar for both. Although the volume of distri-
bution of tramadol is similar in humans compared with dogs, 
the elimination half-life of both tramadol and ODT is shorter 
in dogs compared with humans (approximately 6 and 7 hours, 
respectively for humans), suggesting that a more frequent 
dosing interval is indicated for tramadol in dogs. Simulated 
oral dosing regimens based on kinetics determined in the dog 
indicate that 5 mg/kg every 6 hours or 2.5 mg/kg every 4 hours 
should yield tramadol and M1 plasma concentrations associ-
ated with analgesia in humans. After intravenous administra-
tion of ODT (1.1 mg/kg), nausea and sedation occurred in all 
dogs (n=3), probably reflecting the MOP 1 agonistic proper-
ties. However, even though the area under the curve for ODT 
after intravenous administration of 1.1 mg/kg approximated 
that achieved after tramadol at 11 mg/kg, no side effects to 
tramadol were reported.

The disposition of tramadol and ODT after either intrave-
nous (2 mg/kg) or oral (5 mg/kg) administration of tramadol 
also has been described in cats (n=6 see Table 28-4).177 The area 

KEY POINT 28-21 Tramadol has multiple mechanism of anal-
gesic efficacy. However, its metabolite may provide most of 
the efficacy, contributing to variability in response among 
animals.
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under the curve of active metabolites is equal to or surpasses 
that of the area under the curve of the parent compound com-
pared with dogs, for which it reaches about 30% of the parent 
compound in dogs (see Table 28-4). The elimination half-life 
of both parent and ODT is approximately twofold higher in 
cats. Cats tolerated tramadol by either route, although they 
exhibited euphoria for several hours. A 5 mg/kg oral dose 
achieves for tramadol and well exceeds for ODT the minimum 
effective analgesic concentrations suggested in humans. It is 
not clear if a similar level of analgesia would be expected in 
cats, but based on the higher concentrations of ODT in cats, a 
dose of 2 mg/kg twice daily is a reasonable starting dose.

Adverse Events and Drug Interactions
Side effects of tramadol appear to be unusual and generally 
reflect either overzealous use or overdosage. The risk of over-
dosage is increased in both renal and hepatic disease owing to 
prolonged elimination of both parent and metabolite. Cirrho-
sis is associated with a threefold to fourfold increase in elimi-
nation time in humans (sponsor information); the impact in 
the dog—in which the half-life is shorter—is not known. Dos-
age adjustment is recommended if hepatic or renal function 
is significantly impaired; for dogs prolongation of the interval 
may be more appropriate than reduction of the dose. Gender 
and age differences do not appear to play a major role in over-
dosing. Overdosage in humans is associated with significant 
neurologic clinical signs, including seizures, coma, and respi-
ratory depression. Internet resources addressing safety of tra-
madol for human use indicate that seizures generally reflect 
overzealous use of tramadol, are of short duration, and are eas-
ily treated. Inappropriate (overzealous) administration of nal-
oxone (an appropriate antidote to toxicity) may increase the 
risk of seizures. CNS side effects may emerge when tramadol is 
combined with other drugs or compounds that increase sero-
tonin (e.g., behavior modifying drugs, s-adenosyl methionine 
[SAMe] or silymarin; see also Chapter 26).177a  Cardiovascular 
signs, even with overdosage, tend to be limited to mild tachy-
cardia and hypertension. Respiratory depression is unusual, 
although the risk may be increased with renal disease, with 
retention of ODT implicated as a cause in review references. 
Gastrointestinal motility disturbances typical of opioids, such 
as postoperative ileus and constipation (including that asso-
ciated with chronic use), generally are not associated with 
tramadol. The incidence of nausea and vomiting appears to 
be similar to that of opioids in humans. However, vomiting 
did not occur in Beagles (n = 6) receiving tramadol intrave-
nously, whereas it did in those treated with ODT;176 ODT may 
have a greater presence in humans compared with dogs, thus 
explaining the potential lack of this side effect in dogs.

Despite its widespread use, clinical trials demonstrating 
efficacy of tramadol as an analgesic are lacking in dogs and 
cats. Steagall and coworkers178 studied the antinociceptive 
effects of tramadol (1 mg/kg subcutaneously) with or without 
acepromazine (0.1 mg/kg) in cats (n=8) subjected to thermal 
stimulation. Animals had only a limited response to tramadol, 
although the effect was increased when tramadol was com-
bined with acepromazine.

N-methyl-d-aspartate Agonists
Ketamine
Ketamine is a noncompetitive antagonist of NMDA recep-
tors in the spinal cord and consequently may help prevent or 
reduce neuropathic pains such as hyperalgesia or wind-up 
pain. Norketamine is an active metabolite that also binds to 
NMDA receptors.179 Three “levels” of ketamine use can be 
discriminated in dogs or cats: a high dose associated with 
anesthetic effects, a low dose that targets analgesia and preven-
tion of wind-up pain (hyperalgesia), and a subanalgesic dose 
that, when combined with other analgesics, provides anal-
gesic dose-sparing effects. Ketamine combined with opioids 
appear to provide superior analgesia compared with either 
drug alone.180 Ketamine and other NMDA-receptor antago-
nists may impart a neuroprotective effect after reperfusion of 
ischemic tissues. The local anesthetic effects of ketamine are 
described later.

After intravenous ketamine (15 mg/kg) administration in 
dogs,181 the volume of distribution of the central and periph-
eral compartments were 0.52 and 1.95 L/kg, respectively; clear-
ance was 32 mL/min/kg. Elimination half-life was 61 minutes. 
The drug was 53% protein bound. Ketamine was converted 
to ketamine I (62%) and II (11%). The N-demethylketamine 
metabolites were measured and determined not to accumulate 
sufficiently to interfere with anesthesia.

A number of studies have examined the efficacy of ket-
amine as an analgesic when included in combination therapy. 
The targeted minimum anesthetic concentration is 3 μg/mL. 
The addition of ketamine or magnesium enhanced tramadol 
analgesia in humans undergoing major abdominal surgery.182 
Subanesthetic doses of ketamine were useful in controlling 
complex regional pain syndrome in humans. Complete res-
olution of pain occurred in 76% of 33 patients; partial pain 
relief occurred in another 18%. Side effects included a feel-
ing of inebriation, hallucinations, and light-headedness.183 
The analgesic benefits of ketamine have been demonstrated 
in dogs. Dogs presenting for elective forelimb amputation 
associated with neoplasia and receiving fentanyl (2 μg/kg 
intravenous bolus followed by 2 μg/kg/hr intravenously) and 
ketamine by intravenous infusion (0.5 mg/kg before surgery 
and 2 μg/kg/hr at 12 and 18 hours postoperatively) had lower 
pain scores and more rapid return to activity postoperatively 
compared with dogs receiving fentanyl and a saline infu-
sion.180 Administration of a subanesthetic dose of ketamine 
(2.5 mg/kg intramuscularly) preoperatively or postoperatively 
delayed the onset of postoperative wound hyperalgesia in dogs  
undergoing OHE compared with dogs receiving no ket-
amine.184 The use of subanesthetic doses offers the advantage 
of minimal side effects. The same is true when administered as 
a CRI (an initial loading dose of 0.25 to 0.5 mg/kg of ketamine, 
followed by an infusion of 10 mg/kg/min for dogs). Because 
ketamine can be given by essentially any route, including oral 
administration,185 consideration might be given to its oral 
use in the control of neuropathic pain. A variety of dosing 
regimens are described for ketamine when used in combina-
tion with other analgesics such as lidocaine, morphine, and 
fentanyl.
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Amantadine
According to its package insert, amantadine is an antiviral drug 
with an unknown mechanism of antiviral replication action. It 
is approved to treat influenza A virus, but it also is useful for 
treatment of Parkinson’s disease in humans and drug-induced 
extrapyramidal effects. Its mechanism of action in Parkinson’s 
disease is not known, but proposed mechanisms included 
increased extracellular concentrations of dopamine (increased 
release or decreased uptake) at presynaptic neurons, direct 
simulation of dopamine receptors, or increased sensitivity of 
the receptors. Additionally, at concentrations considered to be 
in the low range, amantadine inhibits NMDA-receptor–medi-
ated stimulation of acetylcholine release (rat striatum; prob-
ably at the MK-801 site). Although a dose of 31.5 mg/kg in 
dogs (equivalent to an approximate human dose of 15.8 mg/kg 
based on body surface area conversions) is not associated with 
anticholinergic actions, it nonetheless does cause anticholin-
ergic-like side effects, including dry mouth, urinary retention, 
and constipation.

The drug is well absorbed in humans, with peak concen-
trations of about 0.22 mg/mL occurring at 3 hours after an 
oral dose of 100 mg (about 1.4 mg/kg). In humans satura-
tion kinetics occur at 200 mg; after 15 days at this dose, Cmax 
doubled in healthy human patients. Volume of distribution is 
large and variable in humans (3 to 8 L/kg), indicating tissue 
binding. The acetylated metabolite accounts for up to 80% 
of a dose in about 40% of humans, with the metabolite not 
occurring in the remainder; only 5% to 15% of this metabo-
lite occurs in the urine. It is not known if this metabolite is 
active or toxic. Because the dog is deficient in metabolic reac-
tions involving acetylation, extrapolation of human kinetics 
to dogs is questionable. The drug is cleared as either the par-
ent compound or its metabolite in the urine. The half-life of 
the drug in adult humans is approximately 15 hours but 29 
hours in elderly patients because of smaller clearance; the 
reason for the differences in clearance is not known. Renal 
clearance was also higher in human male patients compared 
with that in human female patients. Renal disease results in at 
least a proportional decrease in amantadine clearance. Acidi-
fication of urine pH is likely to increase renal clearance of 
amantidine.

Amantadine has been associated with lethal acute intoxica-
tion in humans, with the lowest reported acute lethal dose being 
1 gram (approximately 14 mg/kg) in humans. However, anti-
cholinergic effects do not occur in dogs receiving 31.5 mg/kg 
(package insert). Acute toxicity may be attributable to the anti-
cholinergic effects of amantadine. Drug overdose has resulted 
in cardiovascular (arrhythmias, including tachycardia, and 
hypertension), respiratory, renal, or CNS (behavioral changes, 
seizures) toxicity. A less common but life-threatening mani-
festation is neuroleptic malignant syndrome, which is charac-
terized by fever or hyperthermia, muscle rigidity, involuntary 
movements, and altered consciousness or other mental status 
changes. Other disturbances, such as autonomic dysfunction, 

tachycardia, tachypnea, hypertension, or hypotension may 
occur; clinical pathology changes include increases in serum 
creatine phosphokinase activity, leukocytosis, myoglobinuria, 
and increased serum myoglobin. Treatment of acute intoxica-
tion has included dopamine agonists (e.g., bromocriptine) and 
muscle relaxants (e.g., dantrolene), but their efficacy has not 
been scientifically demonstrated. Doses should be adjusted for 
both liver and renal disease. The drug should not be used in 
conjunction with other anticholinergics, and extra precautions 
should be taken when combining with any other CNS-active 
drugs. Anecdotally, amantadine has been used safely in both 
dogs and cats as part of combined analgesic therapy.

Using a randomized, placebo controlled, blinded design, 
Lascelles and coworkers186 prospectively studied the efficacy 
of amantadine (3 to 5 mg/kg once daily) when combined with 
meloxicam (0.2 mg/kg followed by 0.1 mg/kg per day orally) in 
clinical canine cases (n=31) of pelvic limb lameness associated 
with osteoarthritis. Animals had not sufficiently responded 
to NSAIDs alone. Amantadine resulted in more activity com-
pared with NSAIDs alone.

Dextromethorphan
Dextromethorphan is a semisynthetic derivative of opium (the 
d-isomer of the codeine analog of methorphan) that lacks nar-
cotic, analgesic, or addictive properties. Sedation is unusual 
after its use. Its antitussive mechanism is not certain. Its onset 
of action is rapid, being fully effective within 30 minutes after 
oral administration. Dextromethorphan, which is sold in over-
the-counter cough preparations, also is an NMDA-receptor 
antagonist. It has increased the analgesic effects of opiates and 
NSAIDs.14 The elimination half-life of dextromethorphan in 
dogs is approximately 2 hours.187 After intravenous adminis-
tration of 2.2 mg/kg, an approximate extrapolated Cmax (Co) 
of 800 ± 400 and 360 ± 150 occurred before and after the dis-
tributive phase, respectively. This compares to a Cmax of 89.8 ± 
47.2 at approximately 1 hour after oral administration, yield-
ing an oral bioavailability of 11% or less. Dextromethorphan is 
metabolized by CYP2D6 to dextrorphan, which is character-
ized by pharmacodynamics that are similar to, albeit less potent 
(25% to 30%) than, that of dextromethorphan. Dextrorphan is 
a metabolite produced in dogs, although it was detected only 
as the glucuronide metabolite by KuKanich and Papich.187 
After intravenous administration of 2.2 mg/kg in dogs, 
adverse reactions to dextrorphan were consistent with NMDA 
antagonism, ranging from lateral recumbency to nonrespon-
siveness, including ataxia, sedation, muscle rigidity, urination, 
and ptyalism. Changes in cardiovascular indices did not occur. 
Clinical signs resolved within 90 minutes, at concentrations of 
approximately 100 ng/mL. Oral administration was associated 
with vomiting in one dog. The role of dextromethorphan as 
an NMDA antagonist in either dogs or cats is not clear but is 
worth consideration. Dodman and coworkers188 reported the 
potential usefulness of dextromethorphan (2 mg/kg orally) for 
2 weeks in dogs (n=12) with chronic allergic dermatitis using 
a double-blinded crossover placebo-controlled design. The 
percentage of time abnormal behaviors (self-licking, chewing 
and biting) were observed and the overall pruritis score were 

KEY POINT 28-22 Combination analgesia might reasonably 
include a drug that targets N-methyl-d-aspartate receptors.
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significant lower than that in the placebo group; global assess-
ment improved in 11 of 12 dogs.

Other Tranquilizers and Sedatives
Tranquilizers generally are not analgesic, but they alter ani-
mals’ response to pain. They are most commonly used in 
combination with opioid analgesics, with which they may 
act. Some also may provide muscle relaxation. The common 
tranquilizers and sedatives are the phenothiazine derivatives 
(which may also provide antiemetic effects), such as chlor-
promazine, promazine, and acetylpromazine, and the ben-
zodiazepine derivatives, such as diazepam and midazolam.  
Phenothiazines (see Chapter 26) should be used cautiously for 
hypotensive patients or for patients with cardiovascular dis-
ease. The benzodiazepines (see Chapter 27) are particularly 
useful for geriatric and debilitated animals. Agents from either 
group can be combined with opioid analgesics.

α2-Agonists
Canine alpha2a receptors in the brain appear to be closely 
related to those in humans.189 Alpha2 agonists such as xyla-
zine and medetomidine warrant special consideration because 
they are potent analgesics at doses that do not cause sedation. 
(see Chapter 24). Xylazine’s duration of analgesia is short (0.5 
hours), and it has profound cardiovascular effects. Its CNS-
depressant effects, however, can be reversed with yohimbine 
or tolazoline. In addition, xylazine can be used in combination 
with opioid agonist–antagonists such as butorphanol and as 
an epidural just before surgery or surgical recovery. Newer α2 
agonists such as medetomidine (0.75 mg/m2 intravenously or 
1 mg/m2 intramuscularly [dogs]) are associated with fewer car-
diovascular effects and longer duration of activity than xyla-
zine. Medetomidine provides both sedation and analgesia and 
is labeled for use in dogs for clinical procedures that require 
short-term chemical restraint. The effects can be reversed with 
atipamezole, an α2-antagonist, and as such, the drug may be 
useful for incident pain, such as bandage change. Like xylazine, 
medetomidine can cause vomiting and cardiovascular sup-
pression. Medetomidine has proved to be an equal or better 
analgesic than buprenorphine for control of pain in dogs. The 
safety of the two drugs has not, however, been compared.190

In dogs the DEX enantiomer of medetomidine appears to 
be largely responsible for analgesia, sedation, and cardiovascu-
lar side effects of medetomidine.191 Although the LEV enan-
tiomer appears to be pharmacologically inactive, it may be 
involved in drug interactions. The sedative or analgesic (based 
on withdrawal) effects of medetomidine appear to be charac-
terized by a ceiling effect.191 Plasma concentrations associated 
with analgesia vary, ranging from 1 to 5 ng/mL, although 9.5 

ng/mL was not associated with pain-induced withdrawal in 
dogs.191 The combination of epidural medetomidine and mor-
phine offered only minimal analgesic benefits compared with 
epidural morphine alone.86

ANTICONVULSANTS AND BEHAVIOR-
MODIFYING DRUGS

Anticonvulsants (see Chapter 27) such as carbamazepine, phe-
nytoin, valproic acid, and clonazepam, and more recently, gab-
apentin and pregabalin have been used by humans to control 
selected neuralgias.5 TCAs (see Chapter 26) have also been 
used by humans for the treatment of chronic pain. Efficacy of 
TCAs, anticonvulsants, and antiarrhyhmics requires several 
weeks and generally requires dose titration.9 Amitriptyline 
and imipramine are considered first-line drugs, particularly 
for pain that is continuous and aching. Their use for pain con-
trol has not been documented in animals, although they have 
been used successfully for behavioral problems. The sedative 
and anticholinergic side effects of these drugs may be unde-
sirable. Not all TCAs—and particularly the newer products—
appear to have analgesic properties. Neuropathic, myofascial, 
and arthritic pains appear to be most conducive to control. 
These drugs are contraindicated for patients suffering from 
urinary retention, heart block, or narrow-angle glaucoma.

Gabapentin and Pregabalin
Both gabapentin and pregablin were initially developed as 
human antiepileptic drugs. Pregabalin was approved for use 
for treatment of neuropathic pain in humans, most recently 
that associated with fibromyalgia. Both are structurally related 
to GABA; gabapentin is a molecule of GABA covalently bound 
to a lipophilic cyclohexane ring (Figure 28-5).192 Although 
their mechanism of action was intended to be a GABA ago-
nist, pharmacologically, they do not bind to any portion of the 
GABA receptor, nor do they appear to interfere with degrada-
tion or other aspects of GABA receptor activity. Rather, their 
mechanism of analgesic action appears to occur through bind-
ing to Cavα2d proteins on voltage-gated calcium channels.193 
Decreased calcium influx prevents release of neurotransmit-
ters otherwise stimulated by a variety of chemical signals.

A Cochrane review of the ability of gabapentin to control 
pain covered 14 studies in human medicine, one of which was 
for management of acute pain.194 The remaining causes of pain 
included herpes, diabetic neuropathy, cancer, phantom limb, 
and spinal cord injury. Gabapentin offered no benefit for con-
trol of acute pain. However, for chronic pain 42% of participants 
improved compared with 19% of patients receiving placebo. Side 
effects necessitating withdrawal were not considered significant. 

Gamma-amino-butyric acid Gabapentin Pregabalin
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Figure 28-5 The structure of anticonvulsant-analgesics and gamma-aminobutyric acid.
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A study comparing the impact of gabapentin on analgesia pro-
vided by morphine in humans found gabapentin to have no 
analgesic effects by itself (concentrations approximating 3.5 
mcg/mL) compared to placebo, but morphine analgesia was 
markedly enhanced (at gabapentin concentrations of about 5.5 
mcg/ml). The disposition of gabapentin was altered by mor-
phine, with an increased in AUC by more than 40%. The effect 
was posulated to reflect increased oral absorption.194a Dosing for 
control of pain is instituted at approximately 1.25 mg/kg once to 
three times daily and gradually increased every 1 to 3 days to a 
dose of approximately 15 to 50 mg/kg total daily dose. The grad-
ual increase is intended to allow accommodation to the drug. 
Doses were reduced in the presence of renal disease. 

Wagner and coworkers194b were not able to detect a sig-
nificant difference between placebo or gabapentin 10 mg/kg 
followed by 5 mg/kg bid PO for 3 days prior to forelimb ampu-
tation in dogs ( n = 30, 15 each group). Other analyses were 
also used, which along with a small sample size, limited detec-
tion of a significant effect.

LOCAL ANESTHETICS

Local anesthetics act by binding reversibly to a target receptor 
located in the pore of voltage-gated sodium channels in nerves. 
Ion movement is subsequently blocked, preventing conduction 

of the action potential in any nerve fiber. In general, sensation 
of pain disappears first, followed by loss of the sensations of 
temperature, touch, deep pressure, and finally motor func-
tion. In addition to effects in the periphery, selective central 
blockade of afferent evoked activity in the spinal cord also has 
been suggested as a mechanism of local anesthetics. Further, 
selected drugs (e.g., lidocaine) may interact with (activate) the 
endogenous opioid system (as reviewed by Joad and cowork-
ers).9 Local anesthetics also bind to other membrane proteins, 
including potassium, but generally at higher concentrations.

Local anesthetic effects were recognized for cocaine, an 
ester of benzoic acid. Safety concerns led to the development 
of synthetic alternative drugs. Local anesthetics generally con-
sist of a lipid-soluble, aromatic component; an amide (e.g., 
lidocaine) or ester (e.g., procaine) link; and a water-soluble 
amine (usually tertiary) component (Figure 28-6).195 Whereas 
esters tend to be rapidly metabolized by esterases, amides are 
more resistant to clearance and generally are characterized by 
longer duration of effect.

The potency, onset of action, and duration of local anes-
thetic actions depend on lipid solubility, pKa, and protein 
binding, respectively. Highly lipid-soluble molecules are more 
potent and have a longer duration of effect because of their 
ability to penetrate cell membranes, thus accessing the recep-
tor while avoiding clearance. However, lipophilic drugs also 
tend to be associated with more side effects. Larger drugs tend 
to have a longer duration of effect because they are less able 
to leave the site of action, an important characteristic for rap-
idly firing cells. Bupivacaine is more lipid soluble and 10 times 

KEY POINT 28-23 Increasingly, gabapentin and  pregabalin 
are proving to be effective alternatives for long-term 
 neuropathic pain control.
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Figure 28-6 The structure of selected amide (left) and ester (right) local or topical anesthetics.
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more potent than lidocaine. Likewise, tetracaine is more lipid 
soluble and 40 times more potent than procaine (an aromatic 
ring is added).

Drug pKa also influences drug movement by determining 
the amount of un-ionized and thus diffusible drug. Local anes-
thetics are weak bases with pKas of 7.7 to 9. In pharmaceutical 
preparations the pH of the solution tends to be acidic; thus 
most of the drugs are present in ionized form. Although pen-
etration of tissues is decreased, once penetrated, it is the pro-
tonated (cationic) form that preferentially interacts with the 
receptor. Thus the higher the pKa, the more drug present in 
ionized form and the longer the onset of action.

Local anesthetics that are more highly protein bound tend 
to be attracted to receptors and remain within sodium chan-
nels longer. Thus bupivacaine, which is highly protein bound, 
has a longer duration of activity than procaine. Duration of 
activity is also affected by the effect of the drugs on local vas-
culature or the presence of vasoconstrictors (e.g., epinephrine; 
discussed later).

Local anesthetics should contact the tissue for at least 20 
minutes to be effective. Methods include splash blocks or 
direct infiltration at the surgical site to enhance intraopera-
tive or postoperative analgesia (orthopedic procedures, lateral 
ear resections or total ear canal ablation, dew claw removal, 
onychectomy, and ear trims), infiltration of nerves before 
transection during amputation, regional nerve blocks (e.g., 
intercostal); intraarticular filtration (analgesic effect may 
last up to 24 hours), intrapleural infiltration, and epidurals. 
Lidocaine and bupivacaine are the agents most commonly 
used (nonophthalmically) in dogs and cats. Lidocaine is char-
acterized by a rapid (5- to 10-minute) onset but a short (1- 
to 2-hour) duration; the pharmacologic (analgesic) action 
appears longer than its half-life. The lidocaine dose should not 
exceed 4 to 7 mg/kg. Side effects at 11 mg/kg include restless-
ness, muscle tremors, cardiac depression, and seizures.

All local anesthetics cause vasodilation, which decreases 
the duration of action and prolongs the onset of action. Lido-
caine is available as a commercial preparation combined with 
epinephrine designed to prolong anesthetic effects. In humans, 
after intraperitoneal administration, the time to maximum 
absorption of lidocaine varies in proportion to the amount of 
epinephrine (reviewed by Wilson and coworkers).196 Maxi-
mum concentrations occur in approximately 30 minutes when 
epinephrine is not included. When epinephrine is included, 
the time ranges from 45 to 60 minutes when epinephrine is 
added at 1:320,000 (epinephrine) to up to 3 hours when pres-
ent at 1:500,000. Maximum lidocaine concentrations like-
wise vary with both the dose of lidocaine and epinephrine; in 
humans at 400 mg (approximately 3.8 mg/kg), Cmax ranged 
from 2.7 to 4.3μg/mL with no epinephrine but approximated 
only 1.9 μg/mL at 1:800,000 and 2.3 μg/mL at 1:320,000.

Lidocaine (2% lidocaine, with 1:200,000 epinephrine com-
mercial preparation, diluted to a volume of 0.8 mL/kg) has 

been studied after local (incisional: 2 mg/kg, final epineph-
rine 1:400,000) and intraperitoneal (8 mg/kg; final epineph-
rine 1:200,000) administration in normal dogs undergoing 
ovariohysterectomy.196,197 Administration occurred during 
abdominal closure. The combined administration yielded 
peak concentrations of lidocaine (n-acetyl metabolite not 
studied) of 1.45 ± 0.36 μg/mL at approximately 40 minutes 
after administration; disappearance half-life was 1.17 ± 0.11 
hour. No clinical signs of toxicity occurred.

The addition of sodium bicarbonate with lidocaine (9:1) 
has been recommended to minimize pain on injection (one 
part sodium bicarbonate [1 mEq/L] to nine parts 1% to 2% 
lidocaine). Bupivacaine likewise can be diluted at a rate of 0.5 
mL bupivacaine (0.5%) to 0.025 mL bicarbonate. Alkaliniza-
tion may affect local anesthetic effect, although impact is likely 
to vary with the drug. Local analgesia may also potentially be 
enhanced, perhaps because of either an increase in the un-
ionized local anesthetic or accelerated conversion of local 
anesthetic from un-ionized to ionized form, with intracellu-
lar acidification caused by bicarbonate.198 However, the risk 
of precipitation of anesthetic also should be considered and 
products modified with alkalinizers carefully monitored for 
changes in anticipated efficacy.

Lidocaine can be applied topically for local effects. A cream 
approved for use in humans containing 2.5% of lidocaine 
and prilocaine (eutectic mixture of local anesthetics [EMLA] 
cream) was found to be effective in awake cats undergoing 
percutaneous jugular catheterization.199 The cream (1 mL at 
1 g/mL, yielding a 5 mg/kg dose of each anesthetic for a 5 kg 
cat) was applied to a 2 × 5-cm region on the skin at the site of 
anticipated catheter placement and covered with an occlusive 
bandage for 1 hour. Six of ten cats were successfully intrave-
nously catheterized without the addition of chemical restraint; 
struggling was attributed to fear rather than pain. Neither 
anesthetic was detectable in the plasma of any cat, and methe-
moglobinemia did not deviate from baseline. The disposition 
of lidocaine after administration of a liposomal gel (equivalent 
to 15 mg/kg lidocaine) was studied in cats (n = 6).200 Absorp-
tion was negligible in two cats. In the remaining four cats, 
peak concentrations reached approximately 150 ng/mL at a 
median time of 2 hours.

Lidocaine is available in a transdermal patch. Lidocaine is 
contained in a polymer matrix; the amount of drug moving 
into the system is proportional to the covered skin surface. 
Weil and coworkers201 reviewed their use in dogs or cats. In 
contrast to fentanyl patches, lidocaine patches can be cut to 
size. Weiland and coworkers202 described the pharmacokinet-
ics of one 5% lidocaine patch applied to the lateral thorax of 
Beagles (n = 6). Dogs were either clipped or treated with a 
depilatory agent. Peak concentrations (ng/mL) of lidocaine 
were 63 ± 24 and 103 ± 34 respectively (well below the con-
centration recommended for antinociception, see later dis-
cussion), with or without the depilatory. The areas under the 
curve were 517 and 1128 ng/hr/mL, respectively. The time to 
maximum concentration was approximately 10 hours for both 
groups. Ko203 also reported the impact of two 5% lidocaine 
patches, each containing 700 mg of lidocaine, applied to the 

KEY POINT 28-24 The analgesic effect of local anesthetics 
vary with lipid solubility, pKa, and protein binding.
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ventral abdominal area of dogs weighing between 18 to 23 kg. 
Concentrations (ng/mL) increased from 18.5 ± 29.4 at 12 hr to 
72.8 ± 65.8 at 24 hrs. Concentrations remained at steady-state 
for another 24 hrs; at 48 hrs, concentrations declined, reaching 
to 21.4 ± 24.7 ng/mL by 60 hour and remained detectable (30 
± 26 ng/mL) at 78 hour but were not detectable by 80 hour. 
The concentrations approximated 1/10th of that achieved 
when dogs are given 2 mg/kg IV (as reviewed by Weil).201 Ko 
and coworkers204 also studied the impact of a 700-mg lido-
caine patch applied to the lateral thorax of cats (n = 8). Cats 
were also given lidocaine intravenously at 2 mg/kg. The overall 
bioavailability of lidocaine in the patch was 6.3 ± 2.7%, with 
56% of the patch dose being systemically absorbed. Lidocaine 
was detectable within 3 hours of patch application and reached 
steady-state concentration was 103 ± 0.037 (which was 
approximately 10% of the peak concentration reached with 
intravenous administration). Peak concentrations occurred at 
64 ± 4 hours. Plasma concentrations were still at steady state 
when the patch was removed at 72 hours.

Toxicity associated with cream preparations has been 
reported in humans but generally reflects inappropriate 
administration that facilitates increased rate or amount of 
absorption. Actions to be avoided include application to a 
larger-than-recommended surface area, longer contact time, 
increased body temperature, or application to surfaces not 
protected by an intact stratum corneum (diseased skin, muco-
sal membranes).

The use of lidocaine for prevention of reperfusion injury 
and thus a systemic inflammatory response associated with 
multiorgan dysfunction syndrome has been reviewed.205 Lido-
caine has received considerable attention for its efficacy as a 
general analgesic when administered systemically. Concentra-
tions of 0.620 to 5.7 μg/mL are recommended for antinocicep-
tion.206 In human patients 5 mg/kg/hr was used effectively to 
control cancer pain associated either with the tumor itself or 
its treatment (e.g., surgery, radiation therapy). Interestingly, 
general sensation of pain and dysaesthetic, preanesthesia, and 
nightly exacerbations of pain were significantly decreased in 
the majority (70% for most symptoms) of patients studied 
(n=10) for up to 2 weeks.9 Unfortunately, the clinical trial 
was not controlled, and a placebo effect was not assessed. Sys-
temic lidocaine has decreased halothane MAC at antiarrhyth-
mic concentrations in dogs.207 Serum concentrations of 3 to 
6 μg/mL have decreased halothane requirements in dogs by 
10% to 28%,208 as reviewed by Wilson.196 In another study209 
lidocaine CRI (2 mg/kg intravenously followed by 50 μg/kg/
min as low dose and 200 μg/kg/min as high dose) significantly 
reduced, in a dose-dependent manner, the MAC of isoflurane 
in dogs (n=10). The MAC was reduced 19% at the low dose. 
Lidocaine and metabolite concentrations were (μg/mL) 1.5 μg/
mL (lidocaine), 0.11 (glycinexylidide), and 0.18 (monoethyl-
glycinexylidide). For the high dose MAC was reduced 43% at 
concentrations of 1.5, 0.18, and 0.47 μg/mL for lidocaine and 
its metabolites, respectively. No significant cardiovascular 
effects were observed. Smith and coworkers210 prospectively 
compared the efficacy of systemic lidocaine (1 mg/kg intra-
venously followed by 0.025 mg/kg/min CRI) to morphine  

(0.15 mg/kg intravenously followed by 0.1 mg/kg/hr CRI) or 
saline placebo for control of postoperative ocular pain. Mor-
phine rescue was necessary in all placebo-treated dogs and 
in 50% of the dogs treated with lidocaine and morphine. The 
incidence of measures of ocular inflammation did not differ 
among groups.

Lidocaine pharmacokinetics pharmacodynamics were 
determined in cats after intravenous administration of 2 mg/
kg. Pharmacodynamics were then based on thermal antinoci-
ception.206 Lidocaine at 0.250 to 4.32 μg/mL did not affect the 
thermal threshold in cats. However, the authors noted that the 
power of the study was sufficient to detect a thermal difference 
of 3.75o C as opposed to other studies. Pypendop and Ilkiw211 
also demonstrated that, when used to decrease isoflurane dose, 
lidocaine (dosed to achieve 3 to 11 μg/mL) was associated with 
unacceptable adverse cardiac effects in cats. The authors rec-
ommended that lidocaine not be used with the intent to lower 
isoflurane MAC. This may reflect, in part, marked changes in 
the disposition (particularly reduced clearance) of lidocaine 
associated with anesthesia compared with awake cats.212

Bupivacaine can be a very effective analgesic. However, 
in contrast to lidocaine, bupivacaine needs approximately 20 
minutes to take effect but provides 4 to 6 hours of analgesia. 
The bupivacaine dose should not exceed 2.2 mg/kg. Side effects 
typical of lidocaine occur at 4 mg/kg.115 Diazepam appears to 
enhance the cardiodepressant effects of bupivicaine.213 When 
administered locally (around five intercostal nerves), it was 
equal to epidural morphine for control of pain associated with 
lateral thoracotomy in dogs.85 Another prospective study in 
dogs (n=26) undergoing intercostal thoracotomy compared 
buprenorphine (10 μg/kg intravenously every 6 hours) with 
bupivicaine (1.5 mg/kg of 0.5% intrapleurally, by slow injection 
through a pediatric feeding tube placed dorsally, every 4 hours). 
Dogs were treated for 24 hours, starting 10 minutes before tra-
cheal extubation. Significant changes from preoperative values 
in pain scores and cardiovascular assessment occurred in the 
buprenorphine group but not the bupivicaine group.214

Cardiotoxicity of bupivacaine led to the development of 
ropivacaine, a nonracemic product consistent of the less toxic 
S isomer compared with the R isomer. Like bupivicaine, it is 
long acting, but it is less cardiotoxic. The incidence of arrhyth-
mias and death is lower in animals given toxic doses of intra-
venous ropivacaine than those given bupivacaine.

A toxicity study in dogs demonstrated better safety for ropi-
vacaine in dogs. Intravenous lidocaine (8 mg/kg/min), bupi-
vacaine (2 mg/kg/min), and ropivacaine (2 mg/kg/min) were 
administered intravenously. Two of the lidocaine-treated dogs 
developed lethal hypotension and respiratory arrest. All bupi-
vacaine-treated dogs developed ventricular arrhythmias, with 
death occurring in five of these, whereas only two of six (one 
death) dogs developed arrhythmias in the ropivacaine group.215 
The Cmax of drugs in nonsurvivors were 469, 70 ± 14, and 72 
μg/mL for lidocaine, bupivacaine, and ropivacaine, respectively.

KEY POINT 28-25 Bupivacaine requires approximately 20 
minutes to become effective.
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The use of ketamine as an NMDA antagonist was previ-
ously discussed. However, ketamine has local anesthetic 
effects by blockade of Na+ and K+ channels, stabilizing cel-
lular membranes and reducing nerve transmission, similar to 
that of other local anesthetics. The alkalinization of 5 mL of 1% 
ketamine solution with 0.5 mEq bicarbonate produced a more 
consistent and longer-lasting local analgesia (sesamoid block) 
in horses compared with 1% ketamine solution alone.216 How-
ever, a greater amount of sodium bicarbonate was associated 
with precipitation.

MISCELLANEOUS AGENTS

Conotoxins
Conotoxins represent a new class of natural compounds pro-
duced by the marine mollusks of the Conus genus. Investiga-
tions regarding their therapeutic use in a variety of diseases, 
including control of pain, are under way. More than 500 spe-
cies of Conus exist, each capable of producing 100 or more 
conotoxins (conopeptides); thus more than 50,000 pharmaco-
logically active compounds may be investigated for potential 
therapeutic use. In their natural environment, conotoxins are 
used for prey capture (paralysis of fish), defense, and competi-
tor deterrence.217 The molecular targets of conopeptides are 
functionally diverse; some target G protein–coupled receptors, 
others neurotransmitter transporters; and others are charac-
terized by enzymatic activity. Most of the currently described 
conopeptides are small, structured peptides that target either 
ligand-gated or voltage-gated ion channels. Targets identified 
thus far include Na+, K+, Ca2+ or nicotinic acetylcholine chan-
nels, serotonergic receptors, and norepinephrine transporters. 
Most conotoxin families target specific structures: for example, 
ω-conotoxins target Ca channels, whereas α-conotoxins target 
nicotinic receptors. Different conotoxins may target the same 
structure but generally at different sites (e.g., μ and δ conotox-
ins target different sites on sodium channels). In December of 
2004, the Food and Drug Administration approved ziconotide 
(Prialt), a synthetic peptide that mimics a conotoxin produced 
by Conus magus. The venom is used by the sea snail to paralyze 
fish; its analgesic mechanism of action is not clear but appears 
to reflect blockade of N-type calcium channels. Use is currently 
limited to intrathecal administration and thus is largely indicted 
for relief of pain that does not respond to all other options. Cur-
rently, because of their ability to discriminate among molecu-
larly similar ion channels, the conotoxins are also being studied 
for their potential to identify and characterize the role of sodium 
channels isoforms in diseases, including pain.218

Others
Nicotine (e.g., that available in over the counter smoking-
cessation products) increasingly is being investigated for its 
ability to relieve pain. Its mechanism appears to target nico-
tinic acetylcholine receptors, and specifically heteropentam-
eric ion channels activated by acetylcholine. Nicotine may act 
synergistically with opioids.218 Nicotine poisoning as a result 
of tobacco ingestion has been reported in dogs. Clinical signs 
in one report were primarily CNS in origin but also include 

hypersalivation, vomiting, diarrhea, tachycardia, tachypnea, 
hypertension, and hyperthermia. Animals may present in total 
collapse, with dilated pupils, slow and shallow respirations, 
hypotension, tachycardia, and a weak and irregular pulse.219

The analgesic effects of marijuana appear to reflect its inter-
action with cannabinoid (CB) receptors in the CNS, peripheral 
nervous system, or other tissues. Current efforts are focusing 
on methods whereby the psychoactive effects, reflecting inter-
action with CB1 receptors, are avoided without minimizing 
interaction with CB2 receptors (not present in the CNS) asso-
ciated with acute, inflammatory, and neuropathic pain.218

SPECIAL CONSIDERATIONS FOR 
CONTROL OF PAIN IN ANIMALS

Neuropathic Pain
The use of drugs for treatment of neuropathic pain are also 
addressed under preemptive analgesia. The most compre-
hensively studied class of drugs for treatment of neuropathic 
pain in humans are the TCAs, although anticonvulsants are 
probably most commonly used.220 These drugs interact with 
a number of transporters, receptors, and channels associated 
with pain. In addition to their impact on synaptic serotonin 
and norepinephrine, TCAs modulate both sodium and potas-
sium channels and NMDA and ATP receptors. The efficacy 
of TCAs for treatment of neuropathic pain may reflect clos-
ing of sodium channels that inappropriately remain active in 
response to injury. However, drugs that increase serotonin or 
other neurotransmitters in the synapse also minimize neuro-
pathic pain, suggesting that multiple mechanisms of action 
may be important.218

Other classes of drugs used to treat neuropathic pain in 
humans include mexiletine, capsaicin, NMDA inhibitors, 
clonidine, tramadol, and lidocaine patches. Each has been 
used with variable success.220

Gabapentin appears to target neuropathic pain by binding 
calcium channels, specifically at the alpha2 delta1 subunit. As a 
result, neurotransmitter release appears to be altered.218

Cancer Pain
The pathophysiology of cancer-induced bone pain (CIBP) has 
been reviewed and includes both inflammatory (nociceptive) 
and neuropathic pain.221 Among the drugs used to control 
CIBP are the opioids, the mainstay of analgesic control; the 
NSAIDS, therapeutically appealing in part because of their 
recently recognized antitumor effects; and the bisphospho-
nates, which were originally used to treat hypercalcemia.221 
Bisphosphonates inhibit the recruitment and activation of 
osteoclasts, increase osteoprotegerin, induce apoptosis, inhibit 
cancer cell proliferation, and reduce cytokine production and 
metalloproteinase secretion. The analgesic effect is delayed 
several weeks to months.221

Pregnant, Neonate, and Pediatric Animals
In her review, Matthews167 indicates that opioids are the anal-
gesic of choice in pregnant animals. However, care should be 
taken in that the fetal blood−brain barrier is permeable to 
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these drugs (see previous discussion). Chronic use (beyond 
several weeks) is likely to have a negative impact on the fetus, 
causing lower birth weights and behavioral deficits. The lat-
ter may reflect decease nervous system plasticity as a result 
of opioid effects on neuronal development. In contrast, short-
term use is not considered to present a significant problem. 
Methadone appears to be safe in humans. Buprenorphine also 
should be safe, at least with single dosing, because the placenta 
serves as a depot site from which less than 10% of the drug is 
transferred to the fetus. In contrast, fentanyl rapidly crosses 
the placenta. An advantage to opioid use for cesarean section 
is its reversibility and general responsiveness of neonates to 
reversal. Repetitive dosing (e.g., 30 minutes) may be indicated 
if the status of the neonate indicates opioid depression. Ani-
mals should respond to sublingual administration. Ketamine 
also rapidly crosses the placenta. It may contribute to uterine 
contraction and potentially to discomfort of the mother. The 
risk of increased uterine tone, respiratory depression in the 
mother, and altered muscle tone in the fetus warrants careful 
consideration regarding ketamine use in the pregnant animal. 
Opioids also are preferred for analgesic control in the nursing 
mother. Some accumulation should be anticipated in the milk, 
particularly for the more lipid-soluble drugs. As weak bases, 
drugs with higher pKa levels may be accumulated to a higher 
degree. Nursing might be coordinated just before administra-
tion of doses. In humans butorphanal concentrations in milk 
approximated those in serum, whereas little hydromorphone 
was distributed to milk. Neonates might be observed for evi-
dence of opioid-induced sedation.

NSAIDs should be avoided in pregnant animals for sev-
eral reasons (see Chapter 29). Fetal defects may occur with 
administration in the first trimester of pregnancy. The impact 
of NSAIDs on the reproductive system may adversely affect 
the pregnancy itself by altering fetal circulation. If adminis-
tered during labor, they may cause its cessation. Further, the 
impact of prostaglandin inhibition on the developing fetus 
(e.g., fetal kidneys) is being elucidated. Postoperatively, a sin-
gle dose of NSAIDs is acceptable,167 but unless such admin-
istration is demonstrated to offer advantages over opioids, 
alternative analgesics (e.g., opioids) should be considered in 
the nursing bitch or queen. Likewise, because of their diffuse 
effects in the reproductive system, NSAIDs are not recom-
mended for breeding animals.

Analgesic therapy should not be avoided in pediatric 
patients for fear of adversities. Again, opioids are preferred, 
although lower doses should be anticipated, particularly in the 
first 5 weeks of life. Higher volumes of distribution may require 
higher doses; longer intervals should be anticipated because 
of both the larger volume of distribution and decreased clear-
ance. Transdermal patches are generally not recommended 
because of the unpredictable disposition in pediatric patients. 
NSAIDs should not be used in animals younger than 3 to 6 
months unless safety for that particular drug has been demon-
strated (see Chapter 29). The package insert for firocoxib states 
that the drug is not tolerated in juvenile animals, and similar 
responses might be anticipated for other NSAIDs. Local anes-
thetics can be used in both neonatal and pediatric patients, 

although a lower dose is recommended in neonates because of 
the immaturity of the nervous system.167 Buffering procedures 
might be used to reduce pain associated with injection. Topi-
cally applied gels might be considered as well.

Geriatric Patients
Because opioids are active in the CNS, the geriatric patient is 
predisposed to adverse reactions to opioid analgesics.38,222,223 
Cardiac disease increases the risk of toxicity to opioids or any 
other CNS-active drug because of increased drug delivery to 
the brain. On the other hand, decreased receptor sensitivity 
may result in a reduced response to opioid analgesics. The 
mentation status of the geriatric animal may complicate inter-
pretation of clinical response to opioids; CNS depression may 
be difficult to identify. The opioid analgesics decrease central 
response to increased PCO2, which is already impaired in the 
geriatric patient. The opioid analgesics are eliminated from 
the body by hepatic clearance. Both hepatic blood flow and 
hepatic metabolism are decreased in geriatric patients. Thus 
changes in hepatic clearance of these drugs renders the geri-
atric patient more susceptible to toxicity. Increased response 
of human geriatric patients to opioid analgesics (who require 
60% to 75% less drug than younger patients) has been attrib-
uted to changes in drug elimination. Use of opioids that cause 
minimal sedation (e.g., butorphanol, buprenorphine) should 
be considered. Alternatively, opioid analgesics that are revers-
ible are indicated for geriatric patients. Buprenorphine essen-
tially is not reversible, as are most other opioid analgesics.

Surgical Pain
Pain associated with surgery is acute, but if it is insufficiently 
controlled, it can lead to neuropathic pain. The use of preemp-
tive analgesia has been reviewed (see earlier discussion).14 
To effectively prevent neuropathic pain, effective analge-
sics should be administered as long as the cause of the pain 
remains. Surgical pain should be managed with a combination 
of local anesthetics, NSAIDs, opioids, and NMDA antagonists; 
routes should include local, systemic, and epidural. α2 agonists 
are also indicated, although sedative and cardiovascular effects 
limit their use to epidural administration or as part of combi-
nation therapy. General anesthesia alone may not be sufficient 
to control intraoperative analgesia.

Several opioid analgesics are useful for the control of sur-
gical pain. For animals suffering pain before surgical induc-
tion, oxymorphone or butorphanol administered as part of a 
preanesthetic or anesthetic regimen can both control pain and 
reduce the amount of general anesthetic. Likewise, animals to 
be subjected to a surgical procedure that will induce pain that is 
not likely to be successfully controlled with general anesthetics 
will also benefit from presurgical administration. Meperidine 
is generally used as a preanesthetic to minimize the amount 
of general anesthetic needed for a geriatric or debilitated 
(e.g., poor cardiovascular system) animal rather than to con-
trol pain. In addition, a fentanyl patch can be applied the day 
before surgery. Opioids might also be given intraoperatively if 
cardiovascular signs indicate the perception of pain despite a 
general anesthetic. Agents that can be reversed or those with 
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a ceiling effect should be used to minimize the risk of respira-
tory or cardiovascular depression.

Postoperatively, any of the opioids can be administered, 
and the selection should be based on the degree of analgesia 
desired balanced with the risk of sedation in the postoperative 
patient (see the section on assessing pain). Those most com-
monly selected by small animal practitioners include oxy-
morphone, buprenorphine, and butorphanol, although the 
indications for butorphanol should be limited.23,127,128 Severe 
pain indicates the need for pure agonists such as fentanyl, 
morphine, hydormorphone, or oxymorphone. Fentanyl trans-
dermal patches can be applied postoperatively, but it is likely 
that the analgesic effects of the patch will need to be supple-
mented over the short term. Less severe pain may sufficiently 
respond to buprenorphine or (less ideal) butorphanol. Of the 
two, buprenorphine can be expected to consistently provide a 
longer period of analgesia (about 4 to 6 hours). Acepromazine 
can be combined with either butorphanol or buprenorphine 
for sedation. Pulse oximetry can be used to evaluate tissue 
oxygenation and the potential risk associated with a sedating 
drug, including a pure agonist opioid.

The sedative effects of the opioid may be desirable for 
some patients but undesirable for others. An advantage of 
these drugs is that the sedating effects can be reversed if nec-
essary. Note, however, that repeated administration of the 
reversing agent may be necessary (e.g., naloxone). Alterna-
tively, if a sedating opioid has been used and reversal of the 
sedating effects is desirable, butorphanol or buprenorphine 
can be used. A portion of the analgesic effect will also be 
reversed (because of antagonistic actions at MOP receptors 
for both of these drugs), but KOP receptors will mediate 
some analgesia.

NSAIDs can be very effective postoperatively; in addition to 
their peripheral antiinflammatory effects, NSAIDs may have 
central actions. Care should be taken with the use of NSAIDs; 
drugs that are selective for COX-2 are preferred (see Chap-
ter 29). However, the impact of COX-2 inhibition on healing 
and other physiologic response must be addressed. The avail-
ability of several approved COX-1 protective drugs in the dog 
and meloxicam (COX-protective status unknown in cats) calls 
into question the wisdom of using alternative NSAIDs. Fur-
ther, the efficacy of NSAIDs as preemptive analgesics coupled 
with their inherent risks mandates caution when used peri-
operatively or intraoperatively, particularly in the unhealthy 
patient. Fluid therapy during surgery is important to prevent 
renal complications, and excessive bleeding may occur as a 
result of the inhibition of thrombogenesis. Combinations of 
opioids (codeine, butorphanol) and NSAIDs or acetamino-
phen should be considered to avoid the side effects associated 
with NSAID use.

Critically Ill Patients
Stress that is too severe can complicate the care of the critically 
ill patient. Invasive procedures intended to support the patient 
produce pain that can be severe, requiring use of sedation, 
local analgesics, or central analgesics. Procedures that require 
some type of analgesic therapy include placement of urinary, 

nasal, and nasogastric catheters; bone marrow aspiration; and 
drainage or lavage of body cavities. Opioid sedation, or a com-
bination of ketamine (100 mg/mL) and diazepam (5 mg/mL) 
mixed 1 to 1 and administered at 0.05 to 0.1 mL/kg may limit 
stress associated with these procedures.25,224

Among the opioids most commonly used to control pain 
beyond that associated with supportive procedures are mor-
phine, oxymorphone, and butorphanol.23 Side effects of most 
concern include respiratory and cardiac depression. Most 
animals can, however, tolerate mild respiratory depression 
associated with opioids, and respiratory disease or trauma is 
not a contraindication for opioid use in animals. For example, 
morphine can be used for the patient with pulmonary edema 
secondary to heart failure. In addition to splanchnic pooling 
and decreased preload to the heart, sedation decreases strug-
gling and oxygen use. Morphine can be given to effect at 0.1 
mg/kg every 3 minutes until light sedation has been achieved. 
Oxymorphone may be the preferred opioid of choice for ani-
mals for which systemic hypotension can be life threatening 
because it is less likely to cause histamine release. Fluid ther-
apy is indicated if hypotension occurs.25,224

The use of local anesthetics for the critically ill patient 
should not be ignored. The short duration of action of lido-
caine leads to its usefulness for short invasive procedures. It 
has been used intravenously in human patients as a centrally 
acting analgesic, but in animals it should be administered in 
conjunction with another analgesic if used centrally (1 to 2 
mg/kg loading dose followed by CRI at 25 to 40 μg/kg per 
minute). The longer duration of action of bupivacaine lends 
itself to control of pain associated with surgery or trauma. 
Bupivacaine can be infiltrated in the proximal intercostal 
nerves for surgical procedures or infiltrated through a chest 
tube (0.25% to 0.5%, up to 1 to 2 mg/kg every 6 hours) for con-
trol of thoracic pain. Sufficient drug can be absorbed to induce 
toxicity after local administration. Bupivacaine is more car-
diotoxic than lidocaine, and cardiac depression is more likely 
with repeated administration. CNS reactions include depres-
sion and stupor, which may precede seizures. Epinephrine can 
be used to slow absorption of drug into systemic circulation, 
although this should be used only with extreme caution in 
critically ill patients.25,224

The use of NSAIDs to control pain in the critically ill is 
risky because of the gastrointestinal, hematopoietic, and renal 
and other (often unknown) side effects of these drugs. Until 
data are available to support their use, however, all NSAIDs, 
including COX-2 preferential drugs, probably should not be 
used in the critically ill patient. An exception might be made 
for patients suffering from endotoxic shock.25,224

Assessment of the patient with cranial trauma can be dif-
ficult, complicating the monitoring of analgesic use. Clini-
cal signs vary with the site and extent of brain injury (e.g., 
concussion, laceration, contusion). Brain trauma can lead to 
extracranial or intracerebral hemorrhage days after the injury 
(with clinical signs varying depending on exactly where the 
hemorrhage occurs), as well as edema (intracellular, extracel-
lular, interstitial, or vasogenic), hypoxia (or ischemia), and 
increased intracranial pressure. Marked neuronal ion flux 
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(sodium influx, potassium efflux) can lead to anaerobic gly-
colysis and marked cerebral acidosis. Calcium influx may lead 
to production of inflammatory mediators; edema is among 
the consequences of inflammation. The lipid nature of brain 
tissue renders it prone to damage by oxygen radical genera-
tion, which can contribute markedly to neuronal damage. 
Decreased cerebral blood flow can cause cessation of normal 
homeostasis, leading to cellular swelling. Loss of autoregula-
tory mechanisms for blood flow can persist for several days, 
further contributing to ischemic damage.225 Cerebral ischemia 
increases with intracranial pressure. Cerebral arterial PCO2 
increases and PO2 decreases, causing increased cerebral blood 
flow. Cerebral blood flow also increases with cerebral metabo-
lism, such as that associated with response to excitement, fear, 
and pain.225,226

After cranial trauma the blood–brain barrier becomes per-
meable to small molecules normally excluded by the brain.225 
Maximal permeability occurs several days after the injury. Not 
only is the patient further predisposed to damage induced by 
metabolites, but also greater drug distribution into the brain 
increases the risk of neurologic adverse drug reactions. Con-
ditions that might exacerbate the pathophysiologic sequelae 
of cranial trauma include systemic hypoxia (associated with 
pneumothorax, aspiration pneumonia, and adult respiratory 
distress syndrome), hyperglycemia (increases neuronal dam-
age), and hyperthermia (exacerbating neuronal damage).

Control of pain in the patient with cranial trauma is con-
troversial.225,226 Whether or not injury to the brain causes 
the sensation or perception of pain, the physiologic conse-
quences of pain or the release of endogenous opioids is not 
clear. Trauma to the brain alone may not be an indication for 
analgesic therapy. In contrast, the indication for analgesics in 
patients with other injuries in conjunction with cranial trauma 
is clear in part because the physiologic consequences of pain 
may worsen the cranial trauma. For example, hypertension 
may facilitate cranial bleeding, as might lowered arterial PCO2 
induced by tachypnea. Thus analgesic therapy is indicated for 
injuries sustained beyond cranial trauma. Among the anal-
gesics, for such injuries the opioid analgesics tend to be pre-
ferred because of their efficacy, reversibility, and (compared 
with the NSAIDs) safety. The physiology of the damaged 
brain is not, however, well elucidated. Current knowledge has 
caused neurologists to reconsider traditional therapies such as 
the use of glucocorticoids (risk of hyperglycemia) and man-
nitol (increased risk of hemorrhage) for patients with cranial 
trauma. Even standard therapies such as resuscitative fluid 
therapy (increased risk of cerebral edema) can worsen damage 
induced by cranial trauma, and it is likely that neither the posi-
tive nor the negative sequelae of analgesics on the traumatized 
brain have been fully described. Thus caution is recommended 
not only in the selection of the analgesic but also in the sup-
portive care provided to the patient with cranial trauma.

A number of known disadvantages are associated with the 
use of opioids in patients with cranial trauma. Altered men-
tation induced by cranial trauma and neurologic dysfunction 
associated with damage to the respiratory and cardiovascular 
systems are the major concerns. Failure to stabilize the patient 

and masking of worsening mentation induced by trauma 
with a sedating drug can lead to life-threatening depression. 
Because of their sedative effects, opioids selected for control of 
pain in the patient with cranial trauma should be either mini-
mally depressive or reversible if there is risk of life-threatening 
sedation or continued loss of mentation caused by trauma. The 
time to maximal detrimental (as well as beneficial) effects of 
an opioid varies with the route of administration, occurring 
in most cases within 10 minutes after intravenous administra-
tion but up to 30 minutes after intramuscular administration 
in human patients. Administration of opioids in low doses 
and titrating the dose to match the patient’s response to pain 
and physical status can minimize the risk of opioid-induced 
complications.225,226

Opioids have both direct and indirect effects on the brain. 
Opioids may directly increase cerebrospinal pressure, which 
may contribute to neurologic damage induced by trauma 
and its consequences. This may not be reversible with opi-
oid antagonists, and thus increased CSF pressure should be 
avoided by reserving use of opioids until the CNS status of the 
patient has stabilized; repetitive, close monitoring is needed 
after drug administration. The blood–brain barrier is likely 
to be damaged in the patient suffering from cranial trauma, 
facilitating drug movement into the brain. Doses of drugs, 
including opioids, may need to be decreased. In addition, 
drugs that induce seizure activity, such as meperidine, are not 
recommended.225,226

All of the opioids are associated with some degree of CNS 
depression. Pure opioid agonists that act at the MOP recep-
tors are associated with the greatest CNS depressant effect. 
Drugs predominantly active at KOP receptors (located usu-
ally in the spinal cord), such as butorphanol and buprenor-
phine, are characterized by less sedation. As such, these drugs 
may be more appealing for the patient with cranial trauma. 
Buprenorphine, however, has both MOP (supraspinal) agonis-
tic and antagonistic effects, whereas butorphanol only antago-
nizes MOP receptors. In addition, buprenorphine is not fully 
reversible at MOP receptors and therefore should probably 
be avoided until the traumatized patient has been completely 
stabilized. Once the risk of degrading mental status is mini-
mal, buprenorphine will be safer. Pure opioid agonists such 
as morphine and oxymorphone can be used, but these drugs 
are more likely to contribute to CNS depression induced by 
trauma. An advantage to either of these drugs, however, is 
their full reversibility by opioid antagonists. Should reversal 
be indicated, extra caution should be taken to ensure slow 
reversal, thus avoiding a hyperanalgesic response and its phys-
iologic sequelae. In addition, care should be taken to assess the 
need for repeated administration of the reversal agent.225,226

Direct depression of the respiratory centers, coupled with 
decreased responsiveness to arterial PCO2, are likely to be 
exacerbated in the patient with cranial trauma. Lung volume 

KEY POINT 28-26 An advantage of pure opioids as choice 
drugs for control of pain in special-needs population is their 
reversibility in dogs.
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decreases in the normal patient, and depression of the cough 
reflex (especially morphine) increases aspiration of accumu-
lated secretions and development of atelectasis owing to reten-
tion of respiratory secretions. Respiratory rate, depth, and 
rhythm should be closely monitored during opioid adminis-
tration. Blood gases should be monitored in patients at risk for 
respiratory depression. Although pulse oximetry can confirm 
tissue oxygenation, tissue PCO2 drives respiratory rate and 
cerebral vascular responses. Respiratory acidosis may develop 
despite normal tissue oxygenation. Increased PCO2 can lead 
to increased cerebral blood flow, which may exacerbate cere-
bral hemorrhage. In addition to effects of cerebral vascula-
ture, the respiratory rate may be altered (slowed). In a patient 
whose respiratory center is threatened as a consequence of 
cranial trauma, further suppression of the respiratory center 
by an opioid can be life threatening. Drugs characterized by 
a ceiling effect on respiratory depression (e.g., butorphanol 
and buprenorphine) will decrease, but not exclude, the risk of 
opioid-induced CNS respiratory depression. The use of con-
tinuous epidural opiate infusions is recommended for human 
patients who have sustained multiple pulmonary trauma.225,226

Cardiovascular depression is also a concern in the patient 
with cranial trauma receiving opioid analgesics. Depression 
can be mediated through the central centers, directly on the 
myocardium, or through peripheral effects (particularly opi-
oids such as morphine that mediate histamine release). Again, 
close monitoring of rate, rhythm, and pulse is indicated during 
the initial stages of opioid use. Oxymorphone and fentanyl, 
which are not associated with as much histamine as is mor-
phine, might be preferred over morphine.225,226

Epidural Analgesia
Epidural analgesia was reviewed by Jones.227 Epidural adminis-
tration of analgesics can be used to facilitate anesthesia for sur-
gery or provide prolonged postoperative analgesia (see Table 
28-3). The efficacy of epidural opioids and local anesthetics in 
the preemptive control of pain in humans also was reviewed 
(Jones227 and Møiniche and coworkers15). For analgesic effects, 
opioids, particularly at high doses, are most useful. Opioids 
cause selective spinal analgesia by binding to opioid receptors 
in the dorsal horn of the spinal cord segments. The process-
ing of signals sent by nociceptors is modulated. Thus central 
effects are absent. Opioids most commonly administered epi-
durally include morphine, oxymorphone, buprenorphine, and 
fentanyl. Opioids must cross through the dura and pass into 
the dorsal horn to be effective with epidural use.227 Bernards228 
reviewed the factors that govern the rate and extent of opioid 
redistribution from epidural and intrathecal spaces such that 
target opioid receptors are reached. The specific opioid to be 
used depends on the targeted region. Pelvic analgesia can be 
provided by a number of opioids; for abdominal or thoracic 
analgesia, a drug with a low lipid solubility (e.g., morphine) is 
indicated to allow more time for cranial diffusion (after lum-
bosacral administration) before the dura is penetrated. Mor-
phine also has the longest onset of action (up to 90 minutes) 
but provides the longest duration of analgesia (up to 24 hours) 
(see Table 28-3). When used to control postoperative pain, it 

should be administered before surgery. Sibanda and cowork-
ers229 demonstrated that the combined extradural admin-
istration of bupivacaine (up to 1.5 mg/kg) with morphine  
(0.1 mg/kg) in dogs reduced concentrations of measures of 
stress, including cortisol and acute phase proteins, in clinical 
animals undergoing surgical procedures.229 Fentanyl is very 
lipid soluble. Its analgesia is very rapid in onset but does not 
extend more than one to two spinal cord segments from the 
injection site. Its central effects are more common than those 
of other analgesics because of its high lipid solubility and rapid 
absorption into systemic circulation. It can be combined with 
morphine to provide analgesia as the morphine penetrates the 
dura.

Pruritus is a common side effect in human patients receiving 
opioids epidurally. Delayed respiratory depression is a complaint 
in a much smaller percentage of the human population. Nei-
ther of these side effects has been reported in animals. Because 
opioids cause no paralysis, there is little to no loss of skeletal 
muscle (motor) function. Weakness of the detrusor muscle and 
urine retention are not, however, unusual. Among the opioids, 
buprenorphine appears the least likely to cause urinary reten-
tion. Catheterization may be necessary in some patients.

Local anesthetics have been used epidurally in dogs.230 
Local anesthetics provide direct anesthesia at any nerve root 
with which the drug comes in contact. This effect is spinal if 
the drug is administered into the CSF. Bupivacaine is more 
potent and lipid soluble than lidocaine yet has a slower onset 
of action and longer duration of effect. Motor blockade should 
be anticipated but can be minimized by use of dilute concen-
trations (0.0625% to 0.125%). An opioid can be used for dilut-
ing bupivacaine 1 to 1 up to 1 to 3 (by volume).

Epidural administration of analgesics is contraindicated 
for patients with neurologic deficits or injuries and coagu-
lopathies, bacteremia, and severe systemic infections. Despite 
the lack of reported toxicity, drugs that contain preservatives 
(e.g., multiple-dose vials) should be avoided because they may 
contain preservatives that are neurotoxic. The risk of toxic-
ity increases with multiple injections. Products containing 
sodium metabisulfite should not be administered intrathe-
cally. The use of epinephrine in combination with local anes-
thetics and particularly bupivacaine also should be avoided 
because of very prolonged (24 to 48 hours) muscle weakness. 
Potential complications of epidural analgesia include epidural 
or intrathecal hemorrhage, spinal nerve root trauma, motor 
blockage (particularly with local anesthetics), central effects as 
the drug diffuses to the brain, and weakness or ataxia.
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THE PATHOPHYSIOLOGY 
OF INFLAMMATION

Inflammation can occur in any vascularized tissue. Initiated 
as a protective mechanism intended to remove the underlying 
cause, be it chemical, physical, or biological, the acute inflam-
matory process facilitates return of the inflamed tissue to nor-
mal function.1,2 With time, however, its unfettered actions can 
lead to chronic inflammation, which can contribute to harm 
to the patient. The sequelae of inflammation are manifested 
as five cardinal signs: redness, heat, swelling or edema, pain, 
and loss of function. The initial response to vascular damage 
is vasoconstriction of small vessels in the area of injury, which 
serves to control hemorrhage within 5 to 10 minutes; how-
ever, vasodilation and increased vascular permeability of small 

venules are evident. Leukocytes, platelets, and erythrocytes in 
the injured vessels become “sticky,” adhering to the endothe-
lium. Leakage of cells and plasma-derived protein-rich fluid 
is followed by platelet aggregation and fibrin formation. Ini-
tially, the predominant cell type infiltrating damaged tissues 
is the polymorphonuclear leukocyte (PMN), in part because 
it predominates in circulation. These cells provide a protective 
response by removing chemicals or other materials that may 
have initiated the inflammatory response. As the short-lived 
PMNs die, macrophages become the predominant cell type. 
The migration and concentration of PMNs to the site of injury 
is facilitated by chemical mediators that act as chemotactic 
agents. As PMNs die, the contents of the lysed cells accumulate 
to form the component of inflammatory exudate commonly 
referred to as pus.
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THE ROLE OF CHEMICAL MEDIATORS IN 
THE INFLAMMATORY RESPONSE

Released mediators perpetuate the inflammatory response 
(Table 29-1 and Figures 29-1 and 29-2) and are responsible 
for the clinical signs associated with inflammation, including 
pain and fever.3 Mediators (see Table 29-1) are derived from 
both the cells (both preformed and formed in situ) and fluid 

that reach the site of tissue damage by way of the bloodstream. 
Although quantitative differences between species and tissue 
concentrations of the mediators vary, the effect on and role in 
the pathophysiology of inflammation that each mediator has 
are predominantly the same. Leukocytes are a rich source of a 
variety of chemical mediators of inflammation. These cells, as 
well as cells of the injured tissues (either at the time of dam-
age or after subsequent damage), perpetuate the inflammatory 

Table 29-1  Mediators Important in the Course of Inflammation
Mediator Source Action Pharmacologic Modulator
Lysosomal contents Phagocytes Vessel permeability

Membrane degradation
Chemotactic factors
Collagen, fibrin, cartilage (etc.) 

 degradation

Glucocorticoids
Dimethylsulfoxide
Organic gold compounds

Histamine Granulocytes Vasodilation
Capillary permeability
Pain

Antihistamines (particularly H1+ and 
 possibly H2 blockers)

Serotonin Platelets Vasodilation and constriction
Capillary permeability

Eicosanoids
Prostaglandins
Leukotrienes
Lipoxygenases

All cells Chemotaxis
Vascular permeability
Vasodilation
Pain

Glucocorticoids
Nonsteroidal antiinflammatory drugs

Platelet-activating factor Platelets Platelet aggregation
Chemotaxis

Glucocorticoids

Oxygen radicals Damaged tissues
Leukocytes

Highly destructive to a number of  
 cellular constituents, particularly  
lipid membranes

Superoxide dismutase
Vitamin E
Ascorbic acid
Dimethylsulfoxide
Xanthine oxidase inhibitors

Kinins Plasma Vasodilation
Capillary permeability
Pain

Nonsteroidal antiinflammatory drugs

Complement Plasma Lysis of cells
Histamine release
Vascular permeability
Release of lysosomal contents
Chemotaxis

Glucorticoids
Dimethylsulfoxide
Antihistamine

Fibrinopeptides Plasma Enhance kinins
Vascular permeability
Chemotaxis

Nonsteroidal antiinflammatory drugs(?)

Cytokines Proinflammatory: Control direction, 
 magnitude, duration of immune 
response; local effects in general but 
may become systemic

Multiple: nonsteroidal antiinflammatory 
drugs, glucocorticoids, others

Tumor necrosis factor-alpha 
(cachectin)

Macrophages

Tumor necrosis factor-beta  
(lymphotoxin)

Lymphocytes

Interleukins (esp. IL-1)
Lymphocytes (T) Antiiflammatory: downregulate  

immune response
Chemokines (chemotactic 

cytokines)
Leukocytes, others Second-order cytokines, induced by 

above; leukocyte migration
Multiple: nonsteroidal antiinflammatory 

drugs, glucocorticoids, others
Neutrophil-activating protein
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response and become potential targets of antiinflammatory 
drugs. Preformed mediators include those located in gran-
ules (e.g., histamine and serotonin) and lysosomes and other 
enzymes. Their release occurs in the earliest stages of inflam-
mation, to be followed by the release of mediators formed in 
situ. This latter group includes products of arachidonic acid 
(AA) metabolism, including eicosanoids (prostaglandins 
[PGs], leukotrienes, and related compounds), and platelet-
activating factor, as well as oxygen radicals, and cytokines. The 
role each of these mediators varies. Although most mediators 
are proinflammatory in action, antiinflammatory mediators 
also are formed. Examples include lipoxins, epoxyeicosatrie-
noic acids (EETs), hydroxyeicosatetranoic acids (HETEs), and 
epoxyoctadecenoic acids (EpOMEs), selected cytokines, and 
possibly cyclooxygenase-2 (COX-2)–generated PGs formed in 
later stages of inflammation (see Table 29-1).1,2 The induction 
of genes responsible for the generation of proinflammatory 
mediators is an emerging target of interest for antiinflamma-
tory drugs. Among the inducible transcription factors that 
control inflammatory gene expression, nuclear factor NFκB 
is of particular interest because of its ability to coordinate 

soluble proinflammatory mediators such as cytokines and 
chemokines as well as leukocyte adhesion molecules. Nor-
mally, this factor is trapped in the cytosol by an inhibitory 
protein that hides the signal necessary for nuclear localiza-
tion. However, in the face of proinflammatory cytokines (e.g., 
tumor necrosis factor-alpha [TNF-alpha], interleukin-1 [IL-
1]), the inhibitory protein is phosphorylated and degraded, 
thus allowing movement of NFκβ to the nucleus.4 The role of 
matrix metalloproteinases (MMPs) in the inflammatory pro-
cess is being increasingly recognized.5 The extraceullar matrix 
has long been recognized as a substrate for these proteolytic 
tissue-remodeling enzymes. However, other molecules serve 
as substrates, including cytokines and chemokines. As such, 
MMPs may act to control or perpetuate inflammation, and the 
sequelae of their inhibition may lead to adverse reactions as 
well as therapeutic benefits.

Mediator Source Action Pharmacologic Modulator
Platelet-activating factor
IL-1
Stress proteins
Heat shock Molecular chaperones 

(cytoprotection, 
protein)  
 manipulation

Superoxide dismutase
Lipoxins As with leukotrienes; 

lipoxygenase 15.
Antiinflammatory, Aspirin (increases)

Antiplatelet Nonsteroidal antiinflammatory drugs (vary 
in impact)

Vasodilatory Not dual-acting nonsteroidal antiinflamma-
tory drugs

Regulates myelopoiesis
EETs, HETEs, EpOMEs As with eicosanoids; 

formation  
catalyzed by 
 cytochrome P450

Modulate vascular tone;  
antiinflammatory

Soluble epoxide hydroxylase inhibitors

NFk-B Cells producing 
proinflammatory 
mediators

Induces transcription of genes that  
control inflammatory mediators

Emerging; see text

Metzincins Extracellular matrix Cleavage of proteins, including adhe-
sion molecules, cytokines, che-
mokines, growth factors; tissue 
remodeling. May be proinflammatory 
or  antiinflammatory

Metalloproteinases
Tissue inhibitors of 

 metalloproteinases
Extracellular matrix Control of inflammation

EETs, Epoxyeicosatrienoic acids; HETEs, hydroxyeicosatrienoic acids; EpOMEs, epoxyoctadecenoic acids; NFk-B, nuclear factor kappa-B.

Table 29-1  Mediators Important in the Course of Inflammation—cont’d

KEY POINT 29-1 The inappropriate inflammatory response 
reflects an imbalance between proinflammatory and 
 antiinflammatory mediators.
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Plasma-derived mediators also are important contributors 
to the inflammatory process. These include the kinins (e.g., 
bradykinin), released from their precursor form after appro-
priate physiologic or pathologic stimulation; complement 
and complement-derived peptides, released after activation of 
either the classic or the alternative pathway; and fibrinopep-
tides, released during the conversion of fibrinogen to fibrin 
during the clotting process and subsequent proteolysis of 
fibrin by plasmin.

Acute inflammation can cause severe organ or life- 
threatening damage. Monocytes, which follow neutrophils to 
the site of inflammation several hours later, release collage-
nases and elastases, softening local tissues. Interleukin release 
draws fibroblasts to the area, which in turn deposit collagen at 

the site. The collagen is gradually remodeled, and new blood 
vessels continue to form until oxygen tension is normal. If the 
cause of inflammation is removed, healing is complete. Fail-
ure to remove the inciting cause leads to persistent, chronic 
inflammation. Pharmacologic control of inflammation is ori-
ented toward preventing the release of various chemical or 
plasma mediators, inhibiting their actions and treating patho-
physiologic responses to them. Drugs useful for modulating 
the activity of chemical mediators derived from cells, plasma, 
or both are summarized in Table 29-1. Among the most impor-
tant and frequently used drugs are the nonsteroidal antiin-
flammatory drugs (NSAIDs), all of which control fever; pain; 
and, to varying degrees, inflammation. A number of drugs and 
novel ingredients target inflammation particularly associated 
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Figure 29-2 The release of arachidonic acid from the phospholipids in cell membranes leads to a cascade of events resulting in the formation of inflammatory mediators. The 
family of cyclooxygenases (COX) results in the formation of constitutive prostaglandins (COX-1) and inducible prostaglandins (COX-2). The inducible prostaglandins con-
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1050 Drugs Targeting Inflammation or Immunomodulation SECTION 5

with specific conditions including osteoarthritis and septic 
shock; these are discussed separately. Glucocorticoids engage 
such a substantial role in the contribution, prevention, and 
treatment of inflammation that their discussion warrants a 
separate chapter.

SHARED PHARMACOLOGY OF 
NONSTEROIDAL ANTIINFLAMMATORY 
DRUGS

Chemistry
Although NSAIDs have been variably defined, the name 
is used to describe compounds that are not steroidal and 
that suppress inflammation. Generally, the classification is 
restricted to those drugs that inhibit one or more steps in the 
metabolism of AA, generally at the COX side of the cascade.6 
The NSAIDs vary in their ability to influence inflammation. 
The mechanism of action of some of these drugs is not limited 
to inhibition of AA metabolism.7

Aspirin, one of the earliest components of herbal therapy, 
is the progenitor NSAID, and terms such as aspirinlike and 
aspirin and related drugs have been used to refer to NSAIDs,6 
although this older terminology may become obsolete with 
approval of newer NSAIDs. Structurally, NSAIDs can be 
broadly classified as either the salicylate or carboxylic acid 
derivatives, including the indoles (indomethacin), propi-
onic acids (carprofen, ibuprofen, and naproxen), fenamates 
(mefenamic acid), oxicams (piroxicam), and pyrazolones or 
enolic acids (phenylbutazone and dipyrone)(Figures 29-3 
and 29-4).6 Functionally, NSAIDs increasingly are being cat-
egorized by the enzymes they target: conventional (COX-1 
and COX-2); newer COX-2–selective (COX-1 protective), 
which includes the coxibs as well as similarly acting drugs; 

more appropriate and dual inhibitors (tepoxalin) (see Figure 
29-2). The coxibs include the sulfones and the sulfonamides. 
However, the term coxib refers to a chemical structure (see 
Figure 29-4) and not pharmacologic action and should not 
be used to refer to all drugs that might preferentially target 
COX-2 compared with COX-1. The coxibs are not arylamine 
sulfonamides (see Chapter 4), and therefore allergic reactions 
typical of sulfonamides antibiotics (see Chapter 7) may not 
occur. Nonetheless, several of these drugs are associated with 
keratitis sicca or suppression of thyroid gland activity.

Mechanism of Action
Prostaglandins
Prostaglandin Formation. Eicosanoids, such as PGs and leu-
kotrienes, are 20-carbon chain derivatives of cell membranes. 
Eicosanoids are potent mediators of inflammation and are 
particularly important in the later stages.3,8 These compounds 
are synthesized when oxygen reacts with the polyunsatu-
rated fatty acids of cell membrane phospholipids (see Fig-
ures 29-1 and 29-2). The most important of these fatty acids 
is AA, an omega-6 fatty acid, which is released into the cell 
from phospholipids of the damaged cell membranes. Release 
reflects activation of phospholipase A2 (dependent on calcium 
and calmodulin) located in the cell membrane.9 Once inside 
the cell, AA serves as a substrate for enzymes that generate 
intermediate and ultimately the final eicosanoid end prod-
uct.8,10 The formation of lipoxygenases and their subsequent 
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Figure 29-3 Structures of selected “traditional” nonsteroidal antiinflammatory drugs.

KEY POINT 29-2 Although all nonsteroial antiinflammatory 
drugs share a common mechanism of action through 
inhibition of cyclooxygenase, the drugs vary in the isoform 
targeted, as well as in nonprostaglandin-mediated effects.
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 inhibition is discussed under “Miscellaneous Antiinflammto-
ries.” COX PG synthase or prostaglandin H (PGH) synthase, 
located in all cells except mature red blood cells, add oxygen 
to AA, generating unstable PG endoperoxides (PGG2). Subse-
quent peroxidase reactions convert PGG2 to PGH2, the pre-
cursor of all PGs and thromboxane. The final PG end  product 
depends on the presence of specific isomerase reductase or 
synthetase enzymes, some of which may be inducible.8,9

The direct effects of PGs are mediated through cell mem-
brane–spanning G protein receptors located on target tissues 
and cells. At least nine subtypes have been identified, cor-
responding to each of the COX metabolites: DP1-2 (PGD2), 
EP1-4 (PGE2), FP A, B (PGF2α), IP (PGI2), and TP α, β (TXA2) 
(G&G);11 another four have been characterized for PGE2, 
opening the potential for selective drug activity.9 In addi-
tion to their receptor interactions, PGs also act indirectly by 
enhancing other mediators such as histamine and bradykinin.

The role of PGs in normal physiology as well as in disease 
might best be understood by considering them as protective in 
nature, even those associated with inflammation. Their forma-
tion is mediated by one of at least two isoforms of cyclooxygen-
ases (see Figures 29-1 and 29-2), located on different genes in 
humans.12-14 COX-1, the “housekeeping” isoform,14 mediates 
the formation of constitutive PGs produced by many tissues, 
including gastrointestinal cells, platelets, endothelials cells, and 
renal cells. PGs generated from COX-1 are constantly pres-
ent, providing homeostasis through a variety of normal physi-
ologic effects. These include protection of the gastrointestinal 
mucosa, hemostasis, and the kidney when subjected to hypo-
tensive insults. COX-2 is the product of an “immediate-early” 
gene that is rapidly inducible and tightly regulated.14 Regula-
tion of COX expression is complex, with more sites present 
on the COX-2 compared with the COX-1 gene. Its expression 
is tightly restricted (but not absent) under basal conditions, 
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but it is dramatically upregulated in the presence of inflam-
mation or other diseases.9 Diseases associated with increases 
include (in humans) rheumatoid arthritis, seizures, ischemia, 
and (posttranslational) cancer.9 Proinflammatory cytokines 
such as TNFα and the interleukins stimulate the expression 
of COX-2 in many cell types, such as synovial cells, endothe-
lial cells, chondrocytes, osteoblasts, and monocytes and mac-
rophages.14 COX-2 catalyzes the formation of inducible PGs, 
which are needed only intermittently or under specific situa-
tions.12,13,15,16 A third COX isoform has been suggested, but 
it appears to be a variant of COX-1. Originally identified in 
high concentrations in canine cerebral cortex (hence the term 
used by some investigators, “canine COX-3”),17 it is inhibited 
by acetaminophen (and other NSAIDs). Its inhibition may 
influence central analgesic effects of NSAIDs.1,2 Differential 
or selective inhibition of COX-2 clearly offers potential some 
safety benefits by avoiding loss of homeostatic PGs; however, 
loss of COX-2 activity is also associated with adversities.14 
It is important to note that COX-2 is ofttimes constitutively 
expressed: in the kidney and brain it mediates a cytoprotective 
effect in damaged or inflamed gastrointestinal mucosa.

Cyclooxygenases in health and disease. An appreciation of 
both efficacy and safety of COX inhibition (e.g., NSAIDs) is 
facilitated by an understanding of the role of COX in healthy 
and diseased tissues. COX has been described as the most 
common target of drug therapy with NSAIDs. In general, 
inhibition of COX-2 is responsible for efficacy, whereas inhi-
bition of COX-1 is responsible for side effects.9 However, strict 
adherence to this simplistic approach will lead to therapeutic 
failure and increased morbidity with NSAID use. Although 
COX-1 does indeed appear to be the predominant constitu-
tive enzyme responsible for housekeeping, both COX-1 and 
COX-2 are constitutively expressed in many tissues. Further, 
although COX-2 clearly is more active in the promotion of 
inflammation, COX-1 does appear to have some role.

Inflammation. PGs, and primarily PGE2, induce vasodi-
lation, capillary permeability, and chemotaxis. As such, PGs 
cause the cardinal and clinical signs of inflammation, includ-
ing pain and fever.8 PGE also modifies both T-cell and B-cell 
function, in part by inhibition of IL-2 secretion.8 Other inflam-
matory effects of PGE include its regulation IL-6, macrophage 
colony-stimulating factor, and vascular endothelial growth 
factor. In general, research consistently indicates that it is 
COX-2 that predominantly mediates formation of PGE associ-
ated with inflammation, pain and fever. For example, whereas 
COX-1 is largely absent in normal synovial cells, COX-2 is 
induced in most types of arthritis, including inflammatory 
arthritis in animals and rheumatoid arthritis in humans. In 
cartilage COX-2 is associated with IL-1 degradation of proteo-
glycan and apoptosis of synovial cells.18 However, not all of the 

inflammatory actions of COX-2 are undesirable in that COX-2 
induction in response to inflammation contributes to tissue 
healing. For example, COX-2 is associated with healing in lig-
aments, bone, the gastrointestinal tract, and other tissues. The 
importance of COX-2 to dermal healing is not yet known.9

Central Nervous System. Both COX-1 and COX-2 are 
consitutively expressed in the brain and spinal cord. Constitu-
tive COX is very responsive to ischemia, immunomodulation, 
cytokines, toxins, brain damage, and maturation processes.17 
However, although both isoforms are present, COX-2 pre-
dominates. PGs of the central nervous system (CNS) play a 
major role in pain; howevever increasingly they are recognized 
for roles in other disorders. Among them is the role of COX 
in the pathogenesis of Alzheimer’s disease (AD). Extracellular 
deposition of fibrillar amyloid β (Aβ), intracellular accmumu-
lation of abnormally phosphorylated tau protein, and subse-
quent formation of Aβ plaques mediating neurodegeneration 
and dementia in AD are associated with inflammation and 
COX-2.19 Mediators of inflammation are present throughout 
all stages of the disease, whereas COX-2 is absent in normal 
astrocytes or microglial cells. Further, COX-2 is upregulated 
in acute brain injury and in animal models of AD.9,19 Finally, 
the connection between AD and COX is supported by a lower 
incidence of AD in patients with rheumatoid arthritis, pre-
sumably because of the use of NSAIDs for its treatment.19 The 
protective effects of NSAIDs in the AD patient may reflect the 
antiplatelet properties of NSAIDs; aspirin in particular may 
decrease the risk of ischemic damage induced by blocked cap-
illaries of the brain. Decreased formation of amyloid β pro-
tein also has been proposed,9 suggesting a possible role in 
other diseases associated with amyloid β protein deposition.  
Finally, COX-2 appears to be involved in the loss of glutamate-
induced apoptotic cell death.19 Because N-methyl-d-aspartate 
(NMDA) receptors stimulate the arachidonic acid cascade, 
NSAIDs mute the role of NMDA receptors in pain. NSAIDs 
may also inhibit NMDA–mediated neuronal cell death by pre-
venting increased extraceullar glutamate.19a

Pain. PGs have been implicated in causing increased pain 
perception (allodynia) in damaged compared with normal tis-
sues.1,2 Induced COX-2 PGE as been associated with hyperal-
gesia (exaggerated response to pain) at the level of the spinal 
cord (primary hyperalgesia) or nociceptors (secondary hyper-
algesia).17 Induction of COX-2 in the dorsal horn has been 
associated with central sensitization, manifested as a change 
in excitability threshold.9,17,18 Currently being descriped is 
the ability of PGs to contribute indirectly to neuropathic pain 
through influence on chemical mediators (e.g., histamine, bra-
dykinin, substance P, nitric oxide [NO]), neurotransmitters 
(e.g., glycine inhibition or glutamate stimulation), or modula-
tion of other receptors (e.g., NMDA).

Gastrointestinal and Other Healing. Both COX-1 and 
COX-2 are constitutively expressed in the gastrointesti-
nal tract. However, constitutive expression of COX-1 has 
a predominant role in the protection of the gastrointesti-
nal tract. COX-1 PGs decrease hydrochloric acid secretion, 
increase mucosal bicarbonate and mucus production, and 
increase epithelial cell proliferation and mucosal blood flow  

KEY POINT 29-3 Cyclooxygenase-2 is consistently, but not 
exclusively, associated with signals associated with inflam-
mation, pain, and fever. However, it also plays a substan-
tial role in noninflammatory diseases such as cancer and 
central nervous system diseases
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(Figure 29-5). The latter effect facilitates delivery of oxygen 
and nutrients to proliferating cells as well as rapid removal of 
damaging hydrogen ions that make their way into the mucosa. 
Drugs that express preferential potency for COX-2 PGs gen-
erally are associated with fewer gastrointestinal side effects 
compared to those targeting both COX isoforms, although the 
relative protection varies with the drugs. Protection appears 
to be more important in the presence of high drug concen-
trations (e.g., high doses).20 COX-2 is critically important to 
the gastrointestinal tract as well, being important for healing 
of gastrointestinal damage: COX-2 appears within 1 hour of 
gastrointestinal damage. Newer coxib PGs will inhibit gastro-
intestinal healing as has been demonstrated in dogs receiv-
ing firocoxib (see the discussion of tepoxalin).21 Interestingly, 
in the pancreas, constitutive COX-2 expression dominates, 
although the clinical relevance of this is not yet known.20 The 
impact of NSAIDS on bone healing is an emerging concern. 
COX influences osteoblast and osteoclast; experimental stud-
ies have demonstrated impaired bone healing.20a Their use in 
controlling pain and limiting ectopic bone growth must be 

balanced with the increased risk of impaired fracture healing; 
conventional NSAIDs might be preferred compared to newer 
NSAIDs. The impact of NSAID on soft tissue healing (or liga-
ments) remains to be confirmed; whereas short term use may 
have minimal negative (and potentially a positive) impact, long 
term used might be approached cautiously. A recent meta-
analysis in humans found no advantage in terms of return 
to function for coxibs, but recommended caution with long 
term use.20b A strong association has been reported between 
NSAIDs and severe necrotizing soft tissue infections.20c

Cardiovascular Disease. The role of PGs in the cardiovas-
cular system is largely beneficial, and the relationship between 
COX-1 and COX-2 and their respective PG end products 
exemplifies the complex “ying–yang” balance that charac-
terizes them (Figure 29-6). Platelets contain thromboxane, 
a synthase, which catalyzes the formation of thromboxane 
from AA. Thrombosis reflects platelet aggregation and vaso-
constriction. The formation of a thrombus is kept in check by 
the presence of prostacyclin synthase in vascular endothelial 
cells. This enzyme catalyzes metabolism of AA to prostacyclin 
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Figure 29-5 Among the many protective functions of constitutive prostaglandins is protection of the gastrointestinal mucosa from 
acid and other mediator-induced damage. Protective mechanisms include production of mucus and bicarbonate and inhibition 
of hydrogen ion secretion; epithelial turnover, which ensures rapid replacement of damaged cells; and increased mucosal blood 
flow, which ensures provision of oxygen and nutrients to the rapidly dividing epithelial cells as well as removal of hydrogen ions 
that are able to pass into the cells.
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(PGI2), a vasodilatory and platelet-inhibiting PG end product. 
However, whereas thromboxane A2 (TXA2) is associated with 
COX-2, prostacyclin synthase co-localizes with COX-1. Thus, 
whereas drugs that target both COX isoforms will potentially 
allow the balance to be maintained, drugs that preferentially 
target only one isoform risk disruption of the balance. Such 
may be the case with COX-2 selective NSAIDs. Their prefer-
ential inhibition of COX-2 may allow thrombus formation to 
go unchecked, increasing the risk of thromboembolic disor-
ders. Indeed, in a meta-analysis of human clinical trials, two 
coxib drugs (rofecoxib and valdecoxib) were associated with 
an increased risk of stroke (see “Adverse Events”).20d

Kidney. In the kidney both COX-1 and -2 are constitutively 
expressed. Both are formed in the macula densa of humans 
and animals, but COX-2 may have a more important role 
than COX-1 (Figure 29-7). In animals, inhibition of COX-2 
causes sodium and potassium retention in salt-depleted, but 
not normal, animals. However, in humans COX-2 appears to 
influence renal vasculature and podocytes. The role of COX 
in the kidney requires further elucidation before safety can 
be assumed for any NSAID; sparing COX-1 and targeting 
COX-2 can be expected to alter renal function. For example, 
kidneys do not develop in the embryos of COX-2–null knock-
out mice.22 The role of COX differs among tissues and spe-
cies; their impact on adverse reactions are addressed under 
“Adverse Reactions.”9

Lungs. The role of PGs in the lungs does not appear to be 
as important as that of leukotrienes; the impact is primarily 
in disease, rather than health, for both eicosanoids. However, 
inflammatory diseases, such as asthma, are associated with 
smooth muscle proliferation, which is inhibited by COX-2. 
Thus, as in the gastrointestinal tract, COX-2 appears to have 
a protective role in the diseased lung. An interesting compli-
cation regarding eicosanoids in general is exemplified in the 
lungs: the increased formation of leukotrienes (LTs) in the 
presence of NSAIDs, presumably because of the increase avail-
ability of AA in the face of decreased PG synthesis.

Reproductive tract. Both COX-1 and -2 play a significant 
role in the normal reproductive tract. Induction of COX-2 
is associated with ovulation, fertilization, implantation, and 
decidualization, as well as induction of labor.22 Female knock-
out mice devoid of COX-2 are largely infertile.22

Cancer. In the 1990s a reduced risk of colon cancer was 
associated with consistent aspirin use. Subsequent studies 
demonstrated a marked increase in COX-2 in a variety of soft-
tissue tumors in humans and in transitional cell carcinoma in 
dogs.23 These studies suggest that benefits of NSAIDs in cancer 
may reflect inhibited COX-2.9 Mechanisms by which COX-2 
may facilitate cancer growth or spread include impaired apop-
tosis, transactivation of epidermal growth factors or receptors 
and promotion of angiogenesis.9,17 Depending on the model, 
inhibition of COX-2 by NSAIDS reduces cell proliferation, 
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increases apoptosis, and reduces metastasis. COX-2 inhibition 
may also enhance antitumor effects of radiation, although host 
toxicity also will be increased. Not surprisingly, gastrointes-
tinal toxicity of anticancer drugs is also increased, presum-
ably reflecting a combined toxic effect on the gastrointestinal 
tract.9 COX-1 may also have a role in cancer as is suggested by 
a decrease in colon cancer in COX-1 knockout mice.24

Cycloloxygenase and nonsteroidal antiinflammatory drugs. 
NSAIDs (Table 29-2) act to block PG synthesis by binding to 
and inhibiting cyclooxygenase (see Figures 29-1 and 29-2).8 
This action is both dose and drug dependent. The planar form 
that characterizes these drugs is thought to facilitate their 
binding to COX.6,25 Several investigators have shown that 
some drugs (e.g., phenylbutazone and flunixin meglumine) 
also reduce later steps of the formation of PGE2 in inflamma-
tory exudate at therapeutic doses.26 However, both the major 
therapeutic and toxic effects of NSAIDs have been correlated 
extensively with their ability to inhibit PG synthesis, with anti-
inflammatory potency related to potency of impaired PG syn-
thesis.8

The differential effect of NSAIDs on the isoforms of COX 
presumably contribute to clinical differences in efficacy and 
safety, .17,27 Whereas as a class, NSAIDs appear to inhibit both 
COX-1 and COX-2, the ratio of the concentration of a NSAID 
necessary to inhibit the same level of COX-1 vesrus COX-2 
activity (e.g., inhibition of 50% or 80% activivity [IC50 or IC80]) 
compares the potency each drug toward each isoform, and as 
such, provides a basis for screening predicted relative safety 
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Figure 29-7 Both constitutive and inducible prostaglandins are 
important to renal blood flow, with the specific effect of each 
product varying among species. Renal prostaglandins ensure 
that intramedullary renal blood flow and urine formation will 
continue in the presence of decreased renal perfusion. Sites of 
action are noted by numbers and include shunting of blood from 
the cortices to the medullary intersitium, stimulation of natriurie-
sis, and inhibition of antidiuretic hormone. The nephrotoxicity of 
selected drugs reflects inhibition of renal prostaglandins.

Table 29-2  Dosages of Nonsteroidal Antiinflammatory Drugs in Cats and Dogs
Drugs Dose (mg/kg) Route Interval (hr)
Acetaminophen

Dogs 10-15 PO 6-8
20-30 PO Sustained release 8-12

Adequan
Dogs 5 Every other day × 3/week for 5-6 weeks
Cats 2 IM 3-7 days

Aspirin
Dogs 10 PO 12-8

10 PO 24 (endarteritis)
10 12 (antipyresis)
25-35 8
25 PO 12 (autoimmune diseases)
25-35 PO 24 (preoperative ocular surgery)
40 18 (antiinflammatory)
3 6 (antithrombotic)

Cats
10 PO 48
10 24 (antithrombotic)
15 24 (antiinflammatory)
10 12 (antipyresis and analgesia)
25-42 24 (antiinflammatory)
25-35 8 (antiinflammatory)
75 48 (antithrombotic)

Continued



Drugs Dose (mg/kg) Route Interval (hr)
Carprofen

Dogs 4.4 SC or PO 24
2.2 SC or PO 12
4.4 SC or PO One dose (2 hours before surgery)

Cats 4.4 SC, PO One dose
2.2 PO 24

Deracoxib
Dog 1-2 PO 24 (osteoarthritis)

3-4 PO 24 (postoperative analgesia)
Dipyrone

Dogs 25 IM, SC 8-12
Cats 10-25 IM, SC 24

Etodolac
Dogs 10-15 PO 24

Firocoxib
Dogs 5 PO 24

Flunixin meglumine
Dogs 0.5-1 IV, IM 24 × 1-3 (analgesic)

0.25 IV 24 × 5 (uveitis)
Hyaluronic acid

Dogs 20 IV As needed
Ketoprofen

Dogs 0.5-2.2 PO 12
Cats 2.2 initial dose  

followed by 1 every  
other day

Ketorolac
Dogs 0.3-0.5 IV, IM 8-12 × 2
Cats 0.25 IM 8-12

Meclofenamic acid
Dogs 1.1-2.2 PO 24
Dogs 1-2 PO 24-72

Meloxicam
Dogs 0.2 PO Once day 1

0.1 PO 24
Cats 0.03 or 0.1 mg/cat PO 24*

0.3 SC Perioperative
Pentosan polysulfate

Dogs 3 IM 7 days
Phenylbutazone

Dogs 10 PO 8-12
10-15 IV 12 (not to exceed four doses)
22 PO 8 (not to exceed 800 mg)

Piroxicam
Dogs 0.3 48

Tepoxalin
Dogs 10 to 20 PO Day 1

10 PO 24
Cats 3 PO 24

Vedaprofen
Dogs 0.5 mg/kg PO 24

PO, By mouth; IM, intramuscular; SC, subcutaneous; IV, intravenous.
Note: Dogs weighing less than 5 kg cannot be accurately dosed.
*The FDA has indicated that meloxicam treatment should not extend beyond a single injectable

Table 29-2  Dosages of Nonsteroidal Antiinflammatory Drugs in Cats and Dogs—cont’d
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and efficacy of each. Thus, a COX-1 to COX-2 ratio greater 
than 1 (or a COX-2 to COX-1 ratio of less than 1) indicates 
greater potency for COX-2 which is desirable in that forma-
tion of inflammatory PGS should be inhibited preferentially 
to the housekeeping PGs.12,13,15,16 Inhibition of platelet activ-
ity is commonly used to measure in vitro COX-1 inhibition 
whereas inhibition of PGs released from macrophages stimu-
lated with endotoxin is used to measure COX-2. A number of 
drugs associated with in vitro COX-2 selectivity in humans, 
including rofecoxib (Vioxx) and celecoxib (Celebrex); oth-
ers include etodolac, meloxicam, and nimesulide; the newest 
drugs are valdecoxib, etoricoxib, and (soon to be approved) 
lumiracoxib.9 Drugs approved for use in animals include car-
profen (the first) followed by etogesic; deracoxib; meloxicam; 
and, most recently, firocoxib.

Although the gene for COX-1 is about 3 times as large 
as that for COX-2, the two COX proteins, which are mem-
brane bound, share about 60% homology.9 Differences in 
NSAID selectivity for these two enzymes reflects smaller 
amino acids at two positions in COX-2 compared with larger 
amino acids at the same site in COX-1. The result is a larger 
and more flexible “pocket” into which the newer drugs insert 
and inhibit the COX-2 isoform.9 For example, ”coxib” drugs 
contain a sulfonamide group that interacts through hydrogen 
bonding to arginine of COX-2 but not histidine in the same 
position in COX-1.28 Despite the usefulness of the COX-
1:COX-2 ratio in screening drugs for safety or efficacy, its 
applicability to clinical use is questionable. Further, compar-
ing results among studies is difficult. For example, whereas 
some studies focus on the IC50, others determine the IC80, the 
latter probably being more clinically relevant. Assay methods 
contribute to variability in ratios among investigators for the 
same drug in the same species (Table 29-3). In vitro assasys 
based on cell culture or recombinant enzymes are easier to 
perform, but it is the ex vivo whole blood assays (as opposed 
to in vitro cell culture assays) that generally are recognized 
as the most representative of the clinical patient.1 However, 
even whole blood assays do not take into account different 
distribution patterns to different tissues.18,22 Extrapolation 
among species should be avoided.29 For example, wherease 
the COX-1 to COX-2 ratio of etodolac is much better than 
that for carprofen in humans,20,30 the opposite is true in 
dogs. Indeed, Wilson and coworkers31 have demonstrated 
that, wherease critical residues in the active sites of canine 
COXs are identical with human homologs, amino acids differ 
(up to 54) at in active sites and may contribute to differences 
in activity that preclude extrapolation among species (see 
Table 29-3). Further complicating extrapolation among and 
within species is the fact that NSAIDs generally exist and are 
largely marketed as enantiomers (see Chapter 1), each with a 
possible different ratios. For example, Ricketts and cowork-
ers32 found the COX-1:COX-2 ratio of carprofen to be 129 
for the racemic mixture but 181 for the S isomer and only 
4.19 for the R isomer. Little information is available regard-
ing COX selectivity in cats.33,34 Much of the information that 
is available is based on manufacturer-sponsored studies and 
as such might potentially reflect reporting bias. For example, 

in Table 29-3, drugs that generally performed best in each 
study tended to be the drug manufactured by the sponsor of 
the study. As such, COX ratios might be considered a screen-
ing procedure1,2

Other Mechanisms of Action
Inhibition of eicosanoid formation is not the sole antiinflam-
matory mechanism of action of NSAIDs. The NSAIDs also 
appear to alter cellular and humoral immune responses and 
suppress inflammatory mediators other than PGs.7 As a group, 
all NSAIDs are planar and anionic, thus able to partition into 
lipid environments, including neutrophil cell membranes. 
As a result, cell membrane viscosity is altered, even at low 
concentrations.10 At higher concentrations, NSAIDs appear 
to uncouple protein–protein interactions within the plasma 
membrane and thus interfere with a variety of cell membrane 
processes. Examples include oxidative phosphorylation and 
cellular adhesion.10 Response of inflammatory cells to extra-
cellular signals is impaired by affecting signal transduction 
proteins (G proteins).10 Neutrophil adherence and activation 
is inhibited, as is subsequent release of inflammatory cellu-
lar enzymes, including collagenase, elastase, hyaluronidase, 
and others.7 The extent of these effects varies with the drug. 
Whereas piroxicam inhibits superoxide ions and lysosomal 
enzymes release, ibuprofen does neither.10 All NSAIDs appear 
to inhibit neutrophil adhesion. Some NSAIDS directly block 
PG receptors. Inhibition of nuclear transcription factor NF- B, 
is responsible for expression of many genes linked to inflam-
mation. Modulation of peroxisome proliferator-activated 
receptors (PPARs), heat shock proteins (HSPs) and mitogen-
activated protein kinases (MAPK cascades), and impaired 
induction of nitric oxide synthase (iNOS) are among the COX-
independent effects of the class of NSAIDs.2,28,35 Selected 
drugs (e.g., celecoxib but not rofecoxib) directly inhibit sig-
naling needed to promote angiogensis, invasiveness, and pro-
liferation of neoplasias.28 Interestingly, sulfone coxibs (see 
Figure 29-4) are pro-oxidant, whereas sulfonamide coxibs are 
not.28 Connective tissue metabolism may also be affected.7

NSAIDs are immunomodulators by virtue of their effect 
on several PGs and LTs as immunomodulators.8 Nonsteroi-
dal antiinflammatory cells indirectly influence lymphocyte 
activity through altered PG formation.7 Selected NSAIDs 
appear to enhance cellular immunity by inhibiting PGE2, a 
mediator that dampens the immune response.7 This effect 
appears to be more important in the immunosuppressed 
animal.

KEY POINT 29-4 The markedly diverse role of multiple pros-
taglandins in normal physiology and the balance among 
prostaglandins that maintain homeostasis mandate extra 
caution when using  nonsteroidal antiinflammatory drugs in 
unhealthy animals.

KEY POINT 29-5 Cyclooxygenase-1 to cyclooxygenase-2 
ratios that assess potency of a nonsteroidal antiinflammatory 
are to be species specific and may not reflect clinical efficacy.
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Table 29-3  COX-1 to COX-2 Ratios for Selected Nonsteroidal Antiinflammatory Drugs in the Dog by Different Investigators
Author Ricketts32 Warner20 (3) Brideau33 Kay-Mugford219 Lees2 Toutain242 Streppa29 Gierse206 McCann213 Wilson (4) 31 Giraudel34

Year 1998 1999 2001 2000 2000 2001 2002 2002 2004 2004 2004
Method (1) CC WB WB CC WB WB Cloned WB WB WB
Drug Ratio (2)
Aspirin 0.25 0.39 0.37
Carprofen (6) 129 (S:181; 

R:4.2)
<0.25 6.5 (D)  

5.5 (C)
1.7 S:25;  

R:2.4
17/101 (7) 65 7/6 (7) 5.56 (C)3/21(5)

Celocoxib 10 9
Deracoxib 1275 12
Etodolac (6) 0.52 25 0.5 3.4 6.25
Firocoxib 384
Flunixin 0.64
Ibuprofen (6) 0.5 0.7
Ketoprofen (6) 0.23 0.15 0.6 0.36 0.17 0.57
Meclofenamic acid 15 3.98 5 4.76 (C)26/65(5)
Meloxicam 2.9 12.5 10 12.3
Naproxen 0.4
Nimesulide 5.62 12.9+3.4 8.30
Phenylbutazone 2.6 0.6 9 <1
Piroxicam 1.99 2 1.89
Rofecoxib 100
Tolfenamic acid 15 14.29

 (1)  WB= whole blood, cc = cell culture, D= dog, C=cat; S= S isomer; R = R isomer
 (2)  IC50 for all unless otherwise indicated
 (3)  Humans
 (4)  Inverse ratios reported in publication
 (5)  For S isomer only, IC50 and IC80, respectively.
 (6)  Chiral compounds; data for racemic unless otherwise noted
 (7)  IC50 and IC80, respectively
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Pharmacokinetics
Shared Pharmacokinetic Properties
Each drug will be discussed in depth; however, the NSAIDs 
share a number of pharmacokinetic properties as a class. Pack-
age insert data for dog and cat contains selected information for 
some drugs, although the information often is not comprehen-
sive, with content tending to vary, in part based on the require-
ments implemented by the FDA at the time of drug approval. 
The United States Pharmacopeia has provided a series of mono-
graphs providing pharmacokinetic information regarding the 
use of NSAIDS in species; information will be addressed for 
individual drugs. As weak acids, the NSAIDs tend to be well 
absorbed after oral administration. Bioavailability can vary 
between animals but has not been established for many drugs 
because of the lack of intravenous preparations.36 Solutions 
of selected injectable preparations tend to be alkaline and can 
cause necrosis or pain if perivascular leakage occurs Food can 
impair the oral absorption of some NSAIDs or contribute to 
drug interactions.37,38 The drugs are lipid soluble. Whereas 
the volume of distribution tends to be small (approximating 
10%) when based on total drug as a result of ≥ 90% binding 
to serum albumin39 the volume of distribution of unbound 
drug is consistent with distribution to extracellular fluid (Table 
29-4). Only a small portion of pharmacologically active drug 
reaches peripheral tissues. Displacement from albumin (e.g., 
due to competition with other substrates for binding sites or 
from decreased serum albumin concentrations) may result 
in higher than expected concentrations of pharmacologically 
active drug and thus predispose the patient to drug-induced 
adverse effects. Although this increase is likely to be transient 
as the elimination of of unbound drug increases,36,40 adversities 
might yet emerge particularly in patients at risk (e.g, decreased 
hepatic or renal function). Clearance of unbound drug is likely 
to be reduced in geriatric patients. The volume of distribution 
of unbound drug in pediatric animals is twice that in adults, 
which will contribute potentially to longer half-life.36 For this 
and other reasons, (see metabolism), NSAIDs should not be 
used in the pediatric patient.

Most NSAIDs are eliminated primarily by both phase I 
and II hepatic drug-metabolizing enzymes. Clearance differs 
in both rate and extent among drugs and species. Differences 
in clearance are largely responsible for differences in drug 
half-life among animals.36 Failing to anticipate these differ-
ences may contribute to adverse reactions. Conjugated parent 
drug or metabolites are eliminated through the bile or urine, 
depending on the drug. Stereoselective metabolism plays a 
profound role in species, gender and age differences. Satura-
tion of drug metabolizing enzymes may occur at doses higher 
than recommended clinically for some drugs as has been dem-
onstrated for phenylbutazone and derocoxib (package insert). 
Genetic polymorphism has been described in dogs for at least 
one NSAID (celecoxib)41 and is likely to occur for others. Sev-
eral drugs, or their enantiomers, undergo extensive enterohe-
patic circulation, again with differences among species (e.g., 
naproxen, meclofenamic acid, and the S enantiomer of carpro-
fen in dogs), increasing the risk of gastrointestinal toxicity.42 

Renal active tubular secretion occurs for some parent drugs. 
Naproxen, carprofen, ketoprofen, and celecoxib are among 
the drugs which exemplify pharmacodynamics and pharma-
cokinetics differences in safety and efficacy among species.36 
Whereas allometric scaling generally can accurately predict 
systemic clearance and volume of distribution (based on body 
weight) of NSAIDs, allometric scaling generally cannot pre-
dict differences in pharmacodynamic indices (e.g., inhibition 
of TXB2 and PGE2 synthesis).43

Integration of Pharmacokinetics 
and Pharmacodynamics

Pharmacologic Effects
The pharmacologic effects of this class of drugs include anal-
gesia, antipyresis, and control of inflammation. Antithrom-
bosis also occurs, but this effect is variable, being the greatest 
for aspirin and the least to absent for newer COX-2 selective 
drugs. The effects are dose and drug dependent and include 
antithrombosis (when present), which occurs at the lowest 
concentrations (relatively lower for aspirin compared to all 
others); followed by antipyresis, analgesia and antiinflamma-
tion, with the latter occurring at the highest concentrations, 
although an exception appears to occur again for aspirin.10, 

43d Studies that compared efficacy and safety traditional or 
newer NSAIDs are generally are based on in vitro or ex vivo 
methods, with clinical trials limited. Yet, differences should be 
anticipated even among the newer NSAIDs. The mechanisms 
by which NSAIDs inhibit (interact with) COX are respon-
sible, in part, for the variable antiinflammatory effects that 
characterize these drugs. Although several NSAIDs are char-
acterized by a short plasma elimination half-life, the clinical 
response may last for over 24 hours after a single dose or up 
to 72 hours after multiple doses. These differential durations 
reflect, in part, drug-receptor interactions,with irreversible 
binding to COX most likely contribute to a longer biologic 
response.44 Lees and co-workers have reviewed the relation-
ship of NSAID effect and dose, emphasizing the advantages 
of PK-PD modeling as a basis of dose design.44a Inhibition 
of COX-1 has been described as simple competitive inhibi-
tion, whereas that for COX-2 has been described as a slowly 
reversible, contributing to a longer biologic versus plasma 
half-life.45 Aspirin binds reversibly to the COX activity site on 
PGH synthase and then irreversibly inactivates the enzyme by 
acetylating a serine residue.10 Both thromboxane and pros-
tacycline synthase are impacted. However, platelets cannot 
produce additional thromboxane synthase; as such, platelet 
activity depends on new platelet production in the absence 
of aspirin. In contrast, endothelial cells are able to synthe-
size more prostacyclin synthetase and are less susceptible 
to the inhibitory effects of low dose aspirin.10 In contrast to 
irreversible binders of COX, ibuprofen binds reversibly with 
COX and thus competes with AA for binding. In laboratory 

KEY POINT 29-6 Predicting nonsteroidal antiinflammatory 
drugs half-life is complicated by enantiomers and differ-
ences in rates of metabolism among animals.
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Table 29-4  Pharmacokinetic Data for Selected Antiinflammatory Drugs in Dogs and Cats
Dose Cmax (1) Tmax Bioavailability Clearance (2) Vd (3) F unbound Half-life

Drug Species Route mg/kg μg/mL hr (%) mL/min/kg L/kg (%) (hr) MRT
Aspirin Cats127 PO 2.5 27-45

(n=5) IV 20 118 0.088±0.13 0.17±0. 01 22±3 35±4.5
44 0.065 0.21 40 37.6

Dog127 PO 35 96 2 100
IV 44 0.255 0.19 40 8.6
IV 17.5 0.68 0.29 (ss) 4.5

Carprofen Dog127,182 PO 2 16.9 1 > 99 4.95±1.32
4 35±2.7 1.25±0.25
7.5 57.3±9.7 0.1±0.5

SC 2 8 2.6 0.14±0.02 (ss) 7.1±2.3
8 0.28±0.05 8 to 12

R (−) 0.28±0.07 0.12±0.02
S (+) 0.47±0.16 0.19±0.05

Cat128 (n=5) IV 4 24±9.7 0.1±0.03 0.14±0.05 (ss) 20.1±16.6 23±16
R (−) Cats199 0.13±0.03 0.24±0.05 (ar) 21.3±9.1
S (+) 0.32±0.07 0.35±0.1 (ar) 14.6±5.8
Celexocib41 Dog (EM) PO 5 0.23±0.04 1.5 27.4±14.6

Dog (PM) PO 5 0.40±0.1 7.5±5.3 42.2±4.9
Dog (EM) IV 5 1.9±0.08 1.3±0.02 21.8±2.3
Dog (PM) IV 5 2.3±0.06 5.1±0.05 7.4±0.5

Deracoxib Dog (PI) 2.35 2 > 90 5 <10 3 (5)
20 1.7 19

Cat206 PO 1 0.28±1.3 3.6±3.2 8
Etodolac Dog (PI)127 Complete <5 14

9.7±0.98
12 to 17 22±6.4 1 7.6±2
12 to 17 16.9±8.4 1 12±5.5

Firocoxib212 PO 8 6.1 μM 100 2.9 3 5.9
PO 5 0.5(0.9 to 1.3) 1 to 5 38 6.7 4.6 4 7.8

Flunixin Dog141 IV 1.1 1.1±0.2 0.18±0.08 (ss) 3.67±1.2
Cat60 (n=4) IV 2 12.5/0.11 (9) 1.39 0.75±0.3 (ss) 6.6±2.4 4.6±2

Ibuprofen148 Dog PO 0.5-3 60-80 0.49 0.164 4.6±0.8
Ketoprofen Dog127 Complete 5

Cat Complete 1.5
Ketorolac Dog162 (n=6) PO 0.34 1.6±0.3 0.85±0.75 100±47

IV 0.34 8.26±8.54 1.25±1.13 0.33±1 (ss) 6.43 (2.5-18)
Meloxicam Dog (PI)127 PO 0.2 0.46 7.5 about 100 3 23.7±7.1
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SC 0.2 0.73 2.5 23.7±4.3
IV 0.17±0.02 0.32±0.07 24±6.3

Cat (PI) SC 0.3 1.5±0.9 15.1±5
Nimesulide Dog(4) 242 PO 10.1±2.7 (8) 6.1±1.6 47±12 (8) 12.8±3.7

IM 6.5±1.5 10.9±2.1 69±22 14±5.3 29.1±8.3
IV 15.3±4.2 0.18±0.01 (ss) 8.5±2.1 12.6±3.8

Naproxen Dog163 PO 5 40-50 68-100 0.021 0.13 1 45-92 (IV)
Phenylbutazone Dog164 PO 15 49-75 7.3-18
Piroxicam Dog177 80 0.34 40-50

Cat (8) 178 IV 0.3 5±0.1 0.48±081. 11
Cat (8) PO 0.3 0.52±0.2 3.2±2.4 89±21 13 19±1.7

Robenacoxib Dog235 IV 1 5.5±0.9 (1) 14±3.2 0.24±0.04 (ss) 2 0.63±0.2 0.3±0.04
PO, fasted 1 0.95±0.52 0.5 84±20 0.81±0.3
PO, fed 1 0.83±0.4 0.25 62±10 1+0.7
SC 1 0.7±0.2 0.5 88±15 10.5±4.8 0.8±0.2

Cat IV 2 1.7±0.4 1.1
Rofecoxib Dog241 PO 5 1.5 26

IV 5 3.6 1.0 2.6
Tepoxalin Dog 127 PO 20 0.8±0.5 2.3±1.4 2 2.0±1.2
metabolite 0.8±0.4 4.7±6.2 2 13.7±10.7

Cat127 PO 10 2.3±1.8 8.8±4.3 4.7±0.8
1.8±1.2 2.8±4.2 3.5±0.4

Vedaprofen Dog (4) 236 PO 0.5 2.74±0.3 0.63±0.14 86±7 1 12.7±2.1
R (−) 1.6±0.4 0.7±0.2 124±28
S (+) 1.3±0.3 0.7±0.2 91±17

IV 4.6±0.7 (10) 16.8±0.2
R (−) 1.6±0.83
S (+) 2.1±0.58

Vd, Volume of distribution; F, fraction unbound; MRT, mean residence time; PO, by mouth; IV, intravenous; ss, steady state; SC, subcutaneous; EM, efficient metabolizer; PM, poor metabolizer; PI, package insert;
  (1)  extrapolated to Y intercept for IV
  (2)  time units indicated
  (3)  Vd source indicated: ss= steady state; ar = area
  (4)  Beagles
  (5)  Saturation kinetics have been reported; see text
  (6)  Median
  (7)  Cmax was 8.1+3 and F was 58+ 16% following 5 days of once-daily dosing
  (8)  Median
  (9)  Cmax following extrapolation of distribution and elimination phase, respectively
(10)  C at 5 minutes; all results for vedaprofen are mean + standard error of the mean
(11)  As the hydrochloride salt, equivalent to 1.7 mg/kg of hydroxyzine base
(12)  The active metabolite of hydroxyzine
(13)  Predicted by author from plasma drug concentration versus time curve
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animals and humans, a relative potency (not to be confused 
with efficacy) has been established for selected conven-
tional NSAIDs and COX: meclofenamic acid >indomethacin  
>naproxen >phenylbutazone >aspirin.44 However, differential 
potency for COX-1 versus COX-2 varies among the NSAIDs 
and their enantiomers. In addition to drug-receptor interac-
tion, prolonged elimination of NSAIDs from inflammatory 
exudate compared with plasma may also result in differential 
effects among the drugs and species.37,44

Along with inhibition of PGs, disruption of cellular signal-
ing is responsible for all three pharmacologic effects (antiypre-
sis, analgesia, anti-inflammation) that characterize all NSAIDs.10 
The antipyretic effect of NSAIDs may or may not be of benefit. 
Indeed, in human medicine little scientific support exists for the 
use of antipyretics for relief of discomfort or reduction of morbid-
ity and mortality associated with fever.47 Fever may have a ben-
eficial effect on the outcome of bacterial or viral infections and 
often inversely correlates with the severity of lesions or the time 
to resolution. Thus the antipyretic effects of NSAID may be of 
most benefit when increased metabolism induced by fever might 
prove detrimental, such as with septicemia.47 Central analgesic 
effects have been suggested for some but not all NSAIDs because 
NSAIDs can provide analgesia at very low intrathecal doses.15,16,46

The impact of COX on disease has led to a number of new 
applications for NSAIDs. The antiendotoxic effect of selected 
NSAIDs has been known (see the discussion of flunixin), but 
newer mechanisms are being examined. For example, several 
NSAIDs (carprofen, flunixin meglumine, and phenylbuta-
zone) may specifically inhibit activation of the proinflamma-
tory transcription factor nuclear factor kappa B (NF-κB) 
and on lipopolysaccharide (LPS) induction of iNOS. Using 
a mouse macrophages line, carprofen and flunixin, but not 
phenylbutazone, inhibited iNOS, whereas carprofen and, to a 
lesser degree, flunixin, inhibited NF-kappaB activation.35

Because NSAIDs are commonly first-choice treatments for 
arthritis, a focus on the effects of NSAIDs on cartilage is war-
ranted. NSAIDs have been shown to inhibit proteoglycan syn-
thesis in vitro, and for the salicylates this is supported by in vivo 
studies.48 This effect has been attributed to inhibition of uridine 
diphosphate glucose dehydrogenase, an enzyme important in 
proteoglycan synthesis.48 Hyaluronic acid synthesis, also depen-
dent on this enzyme, does not appear to be as affected. The 
clinical effects of NSAIDs on cartilage are controversial. Some 
NSAIDs may, in fact, favorably modify the metabolism of pro-
teoglycans, collagen, and matrix and may decrease the release 
of proteases or toxic oxygen metabolites.48 This may reflect, in 
part, control of inflammation. Thus, whereas several NSAIDs 
have documented adverse effects on normal cartilage, ranging 
from decreased proteoglycan synthesis (e.g., aspirin) to chon-
drocyte death (phenylbutazone), others (e.g., naproxen, piroxi-
cam, ketoprofen, and possibly carprofen) are recognized for 
their chondroprotective effects. Dual inhibitors have been noted 
for their potential efficacy to slow the progression of arthritis.48b

The use of NSAIDs in the control of acute pain is evolving. 
Preemptive use (just before and immediately after surgery) has 
been demonstrated in humans to be more effective than either 
placebo or control,17 and similar findings have been reported 
in the clinical use of COX-1–sparing drugs in animals. Drugs 
that target COX-2 (NSAIDs) offer a morphine-sparing effect 
for control of postoperative pain.17 Their use in multimodal 
analgesia is increasing.

NSAIDs are currently being investigated for their potential 
antitumor effects. Knapp and coworkers50 found piroxicam to 
be clinically useful in reducing tumor size and increasing sur-
vival time in dogs with transitional cell tumors of the urinary 
bladder. The result does not appear to reflect direct cytotoxic 
effects.49-51 NSAIDs may be beneficial when combined with 
other anticancer drugs.52 The effects of drugs inhibiting COX-2 
cancerogenesis may be dose dependent: At least for aspirin, the 
maximum anticancer effect occurs at a dose less than that associ-
ated with control of inflammation but similar to that associated 
with antiplatelet effects.9 Mechanisms other than COX inhibi-
tion contribute to NSAID antitumor effects.51a In addition to the 
inhibition of cancer growth, the use of COX-1–sparing drugs 
may improve gastrointestinal tolerance of anticancer drugs.

Drug Interactions
The NSAIDs can be involved in a variety of drug interactions 
during any phase of drug disposition (see the discussion of 
individual drugs). Trepanier53 has reviewed some of these 
interactions. Displacement of only a small percentage of bound 
drug from albumin can increased the concentration of phar-
macologically active drug in tissues. Few, if any, adverse reac-
tions resulting from drug displacement have been reported, 
in part because of the failure to recognize the combination as 
problematic. In addition, the increase in pharmacologically 
active drug is only transient: Clearance of the unbound drug 
by both the liver and kidneys will increase.36,40 However, the 
impact of changes in protein binding in patients with altered 
liver function may be problematic; accordingly, attention to 
the possibility that protein-binding drug interactions may 
worsen risks associated with liver disease might be prudent. 
Several NSAIDs can induce or inhibit drug-metabolizing 
enzymes and thus the clearance and half-life of other drugs 
cleared by the liver.36 Phenylbutazone can both increase and 
inhibit selected drug-metabolizing enzymes depending on the 
second drug, whereas salicylates increase metabolism.36 Renal 
competition with other organic acids for active renal tubular 
secretion in the proximal tubule has been documented for 
aspirin and other drugs, although the clinical relevance of this 
is not clear.

KEY POINT 29-7 Newer nonsteroidal antiinflammatory drugs 
are less destructive to the cartilage at therapeutic concen-
trations than older nonsteroidal antiinflammatory drugs.

KEY POINT 29-8 Among the less appreciated drug interac-
tions involving nonsteroidal antiinflammatory drugs are 
pharmacodynamic interactions that impair normal physi-
ologic responses.

KEY POINT 29-9 Nonsteroidal antiinflammatory drug–induced 
gastrointestinal adversities should be anticipated and cli-
ents counseled regarding their advent.
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Drug interactions also occur at the level of pharmaco-
dynamics and may increase the risk of adversities. Most 
notable is the combinations of NSAIDs or glucocorticoids, 
which increase the risk of gastrointestinal toxicity (discussed 
later). Also notable are those drugs that, like NSAIDs, alter 
renal blood flow, and potentially renal autoregulation, thus 
increasing the risk of nephrotoxicity (e.g., aminoglycosides, 
angiotensin-converting enzyme inhibitors, amphotericin B). 
NSAIDs, in turn, may blunt response to diuretics and hyper-
tensive drugs. NSAIDs may also block endogenous responses 
to hypertensive drugs (e.g., alpha adrenergics such as phen-
ylpropanolamine), thus increasing the risk of hypertension, 
although this is more likely a risk only in animals for which 
primary hypertension is a concern.54 The impact of combin-
ing NSAIDs with other drugs that affect platelet function 
or coagulation proteins is complicated by the differences in 
mechanisms of action between nonselective and preferen-
tially selective drugs. Nonselective drugs would be expected 
to potentiate platelet function defects or deficiencies, whereas 
preferentially selective drugs would not. Prudence dictates 
that NSAID use ideally be avoided in patients with metabolic, 
hematologic, cardiovascular, or other disorders that put the 
patient at risk. NSAIDs are more likely to cause CNS effects 
if combined with fluorinated quinolones with unsubstituted 
piperazinyl rings (ciprofloxacin) at position 7.55 It is not clear 
if the interaction occurs at the level of CNS (at the level of the 
gamma-aminobutyric acid receptor) or as a result of altered 
clearance.56

Selective serotonin reuptake inhibitors increase the risk of 
upper gastrointestinal hemorrhage based on a meta-analysis of 
the human-medicine literature.57 The risk is greater in elderly 
patients; those drugs most selective for reuptake are associ-
ated with a higher risk. Among the proposed mechanisms is 
depletion of platelet serotonin and loss of platelet aggregation.

Adverse Reactions
All NSAIDs induce undesirable and potentially life-threatening 
side effects. In general, side effects tend to be predicted by toxic-
ity studies implemented during the approval process,58 although 
the small number of animals tends to limit their prediction to 
only the most common side effects. The role of drug interac-
tions in causing adverse events was previously described. Acci-
dental poisoning has been described for several NSAIDs, with 
the most common among the conventional drugs being ibupro-
fen, acetaminophen, aspirin, and indomethacin;59 decreased 
use of these drugs as newer NSAIDs are used decreases rele-
vancy. The most common clinical signs of toxicosis were vomit-
ing and diarrhea followed by CNS depression, and circulatory 
manifestations.59 Most adverse reactions reflect the inhibitory 
effects of NSAIDs on PG activity. Acute intoxication by selected 
drugs can be fatal; the more common adverse drug events are 
discussed along with their prevention and treatment below.

The adverse event reporting site of the Food and Drug 
Administration (FDA) is publically acceptable and can be 
reviewed for adverse drug events associated with NSAIDs 
in animals.59a However, effective epidemiologic assessment 
is limited and cause and effect between drug and adverse 

drug event may not exist. Further, the FDA is not provided 
information regarding the number of units sold precludes 
standardizing incidence of adverse drug events among drugs. 
Among the greatest contributing limitations to the adverse 
event reporting site may be failure of veterinarians or clients 
to report adverse events.

Transitioning from one NSAID to another in an attempt 
to reduced toxicity (or improve efficacy) should be based on 
elimination half-life (plasma or biological, whichever is lon-
ger). For those that reversibly impair COX, 3 to 5 elimina-
tion half-lives of the current NSAID should elapse prior to 
initiating the second (see Table 29-4). Prudence dictates that 
prophylactic measures be implemented during transition for 
at-risk patients.

Toxicity as a result of overdosing should be treated as with 
other overdoses (i.e., removal of ingested drug, supportive 
therapy). Treatment generally should continue for at least 3 to 
5 half-lives of the ingested NSAID; longer may be necessary, 
particularly if the intoxicating amount is sufficient to saturate 
drug metabolizing enzymes. The risk of saturation kinetics 
is greater in age extremes, for selected drugs (e.g., phenylbu-
tazone, deracoxib), and in the presences of liver disease. For 
NSAIDs characterized by enterohepatic circulation, admin-
istration of cholestyramine should be considered. The drug 
binds to at least several NSAIDs, thus preventing enterohe-
patic circulation, decreasing half-life as well as gastrointestinal 
exposure.60 Treatment of other specific disorders is addressed 
with the adverse drug events.

Gastrointestinal
Mechanism of Gastrointestinal Adverse Events
Gastrointestinal damage is the most common and serious 
side effect of the NSAIDs. Dogs are described as being “exqui-
sitively sensitive” (see package insert for meclofenamic acid, 
Fort Dodge) to NSAID-induced gastrointestinal ulceration.
The incidence of gastrointestinal side effects associated with 
NSAID use in dogs (or cats) is not known. However, essen-
tially every NSAIDs (conventional and new) used in the dog 
has been cited literature, at the FDA adverse event reporting 
site, in manufacturing package inserts, or other sources as 
causing gastrointestinal adverse drug events.61-66 Gastrointes-
tinal ulceration should be anticipated in dogs receiving these 
drugs, and clients should be counseled regarding the side 
effects and potential treatments for ulcerative injury. The inci-
dence of side effects associated with new NSAIDs approved 
for use in animals has led the inclusion of client information 
sheets (as part of package inserts) to be distributed to clients 
when NSAIDs are dispense to animals for at home therapy.

The mechanism of gastrointestinal damage is not completely 
understood. A review of the FDA-CVM adverse event website 
reveals gastrointestinal adversities to be the most common for 
most, if not all, NSAIDs for which adversities are reported. In 
the cat, gastrointestinal adversities are the first, or more com-
monly second, adverse event reported for most NSAIDs. It is 
likely that several mechanisms act in concert to cause adversi-
ties; the mechanisms and risks as they are perceived in human 
medicine have been reviewed.67-69 Several mechanisms offer a 
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target for prevention and treatment. Gastroduodenal erosion 
and ulceration reflect, in part, inhibition of COX-1–stimulated 
PGE2-mediated bicarbonate and mucous secretion, epitheliali-
zation, and increased blood flow.70-71 Breakdown of small blood 
vessels resulting from a deficiency of mucus may be the initiat-
ing lesion.72 Enhanced LT synthesis from AA shunted from the 
COX pathway to the lipoxygenase pathway exacerbates dam-
age: due to vasoconstriction-induced mucosal damage as well 
as platelet aggregation and neutrophil activation. Dual inhibi-
tors which target LTs as well as PGs may be less ulcerogenic. 
Direct irritation contributes to gastrointestinal mucosal dam-
age for acidic drugs: 70 ion trapping in the mucosa precipitates 
hydrogen ion diffusion from the lumen of the stomach to the 
mucosa.70,73 The lack of a sensitive indicator of gastrointesti-
nal damage complicates assessment of gastrointestinal adverse 
drug events caused by NSAIDs. Boston and coworkers74 as oth-
ers could not find a relationship appears between the presence 
of gastric lesions and positive fecal occult blood. A method 
based on sucrose absorption in the gastrointestinal tract may 
be successful for detecting NSAID-induced gastrointesti-
nal damage.75 Some investigators have gone so far to suggest 
that endoscopic presence of erosive lesions is not necessarily 
indicative of ulcerogenic effects of NSAIDs.76 The lack of well-
designed clinical trials assessing detection, risk, prevention or 
treatment is problematic. Some studies continue to inappropri-
ately ascribe the lack of statistical differences among treatment 
groups as evidence of no treatment (diagnostic) effect. Yet, fail-
ure to detect a significant difference (type II statistical error) 
often reflects the small sample size characterizing these clinical 
trial and caution is recommended to not overinterpret “lack of 
significant difference” as “sample populations are similar”.

Prevention and Treatment of Gastrointestinal 
Adverse Events
Prevention of gastrointestinal toxicity is based on identifying 
those patients at greatest risk; avoiding NSAIDs drugs, if pos-
sible, in these patients; and if this is not possible, selecting the 
safest drug (i.e., COX-1–sparing drugs) and using it in a dosing 
regimen that results in the lowest exposure necessary for efficacy. 
Prevention also includes co-treatment with prophylactic drugs, 
including those that prevent gastric acid secretion or those that 
replace PGs.73 The use of other therapies that might decrease the 
need for NSAIDs (e.g., combination analgesic therapy, cartilage-
supportive disease-modifying agents) also is indicated.

Risk factors for NSAID-induced gastrointestinal adverse 
events. Several risk factors for NSAID-induced gastroin-
testinal adverse events identified in humans are applicable 
to animals. No chemical characteristic predicts the likeli-
hood of gastrointestinal toxicity by a particular conventional 
NSAID.70,72 Drugs that undergo enterohepatic circulation 
(e.g., naproxen, carprofen, etodolac) may be associated with 

a greater incidence of gastrointestinal upset. Other risk fac-
tors include advanced age (altered disposition coupled with 
decreased ability to protect damaged mucosa),77 concur-
rent use of glucocorticoids (increasing the risk 4.4-fold in 
humans) or other NSAIDs (the exception might be low-dose 
aspirin, as discussed later), or anticoagulants. Comorbidity 
(renal, cardiovascular, or liver disase) is also a risk factor.73

The combination of steroids and NSAIDs causes worse 
lesions than either drug alone, as has been demonstrated for 
flunixin meglumine or dexamethasone.74,78,79 Further, the FDA 
adverse drug events site indicates that the risk of gastrointestinal 
toxicity is greater when drugs are given with glucocorticoids. 
In a restrospective study of gastrointestinal perforation associ-
ated with deracoxib, a risk factor was combination with gluco-
corticoids (or other NSAIDs) within the past 24 hours.80 Other 
NSAIDs appear to shift use of AA from the COX pathway to 
the production of cysteinyl LTs and LTB4, eicosonoids that pro-
mote leukocyte migration, break down the mucosal barrier, and 
stimulate gastric acid secretion. Inhibition of COX-2 may pre-
clude angiogenesis critical to the healing ulcer.81 Persons with 
previous history of gastric ulcer disease also are predisposed to 
NSAID-induced gastrointestinal adverse drug events. Although 
peptic ulcer disease is unusual in animals, prudence dictates that 
evidence of any gastrointestinal disease associated with mucosal 
damage (e.g., inflammatory bowel disease) that might require 
COX-2–mediated healing be considered a potential risk factor.

Dose-dependent toxicity has been demonstrated during the 
approval process essentially for all NSAIDs as is indicated by 
product package inserts (Table 29-5). The single most common 
cause of NSAID-induced toxicity found by a review of NSAID-
induced adverse drug event reports by the FDA is overdosing, in 
particular failure to adhere to the recommended dosing regimen. 
Overdosing was associated with an increased risk of NSAID-
induced gastrointestinal perforation in dogs.80 Drugs for which 
low-concentration preparations are not available increases the 
risk of toxicity because of inaccurate dosing. Use of compounded 
preparations (for which oral bioavailability is not known) should 
be implemented with extreme cautions; increasing bioavailabil-
ity will result in a proportional increase in drug concentrations. 
The risk for overdosage is greater for selected drugs for which 
higher doses may result in zero-order elimination (e.g., dera-
coxib, phenylbutazone). For such drugs half-life is no longer ger-
mane, and the risk of drug accumulation dramatically increases.

The relationship between dose and risk of toxicity remains 
complex, even for NSAIDs, as is exemplified by aspirin. At 
low doses (concentrations), aspirin blocks COX activity and 
thus shunts AA into the lipoxygenase pathway. Although gas-
trotoxic LTs are produced (cysteinyl LTs and LTB4), aspirin 
also simultaneously triggers lipoxin (aspirin-triggered lipoxin 
[ATL]) formed by lipoxygenase-15. Lipoxin is antiinflamma-
tory and thus inhibits the gastrotoxic leukocyte recruitment 
and activation caused by cysteinyl LTs, as well as mediates the 
antiadhesive platelet effects of aspirin. As such, low-dose aspi-
rin tends to be both cardioprotective as well as safe to the gas-
trointestinal tract. However, at higher doses production of LTs 
is sufficient that the protective effects of lipoxin are masked and 
gastrotoxicity emerges. Interestingly, COX-1–sparing (COX-2 

KEY POINT 29-10 Patients at risk for nonsteroidal antiinflam-
matory drug–induced gastrointestinal adversities should be 
identified before implementation of therapy, and preventive 
measures should be taken, if warranted.
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Table 29-5  Safety Data for Selected NSAIDs in Dogs and Cat Based on Target Safety Studies and Clinical Trial Field Studies

TARGET SAFETY STUDIES FIELD TRIAL STUDIES

Magnitude of 
Dose increase

Duration 
(weeks) N Gastrointestinal Lesions

Renal  
Lesions Source

Dosing  
Regimen†

Clinical 
sign Emesis Diarrhea Anorexia

Drug N % % %
Carprofen 3 6 NR Hematachezia (1/6) NR PI 4.4/24/NR ND ND ND

5 6 NR NSF NR PI 2.2/12/14 297 ND ND ND
5.7 13 NSF NR PI 4.4/24/14 252 ND ND ND
5.7 52 6 NSF NR PI 4.4/preop then 331 ND ND ND
5.7 52 6 NSF NR PI 4.4/24/2 or 3 ND ND ND
10 2 Blood in stool (1/8) NR PI
20* 6 8 Blood in stool (1/8) NR

Deracoxib 1-4-4 3 NR NSF NSL PI 1-2/24/43 194 ND ND ND
1.5-6 3 NR NSF NSL PI 3-4/24/6 207 10 ND ND
2-8 3 NR NSF NSL PI
1-8 26 NR NSL Increased BUN;  

focal renal  
papillary necrosis

PI

*1-5 2 NR Jejunal erosions or ulcers Increased BUN; focal 
renal papillary 
necrosis

PI

Etodolac 1.5 26 NR GI erosions PI 10/24/8 116 4.3
2.7 NR NR Vomiting, GI ulceration PI
5.3 12 8 Death (6/8 dogs; one at 3 

weeks, others at 3 to 9 
months)

Renal tubular  
necrosis (1/8) at 52 
wk

PI

Firocoxib* 3 26 8 Vomiting, diarrhea (1/8) PI 5/24/30 128 ND ND ND
5 26 8 Vomiting, diarrhea; ulcer  

(1/8)
PI

3 26 6 One dog euthanized (poor 
clinical condition)

PI

5 26 12 One dog died (82 days), three 
euthanized because of 
anorexia, vomiting,  
moribund status*

PI

10 22 4 Vomiting, diarrhea, intestinal 
erosion or ulceration (3/4)

PI

Continued
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Table 29-5  Safety Data for Selected NSAIDs in Dogs and Cat Based on Target Safety Studies and Clinical Trial Field Studies—cont’d

TARGET SAFETY STUDIES FIELD TRIAL STUDIES

Magnitude of 
Dose increase

Duration 
(weeks) N Gastrointestinal Lesions

Renal  
Lesions Source

Dosing  
Regimen†

Clinical 
sign Emesis Diarrhea Anorexia

Drug N % % %
Meloxicam 3 6 6 Gastric mucosal petechiae 

(2/6)
Renal enlargement 

(2/6)
PI 0.2 followed by 

0.1/24/13
147 25 12 3

5 6 6 Gastric mucosal  
petechiae (1/6)

Renal enlargement  
(2/6) and papillary 
necrosis (3/6)

PI

3 26 Gastrointestinal  
distress (vomiting,  
diarrhea) 6/6

NR PI

5 26 Gastrointestinal  
distress (vomiting,  
diarrhea) 6/6

NR; increased BUN PI

3 (IV) 3 days Superficial hemorrage, 
 erosions, other

Histologic lesions USP127

5 (IV) 3 days Superficial hemorrage, 
 erosions, other

Histologic lesions USP127

10 (IV) 3 days See above Renal compromise USP127

Tepoxalin 2 26 14 Gastric irritation (2/14) PI Technical 
mono-
graph

20 then 10/24/6 101 ND ND ND

10 26 14 Gastric ulceration (2/8) PI Technical 
mono-
graph

20 then 10/24/28 107‡ 20 21 1

30 26 14 Gastric ulcer (3/14) PI USP127

2 52 8 PI USP127

10 52 8 Vomiting, gastric irritation 
(2/8)

PI USP127

30 52 8 USP127

N, animal number; PI, package insert; ND, no difference from placebo; NR: not reported; NSF, no significant findings; NSL; no significant lesions; BUN, blood urea nitrogen; GI, gastrointestinal; IV, intravenous; USP, United States Pharmacopeia.
*See text for explanation: micronized preparation (not approved version) studied for deraxocib; dosing occurred in juvenile dog for firocoxib.
†Dose regimen listed as mg/kg/frequency (hr)/number of days.
‡No placebo reported.
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preferential drugs) inhibit the formation of lipoxin, contribut-
ing to the toxicity of the newer drugs when combined with 
low-dose aspirin.81 Theoretically, whereas COX-inhibiting 
drugs should not be combined with low-dose aspirin, dual-
acting NSAIDs, which do not target lipoxygenase-15 (see the 
discussion of dual-acting NSAIDs), should not inhibit lipoxin 
and thus should maintain the low-dose aspirin gastroprotec-
tive and cardioprotective effects.81

In general, conventional NSAIDs are associated with a 
greater risk of gastrointestinal adverse drug events in humans, 
but exceptions may occur. For example, in humans (but not 
dogs) ibuprofen, which is essentially equivalent in its COX-1 
versus -2 selectivity, is ranked as low risk, along with the 
COX-1–sparing drugs celecoxib, rofecoxib, meloxicam, and 
etodolac.73 Comparison in dogs of gastrointestinal safety 
among newer NSAIDs, including both COX-1–sparing drugs 
and dual-acting NSAIDs, might be based on toxicity data gen-
erated during the approval process and available on package 
inserts. This latter source includes both targeted safety studies 
(the dose is multiplied by 3, 5, or 10) and field studies (clinical 
trials at recommended doses under conditions of anticipated 
use) (see Table 29-5).

Comparison of clinical safety among NSAIDs ideally should 
reflect nonmanufacturer-sponsored, well-designed clinical 
trials involving a sufficient number of animals such that the 
power is sufficient to detect a significant difference. Placebo 
controls are imperative; positive responses have been reported 
in 40% or more of placebo-treated animals.82 However, such 
studies in veterinary medicine are few and far between. Data 
that do exist thus far support the safety of the newer drugs 
compared with conventional NSAIDs. For example, using a 
placebo-controlled, parallel, randomly assigned design in 
dogs (n = 6/group), Reimer and coworkers83 found that buff-
ered aspirin caused endoscopic gastric lesions within 5 days 
of starting therapy compared with no or minimal lesions in 
animals treated with carprofen or etodolac (sample size may 
have limited the ability to discern a difference between the two 
groups); all drugs were administered at mid-recommended 
doses. Endoscopic lesions followed the same relative pattern 
among drugs throughout the 28-day study period, indicating 
that aspirin is more commonly associated with lesions in the 
canine gastrointestinal tract compared with the COX-1–spar-
ing drugs. A separate study found no differences in gastroin-
testinal lesions in animals receiving ketoprofen (nonselective), 
carprofen, meloxicam, or placebo. However, the power of this 
latter study to detect a significant difference was not reported.

Pharmacologic prevention and treatment. Future pharma-
ceutical manipulations designed to deliver NSAIDs by alterna-
tive routes may decrease risk of gastrointestinal adverse drug 
effects, although their application to veterinary patients should 
not necessarily be assumed. For example, formation of nitroso 
derivatives of conventional NSAIDs may improve the safety 
margin of these drugs as a result of in vivo release of NO that 
provides gastroprotection while improving antiinflammatory 
and analgesic potency.2 However, NO also has been associated 
with the pathogenesis of osteoarthritis, thus exemplifying the 
continuously complicated nature of  designing safe NSAIDs 

(see later discussion).22 In contrast to current drugs that only 
slowly dissociate with COX-1, newer NSAIDs appear to be 
weak and rapidly reversible binders of COX-1, thus enhancing 
safety.17,45

Topical (including transdermal) NSAID administration is 
appealing because it avoids direct contact between the drug 
and target tissue. Indeed, a meta-analysis of clinical trials com-
paring topical NSAIDs to placebos and oral NSAIDs in humans 
found this route to be effective, with no difference in response 
compared with oral. Topical administration was safe, although 
not necessarily safer than oral. Of the NSAIDs reviewed, keto-
profen was described as the best.84 Thus far, topical NSAID 
administration has not proved to be a vital means of avoiding 
gastrointestinal adverse drug events in small animals, primar-
ily because of failed drug delivery. Because the amount of drug 
delivered cannot be predicted, administration of NSAID in 
novel drug delivery systems offered by compounding pharma-
cists is not recommended unless the amount of drug delivered 
by that system has been scientifically demonstrated, as would 
occur for an approved drug. Enteric coatings, combination 
drugs (e.g., with gastroprotectants), and other approaches may 
be of some benefit for some drugs (e.g., aspirin) and, if cur-
rently available, are discussed with the individual drugs.

Both the prevention and treatment for gastrointestinal 
toxicity focus on, in order of priority, control of gastric acid 
secretion, replacement of the missing PGs, and (for treatment) 
protection of the damaged mucosa.64,85 The two major cate-
gories included antisecretory drugs and the PG analog miso-
prostol; cytoprotectants, such as sucralfate, also play a role in 
treatment.

Among the antisecretory drugs, proton pump inhibitors 
(PPIs) generally have proved more effective than H2 recep-
tor blockers for prevention and treatment of NSAID-induced 
gastrointestinal adverse drug events. An exception has been 
demonstrated in humans for famotidine, but only when it 
is administered at higher than recommended doses (40 mg 
twice rather than once daily).73 Boulay and coworkers86 dem-
onstrated that cimetidine did not protect the gastric mucosa 
from developing lesions in dogs receiving nonbuffered aspirin 
(35 mg/kg every 8 hours). PPIs appeared to be more effective, 
as well as better tolerated, compared with misoprostol. In one 
human study, close to 30% of persons reciving misoprostol 
could not tolerate the full dose.76 Omeprazole generally is the 
PPI of choice, although lansoprazole may also be a reasonable 
choice. Although lansoprazole was not found to be superior 
to misoprostol for prevention of gastrointestinal adverse drug 
events in humans, improved compliance and better tolerance 
made it the preferred PPI drug in humans. However, the use 
of PPI will not prevent ulcers in all patients, as has been dem-
onstrated in humans. Symptoms of GI side effects still occur 
in 20% of human patients receiving omeprazole.73 Although 
routine use of PPI in nonrisk animals receiving NSAIDs is not 
indicated, strong consideration should be given to their use 
in at-risk animals. As a class, the PPIs are inhibitors of drug-
metabolizing enzymes, and care should be taken to review 
drug interactions before their use. Among them, esomepra-
zole may be the least likely to impact metabolizing enzymes.86a 
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However, PPI also have been shown to induce selected 
CYP45O enzymes (P45OIA1 and A2) but this impact appears 
to be most clinically relevant to (human) poor metabolizers 
that are deficient in enzymes.86b

Misoprostol is a synthetic PPGE analog that both prevents 
and helps heal gastrointestinal ulceration caused by NSAIDs.87 
The efficacy of misoprostol has been well established in human 
patients suffering from NSAID-induced ulceration,71 and stud-
ies support similar benefits in dogs.88,89 Combination NSAID–
misoprostol products have been approved for use by human 
patients,90 supporting its their combined use. Interestingly, 
misoprostol, when combined with an NSAID, also appears to 
enhance the antiinflammatory effect of the NSAID.90 Indeed, 
misoprostol inhibits IL-1, TNF, and thromboxane release from 
macrophages, and it is the most potent inhibitor of histamine 
release from human mast cells.90 Misoprostol has potentiated 
the antiinflammatory effect of a variety of compounds in ani-
malsand appears to have analgesic effects, although at high 
concentrations, acting synergistically with other NSAIDs.90 

Finally, misoprostol may be more effective in the presence of 
agents that decrease gastric acid secretion.64

Gastroprotective drugs include sucralfate and potentially 
glucosamine–chondroitin products (Figure 29-8). The ben-
efits of sucralfate in the treatment of NSAID-induced adverse 
drug events include binding to and thus protecting damaged 
mucosa, as well as increasing PG synthesis, angiogenesis, 
and sulfhydryl (oxygen radical scavenger) production at the 
site of damage. Despite the fact that sucralfate binds only to 
damaged mucosa, it nonetheless consistently performs better 
than placebo in the prevention of gastric or duodenal ulcers 
in human patients receiving NSAIDs. Sucralfate is minimally 
effective than antisecretory drugs in preventing stress ulcers 
(e.g., critical care patients).90a The combined use of NSAIDs 
and disease-modifying agents (glucosamine and chondroitin 
sulfates) for treatment of osteoarthritis is discussed later. An 
added advantage of their combined use is the potential gastro-
protection that might be realized because of enhanced muco-
polysaccharide production.91 Interestingly, metronidazole has 
been ascribed a protective effect on the gastrointestinal tract 
when combined with NSAIDs, presumably through removal 
of the microbial impact on neutrophil chemoattractant.92

Figure 29-8 A gross (top) and endoscopic view of two gastric ulcers in dogs treated with aspirin and glucocorticoids. The bottom 
ulcer responded to treatment with misoprostol, sucralfate, and ranitidine.

KEY POINT 29-12 Although sucralfate will not prevent gastro-
intestinal ulceration, it can protect and facilitate healing of 
damaged mucosa once it emerges.

KEY POINT 29-11 Among the antisecretory drugs, proton 
pump inhibitors generally have proved more effective 
than H2 receptor blockers for prevention and treatment of 
nonsteroial antiinflammatory drug–induced gastrointestinal 
adversities.
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The Canadian Agency for Drugs and Technologies in 
Health (CADTH) sponsored an in-depth analysis of the lit-
erature in an attempt to identify the most cost-effective gastro-
protective strategies in persons receiving NSAIDs.93 In their 
report, based on Monte-Carlo modeling, investigators con-
sidered patients receiving a nonselective NSAID (diclofenac) 
alone, a COX-2 preferentnial NSAID alone (celexocib); or 
either group of the NSAIDS with misoprostol, an H2 recep-
tor blocker (ranitidine), or a proton pump inhibitor (omepra-
zole). In their 2007 report, they found that no prophylaxis and 
treatment with a traditional NSAID; but no gastroprotection 
was least costly but least effective in avoiding adverse events. 
Of the combinations, PPI consistently was more effective than 
no prophylaxis; further, the most cost-effective strategy was 
the combination of nonselective NSAIDs with PPIs. Combi-
nation of nonselective NSAIDs with H2 receptor antagonists 
also reduced the risk of gastrointestinal complications, but at 
a higher cost (25%). Use of Cox-2 selective drugs or combina-
tion with misoprotol were effective (but more costly) alterna-
tives, although combination with misoprostol was associated 
with increased adversity because of its PG effects. The CADTH 
investigators further observed the need for a large, prospective, 
multicentered clinical outcome study that directly compares 
the efficacy of PPIs with H2 receptor antagonists to prevent 
NSAID-associated gastrointestinal adversities.

 The use of 5-lipoxygenase inhibitors for prevention of 
NSAIDs gastrointestinal toxicity might be considered. Lis 
facilitate ulcer formation by virtue of their effect on plate-
lets and blood vessels; these effects and others also might be 
inhibited by LT receptor antagonists (see later discussion). 
Among the approaches in reducing gastrointestinal toxicity 
associated with NSAIDs is the development of NO-NSAIDs.69 
NO has been recognized as an important gastroprotectant. Its 
mechanism appears, in part, to reflect inhibition of neutrophil 
adherence to vascular endothelium, which is necessary for 
mucosal damage to occur. Whereas adverse reactions are likely 
to preclude use of drugs that promote NO release systemically, 
NSAIDs that facilitate local release of NO (COX-inhibiting 
NO donors; NO-NSAIDs) are currently being developed. The 
drugs contain a NO-releasing moiety; their continuing devel-
opment has been reviewed.69 For example, the addition of 
the moiety to naproxen has yielded naproxcinod. The gastric 
mucosa also is protected by the formation of hydrogen sulfide 
(H2S) when produced in appropriate quantities. Accordingly, 
NSAIDs are being designed with a moiety that allows local, 
limited release of H2S. In either case (NO- or H2S-releasing 
moiety), the antiinflammatory potency of the drug may also 
be improved as gastric adversity is decreased.

Liver disease should be an anticipated sequela of long-
term use of any drug extensively concentrated or metabo-
lized by the liver, including NSAIDs (see Chapter 4).94 All 
NSAIDs approved for use in dogs have been associated with 
increased liver enzymes; most have been reported scientifi-
cally or anecdotally to cause hepatitis. Although their occur-
rence is discussed with individual NSAIDs, hepatic function 
tests (e.g., serum bile acids, albumin, urea nitrogen) should 
be implemented throughout drug exposure in patients at risk 

(discussed previously). The use of hepatoprotectant drugs (e.g., 
N-acetylcysteine, S-adenosylmethionine [SAMe]) should be 
considered for both prevention and treatment.

Clinical signs indicative of gastrointestinal ulceration may be 
exacerbated by an increased risk of bleeding induced by NSAIDs. 
In addition to their antiplatelet effects, selected NSAIDs (e.g., 
phenylbutazone) have also been associated with bone marrow 
dyscrasias.95-98 Gastrointestinal bleeding is probably the most 
common sign of bleeding dyscrasias, in part because of the 
ulcerogenic properties of these drugs. Epistaxis has also been 
reported. Because prostacyclin is mediated largely by COX-2, use 
of COX-2–selective drugs may increase the risk of thrombosis.99

Renal
Analgesic nephropathy is a relatively common adverse effect 
of NSAIDs in human beings.100 In the kidney both COX-1 and 
COX-2 mediate renal effects of PGs. Vasodilatory and tubulo-
active PGs are protective, ensuring that medullary vasodila-
tion and urinary output continue during states of renal arterial 
vasoconstriction (see Figure 29-7). The loss of this protective 
effect becomes important in patients with compromised renal 
function.100 NSAIDs inhibit the synthesis of renal PGs and 
may lead to deterioration of renal function in patients whose 
kidneys are physiologically stressed.100,101 However, some side 
effects reflect mechanisms other than PG inhibition. Renal 
side effects include both acute and chronic renal disease, 
nephrotic syndrome, interstitial nephritis, hyperkalemia, and 
disturbances in water and sodium movement.

Two different forms of renal disease associated with NSAIDs 
are generally described: hemodynamically mediated ischemic 
nephropathy and acute interstitial nephritis.102 Nephrotoxicity 
is more common in human patients than in veterinary patients, 
probably because therapy with NSAIDs is prolonged in the 
human patient and often occurs without physician supervision. 
NSAID therapy is also more common in geriatric patients, 
which is more likely to have reduced renal function as well 
decreased nephroprotective function. As such, animals that are 
likely to be predisposed to developing analgesic nephropathy 
are those that are geriatric, afflicted with conditions that impair 
renal blood flow (e.g., cardiac, renal, or cirrhotic liver disease), 
subjected to a hypotensive state (e.g., prolonged anesthesia 
without fluid support), and receiving nephroactive or nephro-
toxic drugs in addition to the NSAID. Patients receiving more 
than one NSAID, aminoglycosides, amphotericin B, and pos-
sibly angiotensin-converting enzyme inhibitors are potential 
candidates for analgesic nephropathy.103 Interstitial nephri-
tis, a less common syndrome associated with NSAID use in 
human patients, apparently has not been reported in dogs or 
cats. The cause of this syndrome appears to be a cell-mediated 
allergic response. Loss of renal PGs may potentiate the disease 
as inflammation progresses unchecked. 

In contrast to gastrointestinal adverse drug events, the risk 
of renal adverse drug events may not necessarily be reduced 
with use of newer COX-2–selective drugs compared with 
conventional NSAIDs. In human medicine clinical trials 
have demonstrated that the renal effects of COX-1–protective 
(COX-2–selective) drugs are similar to those of conventional 
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NSAIDs. A low-salt diet may increase the risk: Elderly human 
patients on a low-sodium diet receiving either single or mul-
tiple doses developed reductions in glomerular filtration rate, 
creatinine clearance, and sodium renal clearance.104 Acute 
changes in renal function in humans generally occur within 
24 hours, with return to normal by 48 hours.105

A number of studies have focused on the impact of peri-
operative NSAID use on renal function in dogs. Lobetti and 
Joubert106 studied the effects of ketoprofen (1 mg/kg) and 
carprofen (4 mg/kg) as well as ketorolac (0.5 mg/kg) and 
morphine (0.1 mg/kg; “control group”) on renal function as 
assessed by serum urea and creatinine concentrations, urine 
γ-glutamyltransferase, fractional renal clearance of sodium, 
and urinalysis. Measurements were collected before and 24 
and 48 hours after ovariohysterectomy in dogs (n=40; four per 
group, with no placebo control). Fluids were not administered 
during the surgical procedure, which ranged between 1 and 5 
hours in duration. Although all dogs remained clinically nor-
mal, transient azotemia was detected in two dogs each (2/4) in 
the ketoprofen and ketorolac groups, and changes in fractional 
clearance were detected in all three NSAID groups. Urine spe-
cific gravity increased in carprofen-treated dogs, although the 
clinical relavence of this is not clear.

In their study of carprofen safety in cats, Steagall and cowork-
ers107 cite a report from the European Union that indicates 50% 
of the surveyed cases of acute renal failure in cats were associ-
ated with NSAID therapy. Gunew and coworkers108 prospec-
tively studied the effects of long-term (approximately 6 months) 
treatment of cats with osteoarthritis (n = 46) meloxicam at 0.01 
to 0.03 mg/kg using a case-controlled design. Cats were approx-
imately 13 ± 4 years for both groups. Unfortunately, indices of 
renal dysfunction were compared between groups only at 1 
month; no differences were detected at that time. The author 
has summarized adverse events reported for carprofen and 
meloxicam in dogs versus cats at the FDA adverse event report-
ing site for reported after 2006 but before 2009. (Figure 29-9). 
Although direct numbers of adverse events cannot be compared 
(no information on units or doses sold for each drug), the pro-
portion of each advent might be compared among drugs. The 
percent of adverse events related to the kidney suggest that the 
incidence is clinically relevant in both the dog and cat. How-
ever, the data also suggests that the incidence of renal adverse 
events is generally higher for the cat compared to the dog. Fur-
ther, the data suggests that the risk of increased BUN and serum 
creatinine is greater for meloxicam (45 and 46%, respectively) 
compared to carprofen (24 and 22%, respectively). However, 
assessment of the more recent data suggests a broader implica-
tion. For more recent data, the number of animals for which 
each specific adverse event occurs has been removed from the 
site. As such, current comparisons must be limited to ranking of 
adversities. The rank of increased BUN or serum creatinine is 

higher in cats for each NSAID (approved or not approved) com-
pared to dogs. This includes both meloxicam and ketoprofen  
(Table 29-6). Accordingly, caution is recommended to not over 
estimate renal safety of these products in either dogs or cats; 
further, monitoring of renal function might be indicated in cats 
receiving NSAIDs long term, particularly if other risk factors for 
renal disease are present.

Studies have attempted to identify methods to prevent or 
treat NSAID-induced analgesic nephropathies. Despite some 
studies supporting its role,109 misoprostol does not have a 
recognized role in the prevention or treatment of NSAID-
induced nephrotoxicity. Its impact on other drug-induced 
nephropathies associated with vasoconstriction has been 
variable (e.g., cyclosporine110, 111). Misoprostol has been used 
clincally in human patients suffering from clinical conditions 
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Figure 29-9 The proportion of renal-associated adverse drug 
events drug for nonsteroidal antiinflammatory drugs (NSAIDs) 
reported in either dogs or cats. The proportion comes from 
the total number of adverse events reported for that drug. The 
total number of adverse events should not be directly com-
pared among drugs because the data cannot be adjusted for 
the number of units sold or animals treated. For example, a 
greater number of adverse events in dogs should be expected 
for carprofen compared with other NSAIDs because carpro-
fen has been approved for a longer time. Further, veterinar-
ians may be less inclined to report adverse events for newly 
approved NSAIDs if the event is one that is expected of the 
class. The cause-and-effect relationship for the adverse 
event and the NSAID was not confirmed but reflects cumu-
lative adverse events reported to manufacturers or directly 
reported to the Food and Drug Administration (FDA) at the 
time the data were studied (2007–2008). The data were col-
lected from the FDA’s adverse event reporting site from 2006 
to 2008 (data were no longer available at time of publication).

KEY POINT 29-13 The newer nonsteroial antiinflammatory 
drugs may offer no advantage to older nonsteroial anti-
nflammatory drugs in preventing nephrotoxicity; cats in 
particularly may be predisposed to adverse renal effects.
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associated with peripheral or renal vasoconstriction; how-
ever, its effects may be dose related, with natriuresis, diuresis, 
and vasodilation occurring at low doses and vasoconstric-
tion and impaired salt and water excretion occurring at high 
doses. Currently, preventive measures, including therapy with 
sodium-containing fluids, minimizing of drug interactions, 
and avoidance of use in patients at risk, appears to be the best 
method of avoiding the nephrotoxic effects of NSAIDS.

N-acetylcysteine has been studied experimentally for the 
prevention or treatment of NSAID-induced nephrotoxic-
ity.102,112 Proposed mechanisms include vasodilation, although 
other mechanisms may be relevant. However, although animal 
models have indicated potential efficacy, clinical trials, includ-
ing meta-analyses, have thus far failed to provide conclusive 
evidence of efficacy.113 Nonetheless, in the absence of effec-
tive therapies, N-acetylcysteine is generally recommended 
(approximately 10 mg/kg or more orally twice daily) preven-
tively for drug-induced toxicity.

Cardiovascular
All conventional NSAIDs are able to impair platelet activity 
as a result of impaired PG (thromboxane) synthesis, a COX-
1–selective action (see Figure 29-6). At pharmacologic doses 
aspirin selectively and irreversibly acetylates a serine residue 
of a platelet COX.114 The platelet form of this enzyme is up 
to 250-fold more sensitive to acetylation by aspirin compared 
with COX (prostacyclin synthetase) in vascular endothelial 
cells. Although platelets cannot regenerate more COX, endo-
thelial cells apparently are able to rapidly synthesize and replace 
impaired COX.114 Platelet aggregation defects caused by aspirin 
will last until platelets can be replaced, generally 1 to 2 weeks.

The effect of newer NSAIDs differs from that of conven-
tional NSAIDs. The loss of COX-2–mediated formation of 
prostacyclin and its antithrombotic effects in the vascular endo-
thelium predisposes (human) patients to COX-1–mediated  
platelet aggregation, leukocyte activation, and adhesion and 
accumulation of cholesterol in vascular cells. The poten-
tial association of COX-2 inhibitors and an increased risk of 
thromboembolic disease evolved in the analysis of side effects 

in treatment groups receiving selected COX-2 preferential 
drugs (e.g., rofecoxib or celecoxib compared with placebos or 
conventional NSAIDs) as part of clinical trials evaluating their 
use for treatment of cancer, treatment of AD, or association 
with gastrointestinal side effects. The trials initially were not 
designed to compare cardiovascular events, and initial evalua-
tion could not discern whether it was treatment with rofecoxib 
or lack of treatment with naproxen (and thus loss of a cardio-
protective effect) that led to the increased risk.115 Subsequent 
studies that have focused specifically on the risk of thrombo-
embolic events have yielded conflicting results, ranging from 
a clear increased risk to no detectable increase in risk. The 
results of these studies have been reviewed,115 but conclusions 
are complicated by the presence of aspirin. However, neither 
conventional nor COX-selective NSAIDs are as likely to impair 
platelet aggregation as well as aspirin does. For platelet aggrega-
tion to be impaired, TXA2 must be inhibited by at least 95%, 
an impact that competitive TXA2 inhibitors cannot achieve; 
the possible exception is naproxen because of its long half-life. 
In contrast, aspirin irreversibly acetylates TXA2. Accordingly, 
both aspirin and naproxen tend to be associated with cardio-
protective effects. However, aspirin has the added advantage 
of stimulating lipoxin, which provides antiplatelet effects.20 A 
number of NSAIDs, including naproxen, block aspirin’s car-
dioprotective effect, in part by physically binding the serine site 
of TXA2 acetylation by aspirin. Although this is less likely for 
newer NSAIDs, they may impair lipoxin, thus impairing anti-
platelet effects through a different mechanism. This compli-
cates interpretation of these studies, particularly if groups are 
not controlled for aspirin dose, duration, and timing. However, 
in general, review of these clinical trials indicate that COX-2–
selective drugs do increase the risk of cardiovascular adverse 
events, particularly in patients already suffering from disease.115

The impact of COX-2 selective drugs on hemostasis in 
veterinary medicine is not clear, but preferential COX-2 
inhibition by endogenous glucocorticoids may help explain 
the increased risk of thrombogenesis in dogs suffering from 
hyperadrenocorticism. In a canine model of coronary vessel 
occlusion, celecoxib decreased the vasodilatory response to 
AA, leading the authors to conclude that a potential risk exists 
for acute vascular events in animals suffering from inflam-
matory disorders and receiving COX-2–selective drugs.116 
However, celecoxib also prevents the cardioprotective effects 
provided by low dose aspirin, contributing to the increased 

Table 29-6  Post-Market Surveillance Data Ranking for Selected Renal-Related Adverse Events 
Reported for Orally Administered NSAIDs in Dogs and Cats*

CARPROFEN (Po) DEROCOXIB (Po) MELOXICAM (Po) FIROCOXIB (Po) KETOPROFEN (Inj)

Species Dog (17,585) Cat (542) Dog (5006) Cat (44) Dog (2112) Cat (1132) Dog (2437) Cat (13) Dog (113) Cat* (41)
Vomiting 1 1 1 1 1 5 1 1 1 NR
BUN 9 4 5 2 5 3 3 4 3 2
Creatinine 11 5 6 4 7 2 7 5 4 3

From the Food and Drug Administration Center for Veterinary Medicine Cumulative Adverse Event website: fda.gov/AnimalVeterinary/SafetyHealth/ProductSafetyInformation/
ucm055394.htm), accessed January 2011. The rank for each adverse event (vomiting, increased BUN or serum creatinine) indicates the frequency of reports citing that adverse event 
for that drug in dogs or cats, where a ranking of 1=most frequent. Numbers in parentheses indicate the number of animals for which adverse events were reported. The absolute 
number of adverse events should not be directly compared among drugs because it is not correctable for the number of units sold.
NR, Not reported; PO, oral; Inj, injectable.

KEY POINT 29-14 Cyclooxygenase-2–preferential drugs 
should be expected to increase the risk of thrombosis 
rather than hemostasis.
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risk of thromboembolic events in some human patients.116a 
The lack of unequivocal information regarding COX selectiv-
ity of the various NSAIDs in either dogs or cats complicates 
assessment of risk. As such, NSAIDs should be used only 
with great caution in animals with comorbidity influencing 
hemostasis (e.g., heart worm thromboembolis). This may be 
particularly problematic in the cat (e.g., hypertrophic cardio-
myopathy) for which little information regarding COX selec-
tivity among drugs is available.

Miscellaneous
Thyroid
A number of NSAIDs adversely affect thyroid function, pri-
marily through competition for or impairment of binding to 
carrier proteins. Displacement appears to cause plasma con-
centrations to rapidly increase, leading to decreased thyroid-
stimulating hormone; however, with time, increased clearance 
of the hormone should alter the balance in the opposite direc-
tion. The impact of NSAIDs on the thyroid gland may reflect 
the sulfur moiety present on many of the drugs (see Figures 
29-3 and 29-4); it is possible that displacement from protein-
binding sites might increase clearance. Using a randomized 
crossover design, Daminet and coworkers117 reported that 
aspirin reduced total T4 within 24 hours of administration of 
25 mg/kg twice daily; thyroid-stimulating hormone and free 
T4 were not affected. Ketoprofen at 1 mg/kg once daily had 
no effect compared with placebo. Whereas etodolac appears 
to have minimal impact on thyroid function.118 Ferguson (as 
reviewed by Sauve)119 reported slightly decreased serum T4 
and cTSH in dogs receiving carprofen for 2 to 5 weeks. Sauve 
and coworkers119 prospectively studied in osteoarthritic dogs 
(n=62) the effect of meloxicam (n=14; 0.2 mg/kg load followed 
by 0.1 mg/kg daily for 60 days total), carprofen (n=14; 1.7 to 
2.3 mg/kg twice daily for 60 days) and chondroitin sulfate–
glucosamine–manganese combinations (n=18; 1 to 3 capsules 
daily for 60 days) compared with placebo on thyroid function. 
The study was randomized and placebo (n=16) controlled. 
Thyroid function did not significantly differ among any treat-
ment group across time or between groups; however, free T4 
declined 20% in the meloxicam group. Sample size may have 
limited the ability to detect differences in other groups.

Lungs
The “allergy” to aspirin described for human asthmatics is 
generally recognized to reflect increased production of LTs, 
although the loss of the inhibitory effect on LT production by 
PGs also has been suggested. Drugs that are COX-1 sparing do 
not appear to precipitate asthma as do conventional NSAIDs 
and aspirin in particular, suggesting that the newer drugs are 
safe in asthmatic patients.20 The impact of low-dose aspirin 
(which would allow the production of aspirin-induced lipoxin) 
on pulmonary inflammatory diseases has not been addressed.

Other
Miscellaneous side effects associated with the use of 
NSAIDs include aseptic meningitis,120-122 diarrhea, and CNS 
depression.59

CONVENTIONAL NONSTEROIDAL 
ANTIINFLAMMATORY DRUGS

Aspirin: The Prototypic Nonsteroidal 
Antiinflammatory Drug

The discovery of the mechanisms of aspirin and its elucida-
tion of COX enzyme isoforms was recently reviewed.122a

Structure–Activity and Preparations. Aspirin, the salicylic 
acid ester of acetic acid, is the prototype of the salicylate drugs, 
which includes sodium salicylate, bismuth subsalicylate, and 
others. In addition to inhibition of COX enzyme activity, 
salicylates inhibit the formation and release of kinins, stabilize 
lysosomes, and remove energy necessary for inflammation by 
uncoupling oxidative phosphorylation. Among the traditional 
NSAIDs, aspirin stands out for its impact on the AA cascade. 
Its effect on thromboxane synthetase was previously described. 
Additionally, at low doses, aspirin triggers the formation of 
lipoxins and their 15-epimers, epoxins.123, 123a The latter are 
antiinflammatory mediators that counter the proinflamma-
toroy mediators of the cascade (see Figures 29-1 and 29-2). 
Aspirin is available in several different preparations, including 
plain, film-coated, buffered, time-release, and enteric-coated 
tablets. Capsules and suppositories are also available.70 Oral 
salicylates are also available in preparations intended to treat 
inflammatory bowel disease.

Disposition. The oral bioavailability of aspirin products may 
vary because of differences in disintegration, drug formulation, 
stomach content, and gastric pH.124 Although buffered aspirin 
is more soluble than plain aspirin, a larger proportion is ion-
ized and less rapidly absorbed. The rate of absorption of both 
products is the same.70 Aspirin undergoes rapid metabolism to 
the hydrolyzed active product salicylic acid by plasma esterases. 
This metabolite is not as potent an analgesic or antiinflamma-
tory drug because of the loss of the acetyl group, which is able to 
acetylate key proteins.70 Salicylic acid is between 50% and 70% 
bound to serum albumin among species.125 Hypoalbuminemia 
may result in transient increases in plasma drug concentrations 
associated with adverse effects. Distribution of salicylic acid into 
extracellular fluid is rapid and includes synovial and peritoneal 
fluids, saliva, and milk. Salicylic acid is eliminated by hepatic 
conjugation with glucuronide and glycine, renal excretion by 
glomerular filtration, and tubular secretion.125,126 Species dif-
ferences in the biotransformation and elimination of salicylates 
are dramatic. Excretion is more rapid in alkaline urine, which 
might be used therapeutically to treat acute aspirin intoxica-
tion. Salicylate can achieve substantial concentrations in milk. 
Elimination occurs more slowly in pediatric patients.127

The disposition of acetyl salicylate appears to be the only 
salicylate for which data is available in dogs or cats.127, 128 Other 
oral salicylates such as sulfasalazine have been used to treat 
chronic inflammatory conditions of the bowel (see Chapter 
19). Although their mechanism of action is unclear, splitting of 
the diazo bond by colonic bacteria to yield sulfapyridine and 
5-aminosalicylic acid (5-ASA) may be involved. The 5-ASA is 
considered to be the active moiety.129 Both the sulfapyridine 
and sulfasalazine (up to 25%) are absorbed from the small 
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intestine, but most of the 5-ASA remains in the colon. That 
absorbed (approximately 20% in humans) is rapidly acetylated 
and inactivated by either the colonic mucosa or liver. Newer 
products composed principally of 5-ASA are being investi-
gated for the treatment of chronic inflammatory bowel dis-
eases.129 Alternative methods of delivery of these compounds 
such that side effects are minimized are also being studied.130

Adverse reactions. Aspirin is theoretically characterized by a 
wide safety margin in most species. The recommended thera-
peutic range in humans ranges from 100 to 250 μg/mL,131 with 
higher concentrations necessary to control inflammation, par-
ticularly that associated with immune-mediated disease. 5 Anal-
gesia and antipyresis generally require concentrations of 20 to 50 
μg/mL,70 whereas control of inflammation may require concen-
trations that exceed 50 μg/mL. Response of rheumatoid arthri-
tis in human beings requires concentrations approximating 200 
μg/mL. Although the drug concentration necessary to achieve 
an antithrombotic effect has not been established for aspirin in 
animals, smaller doses have proved efficacious (e.g., 3 mg/kg). 
These studies did not effectively evaluate safety (gastrointestinal 
changes). Studies based on gastrointestinal permeability dem-
onstrate that aspirin alters gastrointestinal permability.7

Clinical signs of aspirin toxicity may be present at concen-
trations necessary for clinical response, but they worsen as 
serum salicylate concentrations exceed 300 μg/mL. The effects 
of NSAIDs on cartilage are largely detrimental.  Hepatotoxicity 
and decreased renal function have been reported at 250 μg/mL. 
Decreased prothrombin time, deafness, and hyperventilation 
occur at 300 to 350 μg/mL, with severe toxicity, including met-
abolic acidosis, occurring at doses above 400 μg/mL.127

Treatment of acute aspirin toxicity is largely supportive, 
including increasing elimination. Toxicity (acute) is usually 
manifested as depression, vomiting, hyperthermia, electrolyte 
imbalances, convulsions, coma, and death. Toxicity is more 
likely in cats because of slow metabolism with accumulation. 
Acute toxicity includes serious acid–base disturbances result-
ing from uncoupling of oxidative phosphorylation. Hyperven-
tilation resulting from direct stimulation of the respiratory 
center may be followed by depression at high doses. Bleeding 
disorders may also be evident,70,132 as might dose-dependent 
hepatotoxicity. Salicylate markedly suppresses augmented 
proteoglycan synthesis in osteoarthritic cartilage and perme-
ates the damage joint more than the undamaged joint.133

Dogs. In dogs aspirin is distributed to a volume ranging 
from 0.4 to 0.6 L/kg. Bioavailability probably varies with the 
manufacturer as well as the preparation and ranges from 68% 
to 76%.134 The bioavailabilities of plain, buffered, and enteric-
coated aspirin (25 mg/kg) do not appear to vary markedly, 
although plasma salicylate concentrations were most variable 
for the enteric-coated preparation.135 Concentrations of 91 to 
120 μg/mL are achieved at 25 mg/kg administered at 8-hour 
intervals.127 After several doses of 25 mg/kg at 12-hour inter-
vals, the biological half-life of aspirin is 7.5 hours in dogs. This 
time increased to a mean of 12.2 hours, however, when the 
dosing interval was decreased to 8 hours.136 In another study 
the elimination half-life of aspirin varied after intravenous 
injection of 36 to 60 mg/kg, ranging from 2.2 to 8.7 hours.

One study in clinical patients found that plasma salicylate 
concentrations correlated with response.134 The dose neces-
sary to maintain clinical control of various lamenesses in dogs 
in one study ranged from 23 to 86 mg/kg twice daily, result-
ing in plasma drug concentrations ranging from 71 to 281 
μg/mL.137 Marked individual variability in drug elimination 
among animals suggests that therapeutic drug monitoring 
may be useful to ensure that therapeutic drug concentrations 
have been achieved and that toxic concentrations (>300 μg/
mL) are avoided.134 However, when 25 mg/kg is adminis-
tered at 8-hour intervals, therapeutic concentrations can be 
expected to be maintained throughout the dosing interval. 
Gastrointestinal side effects of aspirin in dogs also appear to 
be dose and preparation related62,135 and may be decreased by 
using special preparations. Doses of 25 mg/kg of plain aspirin 
caused mucosal erosions in 50% of dogs that received plain 
aspirin, whereas minimal damage occurred in animals receiv-
ing buffered and coated preparations.135

Cats. As a phenol, aspirin is a compound for which gluc-
uronidation is generally deficient in cats compared with other 
species.132,138 Its plasma elimination half-life may be dose 
dependent.139 The half-life is 22 to 27 hours after doses of 5 to 
12 mg/kg but 45 hours after administration of 25 mg/kg.7,128 
No clinical signs of toxicosis occurred in one study in which 
cats were treated with 25 mg/kg every 48 hours.138 Clinical 
signs of aspirin toxicity in cats are similar to those seen in 
human patients.140 Subtle changes in liver function may reflect 
nonspecific hepatitis, the primary histologic lesion.

Flunixin Meglumine
Structure–activity relationship. Flunixin meglumine is a nic-

otinic acid derivative approved for use in the horse. Described 
as a potent analgesic agent, it has been used to control pain 
that might otherwise respond only to opioids. It is particularly 
useful for visceral pain. In addition to its analgesic effects, flu-
nixin meglumine has been studied and cited for its antiendo-
toxic effects in experimental models of septic shock in several 
species.141-145

Disposition. The disposition of flunixn has been studied 
in dogs and cats (see Table 29-4).60,146 Flunixin appears to 
undergo enterohepatic circulation in cats. Its half-life differs 
considerably depending on the study, with more recent studies 
perhaps being more accurate because of a lower limit of detec-
tion that allows description of the true elimination phase.60 
However, because therapeutic concentrations are not known, 
the true elimination phase may reflect concentrations that are 
subtherapeutic and may not be clinically relevant. At least two 
transport systems appear to be involved in the disposition of 
flunixin in cats (one being organic anion transporter polypep-
tide-2 in the liver, the other renal in origin),60 which may sub-
ject the drug to drug interactions.

Therapeutic use. Although the mode of action has not been 
documented, flunixin is specifically recommended as an anal-
gesic in the treatment of colic in horses and has been useful for 
control of visceral pain in dogs (e.g., parvovirus) or postopera-
tive pain.66 It also has been useful for the treatment (and espe-
cially pretreatment) of endotoxic shock.44 It prevents many 
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of the adverse effects caused by administration of endotoxin, 
TXA2, and PGI2.146 Flunixin meglumine appears to modulate 
response to septic shock in dogs.141,145,147 In dogs a dose of 
1.1 mg/kg flunixin meglumine blocks PGI2 production, and 
2.2 mg/kg improves survival times of septic dogs.146 Newer 
COX-2–targeting NSAIDs might be similarly effective in the 
treatment or prevention of endotoxemia. Pharmacokinetics of 
flunixin in septic dogs does not appear to differ from that of 
control dogs.146 Toxicity, most commonly manifested as gas-
trointestinal upset, limits use of this drug in dogs to 2 to 3 
days. Doses at three to five times those recommended caused 
gastrointestinal disturbances in one study.

Ibuprofen
Ibuprofen is a propionic acid derivative that has been used 
in dogs. Ibuprofen may be less effective as an analgesic than 
aspirin, perhaps on account of differences in binding of COX 
(reversible for ibuprofen and irreversible for aspirin). Ibupro-
fen remains a popular and effective antiinflammatory drug in 
humans. The disposition of ibuprofen has been studied in dogs 
(see Table 29-4). Pharmacokinetics are similar at doses of 5 and 
10 mg/kg.148 A dose of 12 to 15 mg/kg is, however, necessary to 
achieve therapeutic concentrations, as reported in humans.148 
After repetitive administration of this dose, plasma drug con-
centrations decrease despite no change in drug half-life.148

In humans ibuprofen is associated with a low incidence of 
gastrointestinal side effects and has been compared favorably 
with even the newer COX-2–selective drugs.73 This may lead 
clients to assume the same is true for dogs or cats. However, 
ibuprofen is among the least safe NSAIDs in dogs. Vomit-
ing commonly occurs after several (2 to 6) days of ibuprofen 
therapy in dogs with either the gelatin- or enteric-coated cap-
sules.148 Gastrointestinal inflammation and gastric erosions 
have been documented after administration of 8 mg/kg daily 
despite the lack of clinical signs of toxicity.148,149 Death asso-
ciated with gastrointestinal hemorrhage occurred in one dog 
given 3 mg/kg every other day for 6 weeks.149 These effects 
occur despite a short half-life for ibuprofen in dogs (less than 
5 hours). The COX-1 to COX-2 ratio apparently has not been 
determined for ibuprofen in dogs. Because gastric lesions 
occur at doses less than those necessary to achieve therapeutic 
concentrations, ibuprofen is not recommended for use in dogs.

Ketoprofen
Structure–activity relationship and mechanism of action. 

Ketoprofen is a propionic acid NSAID approved for use in 
humans and horses. Because ketoprofen is a strong inhibi-
tor of COX, it has been ascribed powerful antiinflammatory, 
analgesic, and antipyretic properties. Although not firmly 
established, the efficacy of ketoprofen has been attributed to 
its ability to inhibit some lipoxygenases and thus formation of 
LTs.150 Ketoprofen is also a powerful inhibitor of  bradykinin.150

Disposition. Ketoprofen is rapidly absorbed from the gastro-
intestinal tract. Although peak plasma drug concentrations are 
lower in dogs after oral than intravenous administration, mean 
residence times (4.59 versus 3.81 hours, respectively) were not 
different.151 Bioavailability does not seem to be impaired by food. 
As with other NSAIDs, ketoprofen is approximately 99% protein 
bound, principally to albumin. Elimination reflects metabolism 
to inactive metabolites by the liver and excretion as the glucuro-
nide conjugate in the urine.150 Ketoprofen has a slightly shorter 
half-life in cats compared with dogs (see Table 29-4) . Ketoprofen 
is sold as a racemic mixture. The R and S isomer are handled dif-
ferently by the body and induce different pharmacodynamic and 
pharmacokinetic responses, with variability expected among and 
within species. Disposition is further complicated by the poten-
tial conversion that occurs between isomers, with the extent and 
sequelae also varying among and within species.127 Conversion 
of the R to S isomer, but not the S to R isomer, has been docu-
mented in dogs and cats. Cats may convert up to 37% of the R 
to the S isomer. Not surprisingly, species differ as to which iso-
mer predominates after administration of the racemic mixture. 
In dogs the S isomer represented 91% of the peak plasma drug 
concentration 3 hours after administration of the R isomer.

Drugs that are similar in structure may be markedly differ-
ent in their pharmacokinetic and pharmacodynamic descrip-
tion, as is exemplified by ketoprofen and a similar drug, 
fenoprofen, in cats.152 For ketoprofen the R and S isomers 
behave similarly: Respective clearance was 235 and 216 mL/
hr/kg, and half-life of each was 0.5 hour. For the structurally 
similar fenoprofen, clearance for the R isomer was ninefold 
greater compared with that for the S isomer (980 versus 112 
mL/hr/kg), leading to a shorter half-life (0.53 hour) for the R 
isomer compared with the S isomer (3 hours). Further, 93% of 
R-fenoprofen was converted to the S-isomer, compared with 
only 37% of R-ketoprofen.152 As such, at least for the cat, expo-
sure to either isomer of ketoprofen may be largely equivalent 
(based on area under the curve) but is approximately sixfold 
higher for S-fenoprofen (the COX-active isomer) compared 
with R-fenoprofen.152 As with disposition, the pharmacody-
namic impact of each ketoprofen isomer on inflammation and 
analgesia is variable among species. The anti-COX effect of 
ketoprofen (and fenoprofen) reflects the S-enantiomer in cats.

Drug interactions specific for ketoprofen have not yet been 
documented.153 However, in humans adverse reactions to 
ketoprofen occur in approximately 30% of the patients stud-
ied.154,155 The most frequent complaint was upper gastrointes-
tinal upset. Other commonly encountered side effects include 
CNS reactions, such as headaches and dizziness, and nephritis. 
Side effects were severe enough in one report that therapy was 
discontinued in approximately 13% of patients.153 Alternative 
preparations, such as rectal suppositories, have been formu-
lated for ketoprofen to reduce the incidence of gastrointestinal 
toxicity.151

KEY POINT 29-15 Ibuprofen and naproxen should be consid-
ered as contraindicated in the dog just as acetaminophen is 
contraindicated in the cat.

KEY POINT 29-16 Ideally, the preferred nonsteroidal antiin-
flammatory drug for perioperative use will be one approved 
for use in the target species and known to be cyclooxygen-
ase-2 preferential in action.
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Ketoprofen is not approved for use in small animals in the 
United States but is approved for both dogs and cats in Can-
ada and Europe. It has proved to be an efficacious NSAID in 
humans and animals. In human patients suffering from rheu-
matoid arthritis, ketoprofen has been shown to be as effica-
cious as aspirin, naproxen, aspirin, indomethacin, ibuprofen, 
diclofenac, and piroxicam.156 Similar results occurred in can-
cer patients receiving either aspirin–codeine combinations or 
ketoprofen.155 For control of postoperative pain, ketoprofen 
has proved as effective as pentazocine and meperidine156 and 
equally effective but longer in duration than acetaminophen–
codeine combinations.157 In dogs analgesia provided by keto-
profen has been reported to last between 12 and 20 hours.127

The use of ketoprofen as an analgesic and antipyretic has 
been studied in cats. The antipyretic effect of ketoprofen (2 
mg/kg subcutaneously followed by 1 mg/kg once daily orally) 
in febrile cats was rapid, being evident in 4 hours with tem-
peratures normalized at that time.158 Temperatures did not 
change in the cats treated with antibiotics only. The use of 
ketoprofen as an analgesic is variable.159 In cats subjected to 
ovariohysterectomy, ketoprofen (2 mg/kg subcutaneously) 
compared favorably with buprenorphine (0.006 mg/kg or 6 
μg/kg intramuscularly) and meperidine as gas anesthesia was 
discontinued. Response was based on visual analog scores 
and overall clinical assessment. Response was equal to that 
of buprenorphine at 4 hours and better at 8 hours. Response 
was better for both drugs compared with the control at both 4 
and 8 hours but still present for buprenorphine only compared 
with control at 18 hours.

Ketorolac
Ketorolac is an NSAID approved for use in human patients. In 
contrast to many NSAIDs, ketorolac is only moderately effec-
tive as an antiinflammatory.160 It is a potent analgesic, how-
ever, that has been described as equivalent to morphine. As 
such, it has been used as a perioperative analgesic in dogs.161 
Ketorolac appears to be superior to butorphanol and equal 
to flunixin meglumine for control of postoperative pain. The 
disposition of ketoralac is quite variable in in dogs (see Table 
29-4) after single intravenous or oral dosing (0.34 mg/kg), 
although investigators indicate that the disposition was sim-
lar to humans.162 In humans ketorolac causes gastrointestinal 
upset, and similar side effects occur in dogs. In one study 1 
of 21 dogs developed gastrointestinal ulceration after a single 
dose.66 Therefore recommendations are to limit use to one 
to two treatments, or 3 days. Other side effects reported in 
human patients include dizziness, headache, nausea, and pain 
at the site of injection.160 Caution should be taken particularly 
in the perioperative patient, which is more likely to be depen-
dent on renal PGs during the surgical procedure.

Meclofenamic Acid
Meclofenamate is an anthranilic NSAID available as a palat-
able granular preparation intended to be mixed with food for 
large animals and as a tablet. It is approved for use in dogs in 
the United States. Among the NSAIDs, it is noted for its slow 
onset of action. The package insert associated with the label 

of this drug describes dogs as being exquisitely sensitive to 
the gastrointestinal ulcerogenic effects of these drugs. Meclof-
enamic acid appears to have no clear advantage to other drugs 
for treatment of osteoarthritis in dogs and may be more likely 
to cause gastrointestinal upset.

Naproxen
Naproxen is approved for use in humans and is available in over 
the counter preparations. Although it contains a chiral carbon, 
it is sold as the pure S isomer. Its disposition has been studied 
in dogs and, notably, it varies from that in humans. Compared 
with 12 to 15 hours in humans and 5 hours in horses, the elimi-
nation half-life of naproxen after intravenous administration in 
dogs ranges from 45 to 92 hours.163 Peak concentrations in dogs 
after oral administration of 5 mg/kg were 40 to 50 μg/mL. Tissue 
concentrations paralleled plasma concentrations, with a peak of 
20 to 30 μg/mL; concentrations declined over a period of 200 
hours.164 Extensive enterohepatic circulation has been credited 
as the cause for prolonged elimination in dogs. Because of its 
long half-life, naproxen need be given only once daily to every 
other day. Although a loading dose has been recommended, 
the gastrointestinal toxicity of this drug in dogs suggests that a 
loading dose be avoided to minimize the risk of toxicity.

The dog has been described as the animal most sensitive to 
naproxen.163 Its use in dogs does not seem prudent. Gastroin-
testinal toxicity occurs at doses of 5 mg/kg daily.165 Toxicity 
appears most likely when plasma drug concentrations exceed 
50 μg/mL. If this NSAID must be used in dogs, doses initially 
should be low (1 to 2 mg/kg) and subsequently titrated to the 
animal’s need. Animals should be watched closely for evidence 
of gastrointestinal upset. Bleeding dyscrasias have also been 
reported in dogs receiving large doses of naproxen.163,165,166

Naproxen has been cited for a positive protective effect on 
articular cartilage. In a canine experimental model of osteoar-
thritis, naproxen decreased the loss of proteoglycans and sup-
pressed metalloproteinase activity.167

Phenylbutazone
Phenylbutazone is a weakly acidic, lipophilic NSAID approved 
for use in dogs. Inhibition of the AA cascade by phenylbuta-
zone occurs after conversion to reactive intermediates at the 
level of PGH synthase and prostacyclin synthase. Prostanoid-
dependent swelling, edema, erythema, and associated pain are 
reduced by phenylbutazone.37 Phenylbutazone has been asso-
ciated with some attenuation of some clinical signs associated 
with endotoxic shock in experimental models.142,144

Bioavailability after intramuscular administration of 
phenylbutazone is less than that after oral administration in 
most species studied because of precipitation in the neutral 
pH of muscle.37,168 Phenylbutazone is metabolized by the 
liver, with less than 2% of the drug being excreted as a parent 
compound in the urine in some species. Its major metabolites 
are oxyphenylbutazone, which is less active than phenylbuta-
zone, and inactive γ-hydroxyphenylbutazone.37,169,170 Dose-
dependent zero-order kinetics has been reported in dogs.127 
Reported adverse reactions caused by phenylbutazone 
include bleeding dyscrasias, hepatopathy, and nephropathy 
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(primarily in horses).37,96,171,172 Phenylbutazone has chon-
drodestructive effects.173,174

Dogs. Despite approval of the oral preparation for use in 
dogs, there is little information regarding the use of phenyl-
butazone in dogs. The half-life in plasma (7.3 to 18 hours) is 
shorter than that in tissues (20 hours), although peak con-
centrations in tissues (13 to 20 μg/mL) were approximately 
one third of those in plasma (49 to 75 μg/mL)164 after a dose 
of 15 mg/kg orally. The elimination half-life (in Greyhounds) 
is 6 to 7 hours.169,170 Dogs apparently are more tolerant of 
phenylbutazone than are humans. When used to treat rac-
ing greyhounds, phenylbutazone should be used with caution 
because of routine drug testing. One study175 has documented 
that phenylbutazone can be detected in the urine of Grey-
hounds after topical administration in a commercially avail-
able cream.

Toxicity manifested as hemorrhage, biliary stasis, and renal 
failure has been reported in one dog receiving close to recom-
mended doses.97,172,176 For reasons not explained, the package 
insert notes a total maximum dose and requires the drug to be 
discontinued slowly. Bone marrow dyscrasias (including neu-
tropenia) also have been reported.

Cats. Although phenylbutazone has been used in cats, 
a high incidence of toxicity suggests extreme caution. One 
hundred percent of cats treated with 44 mg/kg daily became 
anorectic at 2 to 3 days, with 80% mortality at 2 to 3 weeks. 
Toxicity occurs primarily in the bone marrow and is charac-
terized by decreased erythroblastic activity and possible inter-
ference with myeloid maturation. Gastrointestinal damage, 
nephrotoxicity, and hepatotoxicity also occur.96

Piroxicam
Piroxicam is an oxicam NSAID approved for humans that 
has been used to treat osteoarthritis in dogs. More recently, 
it has received attention for its ability to reduce the size of 
tumors (transitional cell tumors and others) in dogs.49,50-52 
Piroxicam may interact by an additive or synergistic action 
with anticancer drugs to cause tumor cell death. Piroxicam 
is a potent antiinflammatory in musculoskeletal conditions.
The disposition of piroxicam has been studied in both the 
dog177 and cat.178 Notably, the half-life of the drug is much 
shorter in cats (12 hours) compared with dogs (40 to 50 
hours). Although the LD50 of piroxicam is greater than 700 
mg/kg in dogs, gastric lesions and renal papillary necrosis 
have occurred in dogs receiving 0.3 to 1 mg/kg daily.49,177 
The ratio of COX-2 to COX-1 suggests that gastrointestinal 
toxicity occurs. Little evidence of toxicity (gastrointestinal 
or bleeding), however, was noted after administration of 
0.3 mg/kg every other day.49,177 Extrapolation of human use 
to dogs should be done cautiously because of possible dif-
ferences in volume of distribution, therapeutic concentra-
tions, or safety margin.

Tolfenamic acid. Tolfenamic acid (Tolfedine) is a nonselec-
tive NSAID approved for use in Canada for long-term use in 
dogs and short-term use in cats. The half-lives in dogs and cats 
are, respectively, 6.5 hours and 8 hours. The drug appears to 
undergo enterohepatic circulation.

CYCLOOXYGENASE-1–SPARING 
NONSTEROIDAL ANTIINFLAMMATORY 
DRUGS

Because the extent of COX-1 and COX-2 inhibition for many 
of the newer NSAIDs is not clear, particularly in dogs and cats, 
the term preferential COX-2 inhibitors is preferred in this text 
to selective COX-2 inhibitors, with the former reflecting the 
potential for inhibition of both isoforms. COX-1 sparing is 
intended to mean the same. Bergh and Budsberg179 reviewed 
the use of coxib NSAIDs in veterinary medicine.

Carprofen
Dogs. Carprofen is a proprionic acid–derived NSAID 

approved in the United States for use in dogs for the treatment 
of osteoarthritis.180 The drug is approved for use in dogs and 
cats in selected countries outside of the United States. Like 
other NSAIDs, carprofen has antipyretic, analgesic, and anti-
inflammatory effects.180 Its potency is equal to that of indo-
methacin and surpasses that of aspirin or phenylbutazone,180 
and doses consequently are smaller for carprofen than for 
these NSAIDs.

The mechanism of action of carprofen is not certain, but, 
unlike other members of its class (e.g., ibuprofen, ketopro-
fen, naproxen), it may be relatively selective for inhibition of 
COX-2. McKellar and coworkers181 reported that it does not 
inhibit thromboxane activitiy in platelets, PGE2 (isoform not 
identified) nor 12-HETE in inflammatory cells. With canine 
platelet-derived COX-1 and macrophage-like cell COX-2, 
the ratio of COX-1 to COX-2 IC50 (concentration that caused 
50% inhibition) for the racemic mixture (that available in the 
commercial preparation) was 129; the ratio was 181 for the 
S isomer (thus the “antiinflammatory” enantiomer) but only 
4.19 for the R isomer (see Table 29-3).32 These differences in 
COX inhibition may explain the apparent safety of carprofen 
compared with conventional NSAIDs in dogs and with safety 
in the dog compared to that in humans, for whom the ratio is 
less than 1.

Pharmacokinetics. Carprofen has been studied in dogs 
after oral and subcutaneous administration (see Table 29-4). 
Increases in oral doses generally result in proportional increases 
in Cmax, with peak concentrations occurring at approximately 
1 hour. Peak concentrations appear to occur more slowly with 
subcutaneous than with oral administration; the former route 
may prolong onset of efficacy. Although Cmax differed between 
oral and subcutaneous administration, the area under the curve 
did not, indicating bioequivalence among the two routes after 
both single and multiple dosing.182 Like other NSAIDs, carpro-
fen is highly protein bound. Carprofen is metabolized by the 
liver and in dogs is characterized by a half-life of approximately 
10 hours, which is sufficiently long that it has been approved 
for once-daily administration. Between 70% and 80% of car-
profen metabolites are excreted in the feces, with the remainder 
in the urine.

The dispositions of the two carprofen enantiomers have 
been studied in dogs.181,183 Administration as a racemic mix-
ture yields a Cmax of the R isomer at 18 μg/mL versus 14 μg/mL 
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for the S isomer. Conversion apparently does not occur 
between the R or S isomer in dogs. Both the R isomer (72%) 
and the S isomer (92%) are extensively excreted in the bile, 
but enterohepatic circulation appears to be relatively specific 
for the S isomer (the isomer characterized by a very favorable 
COX-2 specificity), probably owing to greater glucuronidase-
resistant isoglucuronides for the R isomer.183 Up to 34% of the 
S isomer is recirculated.127 Because both the clearance and the 
volume of distribution of the S isomer are greater than those 
of the R isomer, the mean residence times and half-lives of the 
two isomers do not differ.183 After a single subcutaneous dose 
of 4 mg/kg either preoperatively or postoperatively, duration 
of analgesia ranged from 18 to 24 hours.127

Adverse reactions. On the basis of toxicity data, carprofen 
appears to be among the safest of the new NSAIDs approved 
for use in dogs (see Table 29-5). According to the package 
insert, dogs dosed with more than 10 times the amount nec-
essary to achieve therapeutic concentrations did not develop 
gastrointestinal side effects when dosed for 2 weeks or when 
dosed at almost six times the recommended dose for 52 weeks. 
In a clinical trial of 70 dogs, 6 of 36 carprofen-treated dogs (2.2 
mg/kg orally every 12 hr) developed clinical signs indicative 
of gastrointestinal upset; three dogs that received placebo also 
developed gastrointestinal signs.184

Forsyth and coworkers185 compared the gastrointestinal 
side effects of carprofen (2 mg/kg orally twice daily for 7 days 
followed by 2 mg/kg once daily), meloxicam (0.2 mg/kg orally 
once daily), and ketoprofen (1 mg/kg orally every 24 hours) 
with those of placebo after 28 days of therapy in dogs. The 
fewest and least severe gastroduodenal lesions apparent endo-
scopically were in the carprofen-treated and control group, but 
there was no statistical significance between the three NSAIDs 
and the control group, making interpretation difficult. No 
animals revealed clinical signs associated with gastrointesti-
nal upset. Reimer and coworkers83 found etodolac and car-
profen to not differ from the placebo and all three to cause 
fewer gastric lesions than aspirin when dosed at labeled doses 
for 28 days. Craven and coworkers186 also prospectively com-
pared the effects of carprofen (n = 10 dogs; 4 mg/kg days 1 
and 2, 2 mg/kg daily thereafter) to meloxicam (n = 10 dogs; 
0.2 mg/kg daily, 1 then 0.1 mg/kg daily) on gastrointestinal 
epithelium as measured by sugar permeability tests. Dogs 
were dosed for at least 7 days and studied for 8. Significant 
changes across time occurred within the carprofen-treated 
group but resolved by study end; further, although not signifi-
cant, changes also appeared to have occurred for at least one 
sugar test for meloxicam. No significant changes were detected 
in urinary recovery of any sugar between the two treatment 
groups; placebo controls were not studied. The impact of this 
comparison is somewhat limited by the absence of untreated 
controls, large number of comparisons made (two treatment 

groups, 3 times, seven sugars; potentially, 42 comparisons), 
and the small number of dogs studied in the face of the vari-
ability of the data; the power of the study to detect significant 
differences was not reported.

Hepatotoxicity reflecting acute hepatic necrosis has 
been reported as an unexpected adverse effect of carprofen 
in dogs.187 Toxicity studies supporting carprofen approval 
found only mild changes in liver enzymes when the drug was 
administered at 25 mg/kg for 13 to 52 weeks (package insert 
data); serum alanine transaminase (SALT) increased with a 
dose of 80 to 160 mg/kg per day. However, approximately 1 
year after its approval, reports of gastrointestinal toxicity led 
Pfizer to address concerns regarding side effects in a technical 
report.188 Of the 1 million dogs receiving carprofen, an inci-
dence of 0.2% suspected side effects was reported, with 0.02% 
involving the liver. Although 33% of animals affected in initial 
studies were Labrador Retrievers, this number was not cor-
rected for the prevalance of this species. Hepatopathy has been 
diagnosed in all breeds of dogs receiving carprofen clinically. 
At least 70% of afflicted animals were considered geriatric, 
suggesting that this age group is predisposed, perhaps because 
of decreased hepatoprotective function (e.g., glutathione scav-
enging of metabolites). Although death has occurred in some 
animals, timely discontinuation of the drug can lead to com-
plete resolution of biochemical abnormalities. Animals with 
liver disease in one study also had evidence of renal tubular 
disease.187 MacPhail and coworkers187 studied 21 animals and 
reported clinical signs of anorexia, vomiting, lethargy, diar-
rhea, polyuria, polydipsia, and hematuria occurring between 5 
and 30 days; however, clinical signs did not occur until as long 
as 60 and 180 days for two dogs. In this study 13 of the 21 dogs 
were Labrador Retrievers, with dogs ranging in age from 4 to 
15 years. The most common clinical laboratory abnormalities 
included increased activities of SALT, aspartate transaminase 
(SAST), alkaline phosphatase (SAP), and bilirubin. Histologic 
lesions in the liver ranged from mild to severe and consisted 
of hepatocellular necrosis. Four of the 21 dogs died; those 
remaining that were hospitalized were treated with supportive 
therapy, including gastrointestinal protectants.

Hepatic disease associated with carprofen might be mini-
mized by pretreatment evaluation because lesions appear to 
occur within the first several weeks of therapy. Consequently, 
monitoring (clinical laboratory tests) for hepatic damage and 
hepatic function (bile acids) at weekly or biweekly intervals 
for the first month is recommended, particularly in predis-
posed (e.g., geriatric) animals. Monitoring should continue at 
intervals of 2 to 4 weeks for 3 months and perhaps longer in 
patients at risk for liver disease. Animals receiving phenobar-
bital have been anecdotally reported to be more susceptible 
to hepatotoxicity. Induction of hepatic drug-metabolizing 
enzymes (e.g., phenobarbital, others) may increase the risk of 
toxicity if associated with toxic metabolites. Use of hepatopro-
tective agents such as N-acetylcysteine (a glutathione precur-
sor) or SAMe may be beneficial during initial or continued 
hepatic damage.

The potential for carprofen-induced nephrotoxicity also 
has been studied in dogs. Crandell and coworkers105 found 

KEY POINT 29-17 On the basis of toxicity and field trial data 
on package inserts, carprofen appears to be among the 
safest of the newer nonsteroidal antiinflammatory drugs 
approved for use in dogs.



1078 Drugs Targeting Inflammation or Immunomodulation SECTION 5

no changes compared with saline placebo in renal function 
(glomerular filtration rate, serum urea, and creatinine) in 
young healthy dogs (n = 12) receiving placebo, meloxicam 
(0.2 mg/kg), or carprofen (4 mg/kg) after 30 minutes of 
electrically stimulated pain. Dogs were studied using a ran-
domized crossover design; anesthesia consisted of butor-
phanol and acepromazine as preanesthetics, ketamine and 
diazepam for induction, and isoflurane for maintenance.105 
The study was designed such that power was sufficient to 
detect a change in glomerular filtration rate of 0.5 mL/
kg/min, suggesting that the two treatment groups were 
the same. This is in contrast to the results of Forsyth and 
coworkers,189 who found that creatinine clearance was sig-
nificantly less in dogs 24 hours after undergoing routine 
castration and receiving either carprofen (4 mg/kg intrave-
nously), ketoprofen (2 mg/kg intravenously) compared to 
placebo or saline (0.2 mL/kg intravenously) at induction of 
anaesthesia. The anesthetic protocol is this study differed 
among animals (drugs included morphine, thiopental, and 
halothane).189 Bostrom and coworkers190 investigated the 
effect of carprofen (4 mg/kg intravenously) administered 
either 30 minutes before or 30 minutes after induction of 
anesthesia (acepromazine–thiopentone–isoflurane) on 
renal function (glomerular filtration rate) in dogs (n = 6) 
after experimentally induced decrease in blood pressure to 
65 mm Hg. Significant adverse effects were not detected, 
although the power of the study to detect a significant dif-
ference was not assessed.

The impact of carprofen on hemostasis has been studied. 
Although carprofen was associated with decreased platelet 
aggregation and increased partial thromboplastin time in one 
study, all values were within normal limits. Neither buccal 
mucosal bleeding time nor complete blood count parameters 
changed after 12 days of dosing at 2.2 mg/kg twice daily.191 
Other investigators have found no changes in in vitro indices 
of platelet function.

The effect of carprofen on cartilage physiology appears to be 
biphasic.192 In vitro studies with canine chondrocyte cell cul-
tures revealed that carprofen increases the rate of polysulfated 
glycosaminoglycans (PGAG) synthesis at synovial fluid con-
centrations (≤10 μg/mL) achieved in human patients receiv-
ing a therapeutic dose of carprofen. The S-isomer stimulated 
PGAG synthesis at a tenfold higher rate compared with the 
R isomer (United States Pharmacopeia [USP]).127 Inhibition 
of PGAG synthesis, however, occurs at concentrations of 20 
μg/mL or more.192 Concentrations that occur in dog synovial 
fluid after administration of a therapeutic dose of carprofen 
have not been determined.

Carprofen is approved for use in dogs for control of peri-
operative pain and treatment of osteoarthritis. It is available as 
either an oral preparation or an injectable solution intended 
for subcutaneous injection. Carprofen solution is stable for 
1 month if not refrigerated. A chewable table is available, 
although the risk of accidental overdose may be greater with 
this product. Although approved for subcutaneous use, inject-
able carprofen has been given intravenously (4.4 mg/kg) as a 
single dose with no adverse effects.190

Carprofen appears to be equally or more effective than 
many other NSAIDs studied for the control of inflammation, 
and it has proved effective for control of the pain associated 
with the inflammation of osteoarthritis184 and postoperative 
pain193-195 when administered preoperatively. Because car-
profen was the first COX-1–protective NSAID approved for 
use in dogs, approval of subsequent similar-acting NSAIDs 
generally used it as a positive control. As such, several stud-
ies have compared the efficacy of carprofen with that of 
other NSAIDs, although these studies tend to be manufac-
turer sponsored. Using a non–placebo-controlled random-
ized crossover design, Borer and coworkers196 compared 
single-dose carprofen (0.2 mg/kg intravenously or 4 mg/kg, 
orally), etodolac (17 mg/kg, orally), or meloxicam (0.2 mg/kg, 
orally); (n = 12; studied in groups of four at 3-week intervals) 
in dogs with experimentally induced acute synovitis (mono-
sodium urate injection). Outcome measures included kinetic 
gait analysis (force plate), orthopedic evaluation, and serum 
C-reactive protein (CRP) (n = 6). Lameness was assessed on a 
biomechanical force platform and by orthopedic evaluations 
of the stifle joints; blood was collected to monitor serum CRP 
concentration. All dogs in the treatment groups had improved 
indices of lameness compared with control animals. Although 
greatest improvement occurred in carprofen-treated dogs, 
onset was fastest in etodolac-treated animals. Both carprofen 
and etodolac were associated with lower pain compared with 
butorphanol, although the authors concluded that meloxicam 
also was more effective than butorphanol. Serum CRP was not 
different among groups.196

Carprofen or meloxicam also were compared with a combi-
nation glucosamine–chondroitin sulfate (Cosequin) product 
using a prospective, double-blinded study in dogs (n = 71) 
with osteoarthritis; the study was supported by the manu-
facturers of meloxicam. Treatment continued for 60 days, 
and response was based on force plate analysis and subjective 
evaluation by owners. Although animals responded to both 
meloxicam and carprofen, only meloxicam was associated 
with a return to baseline function. Side effects were minimal, 
although one dog receiving carprofen developed hepatopathy 
and one dog receiving meloxicam withdrew from the study 
because of vomiting.197

Finally, Aragon and coworkers198 evaluated the quality of 
evidence of NSAIDs, including carprofen, or supplements 
used to treat osteoarthritis in dogs. The FDA’s evidence-based 
ranking was applied to scientific data collected from a review 
of the literature before 2006. Studies were ranked on the basis 
of study design, quality, and total body of evidence (quan-
tity of studies or study subjects, consistency among the dif-
ferent reports, and the likelihood that the magnitude of the 
response was physiologically meaningful). The evidence was 
then ranked according to strength (high, moderate, low, or 
extremely low level of comfort). Only 16 clinical trials met the 
inclusion criteria. Of the compounds studied, the evidence 
for meloxicam was accorded a high level of comfort (i.e., that 
efficacy is scientifically valid), and the evidence for carprofen, 
etodolac, PGAG, and glucosamine –chondroitin–manganese 
was ranked as moderate. Hyaluronan was ranked extremely 
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low. Care must be taken not to overinterpret this data because 
of the limited number of studies reviewed

Cats. Carprofen is approved for use in cats in certain coun-
tries outside the United States. The disposition of the drug and 
its enantiomers has been studied in cats at the dose associated 
with control of inflammation (4 mg/kg; Table 29.4).128,199-201 
The smaller clearance for carprofen in cats results in an elimi-
nation half-life that is at least twice as long in cats as in dogs. 
The S isomer is cleared almost 3 times as rapidly as the R iso-
mer, resulting in a shorter half-life for S compared with R in 
the cat

The relative COX-2 selectivity of carprofen that occurs in 
dogs has not been well documented in cats, although data from 
Brideau and coworkers33 suggests relative selectivity similar to 
that in dogs (see Table 29-3). Clinically, however, this may not 
be true. The gastrointestinal effects of single-dose carprofen 
(4 mg/kg intravenously) or aspirin (20 mg/kg intravenously) 
were studied in cats (n = 5) using endoscopy and a random-
ized crossover design. Lesions in the stomach and duode-
num 8 hours after injection were limited to minor pinpoint 
erosion in one cat. Clinical laboratory tests were not affected 
by either drug.128 Duodenal perforation has been reported in 
cats receiving oral carprofen (2.2 mg/kg twice daily for 7 days) 
after ovariohysterectomy.202 The ulceration may have been 
exacerbated by the flunixin meglumine and dexamethasone 
with which the cat was treated before referral.

Parton and coworkers128 prospectively compared the gastro-
intestinal effects of carprofen (4 mg/kg intravenously) and salic-
ylate (20 mg/kg intravenously) in cats using a crossover design. 
Only a single dose was studied; gastric lesions were scored 
endoscopically 8 hours after dosing. No differences were found 
between treatment groups or times, with one exception in the 
salicylate group for which pinpint erosive lesions were found. 
Steagall and coworkers107 also prospectively studied the adverse 
effects of carprofen, after multiple doses (6 days) of decreasing 
doses (4 mg/kg on day 1 to 1 mg/kg on day 6). A randomized, 
blinded crossover, placebo- controlled design was used, with a 
4-week washout. Endoscopic lesions were scored before and 7 
days after treatment. Changes in biochemistry profiles included 
decreased albumin but no other abnormalities, including gas-
trointestinal lesions or changes in renal dysfunction.

As a postoperative analgesic in cats, carprofen compares 
favorably with pethidine (meperidine), providing equal but lon-
ger analgesia (at least 24 hours) when administered at 4 mg/kg  
subcutaneously postoperatively.201 In a clinical trial of cats 
undergoing ovariohysterectomy, the analgesic effects of carpro-
fen, ketoprofen, meloxicam, or tolfenamic acid were compared. 
Outcome was based on the visual analog scale and a nocicep-
tive threshold at the incision site, as well as clinical response. No 
difference was found between treatment groups in providing 
analgesia. With nine of ten cats responding, all responses were 
described as good, although none prevented wound tender-
ness.203 Taylor and coworkers204 prospectively compared the 
efficacy of carpofen (4 mg/kg) and buprenorphine (0.01 mg/
kg) as preventives for hyperalgesia in an experimental model 
of inflammatory pain in cats. Cats (n = 8) were studied using 
a randomized, crossover, placebo-controlled design. Drugs 

were administered before (3 hours for carprofen, 1 hour for 
buprenorphine) anesthesia. Carprofen completely prevented 
inflammation, and buprenorphine almost completely did so, 
although hypoalgesia was not realized.

Deracoxib
Deracoxib is approved for use as an oral chewable preparation 
in dogs. As a coxib, deracoxib would be expected to be COX-1 
sparing, which appears to be true on the basis of studies using 
cloned canine COX enzymes (see Table 29-3). However, speci-
ficity is lost at higher concentrations. Deracoxib undergoes 
extensive hepatic metabolism. At 8 mg/kg (approximately 2 
to 8 times the recommended dose [1 to 4 mg/kg]), nonlinear 
kinetics emerge, increasing the risk of toxicity. As with other 
NSAIDs, gastrointestinal toxicity occurs with increased doses. 
The package insert indicates that toxicity occurs at 3 times the 
dose when a micronized (which differs from the approved 
product) compound was administered (in a rapidly dissolv-
ing capsule) but not when the commercial preparation was 
administered at the same dose (see Table 29-5). Whether or not 
derocoxib is more likely than other NSAIDs to reach satura-
tion kinetics is not known. The difference in preparations may 
have resulted in much more rapid exposure of the gastrointes-
tinal mucosa to drug. The gastrointestinal lesions associated 
with the micronized material were attributed to a local effect 
(osmotic, pH, pharmacologic, others) rather than a systemic 
effect.205 Dose-dependent increases in blood urea nitrogen 
were reported when dogs received deracoxib at 3, 4, and 5 
times the recommended dose (2 mg/kg); variable renal histo-
logic lesions were reported. The disposition of deracoxib has 
been described in cats after a single oral dose (see Table 29-4). 
206 Safety information in cats was not available at the time of 
this publication other than at the FDA CVM site (Table 29-6).

As a sulfonamide, deracoxib might be expected to be asso-
ciated with adverse reactions (but not those typical of antimi-
crobial sulfonamides), including keratitis sicca.

In a study at least partially funded by the manufacturer, 
efficacy of deracoxib administered as a single dose (0.3, 1, 3, or 
10 mg/kg) was compared with that of carprofen (2.2 mg/kg) in 
24 hound dogs. Drugs were administered 30 minutes before 
induction of chemically induced (urate crystal) synovitis, and 
lameness indices (including clinical scores, force plate analy-
sis, and joint fluid analysis) were measured for 24 hours after 
induction. Deracoxib was found to be somewhat more effec-
tive at 3 mg/kg (determined to be the minimum effective dose) 
and more effective than carprofen at 10 mg/kg (not a recom-
mended dose) on the basis of outcome measures for lameness 
which included lameness scores, pain joint effusions, and pain 
threshold response207; no significant differences were found 
between carprofen or the placebo group.

Lascelles and coworkers80 described a series of cases of gas-
trointestinal perforation associated with deraxocib administra-
tion in dogs (n = 29). The mean age was 6.4 ± 3.2 years. Among 
the more important points of the report was that 55% of the 
dogs received a dose higher than recommended on the label; 
and 59% had received, within the previous 24 hours, either a 
different NSAID or a glucocorticoid. A total of 90% of the dogs 
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had received one or the other and a total of 20% had received 
both. Of the dogs, 68% either died or were euthanized. The 
mean dose in dogs receiving the drug for long-term pain man-
agement was 3± 1.1 mg/kg/day, ranging from 2.3 to 6.2 mg/kg.

The safety of deracoxib (1.5 mgkg daily) was prospectively 
compared with that of buffered aspirin and placebo (25 mg/kg 
orally every 8 hours) in dogs (placebo controlled) based on gas-
troscopy and clinical scores assessing vomiting and diarrhea.208 
Aspirin-related gastric lesions and vomiting were higher than 
similar lesions in the deracoxib-treated and placebo-treated 
groups, beginning with the first endoscopic exam at 6 days.

Etodolac
Etodolac is a pyranocarboxylic acid that has shown potent 
NSAID activity by inhibiting chondrocyte and synoviocyte 
biosynthesis of PGE2 COX-1 to COX-2 ratios vary among 
studies. The ratio using human cells appears to favor safety,209 
although studies using canine cells32 reveal the opposite. Rick-
etts and coworkers32 reported a COX-1 to COX-2 ratio of only 
0.517 compared with 129 for carprofen (study sponsored by 
carprofen manufacturer). In dogs the drug is rapidly absorbed, 
with food slowing absorption. Its elimination half-life is 
approximately 14 hours,210 which is sufficiently long to allow 
once-daily dosing. Food may prolong elimination (see Table 
29-4). The drug is extensively metabolized, with the majority 
eliminated in the bile and up to 10% excreted in the urine; 
enterohepatic elimination is extensive, potentially increasing 
the risk of gastrointestinal toxicity.127 Etodolac is marketed 
as a racemic mixture, although the disposition of the enan-
tiomers has not been well described in animals. Because it is 
approved for use in humans, much information is available 
regarding possible side effects in humans. However, in vitro 
studies indicate pharmacodynamic effects may differ in ani-
mals, and extrapolation of information may be inappropriate. 
Because of its longer half-life and enterohepatic elimination, 
etodolac may be associated with a greater risk of gastroduo-
denal ulceration than other COX-2 preferntial drugs. Toxicity 
studies also suggest that etodolac may not be as safe as other 
newer NSAIDs, which might be supported by COX ratios in 
the dog (see Table 29-3). According to the package insert, six 
of eight dogs developed gastrointestinal erosions and sub-
sequently died after etodolac was administered at five times 
the recommended dose for 6 to 9 months (see Table 29-5). 
Five of six dogs developed excessive bleeding when receiving 
etodolac at the recommended dose, although the duration of 
therapy was not clear from the package insert. However, clini-
cally, based on field studies, etodolac does not appear to be 
less safe than the other COX-2 preferential drugs.

Liver disease in dogs such as that associated with carprofen 
has not been reported in the literature but has been anecdot-
ally reported and has been seen by the author. Etodolac (mean 
dose of 13.7 mg/kg orally every 24 hours for 28 days) admin-
istration did not significantly affect serum T4, T3, fT4, or cTSH 
concentrations or serum osmolality in healthy random-source 
mixed breed dogs (n = 19). However, plasma total protein, 
albumin, and globulin concentrations were decreased by day 
14 of administration; decreases were still evident by day 28 of 

administration, although all concentrations were within nor-
mal limits.118 The effect of etodolac on cartilage metabolism 
has not been well documented, although one study found it to 
be associated with more cartilage damage than carprofen.211 
Etodolac has been associated with keratitis sicca. 211a In a series 
of cases collected from the manufacturer or surveyed veteri-
nary ophthalmologists, lesions were commonly considered 
severe, occurred in both eyes more than 50% of the time, with 
remission occurring in 10 to 15% of animals. Remission was 4 
times more likely if treatment duration was less than 6 months.

Etodolac is available of an oral capsule prepration for use in 
dogs. Despite potential gastrointestinal adverse drug events, 
when dosed at 10 to 15 mg/kg once daily, etodolac was effec-
tive yet safe for controlling lameness associated with hip dys-
plasia.212 A clinical trial comparing carprofen and etodolac 
was previously discussed (see carprofen).196 Aragon and 
coworkers198 ranked etodolac as moderate with regard to sci-
entific evidence of efficacy claims.

Firocoxib
Firocoxib has recently been approved for use in dogs in a chew-
able tablet form. Its disposition was reported before its approval 
by McCann and coworkers,213 who reported on COX-2 selec-
tivity (canine whole blood), pharmacokinetic properties (2 
mg/kg intravenously and 8 mg/kg orally) in healthy male 
and female mixed-breed dogs (n = 21). The IC90 for COX-2, 
according to the monograph, is 0.3 μg/mL, compared with 
a Cmax of about 0.5μg/mL at the recommended dose in dogs 
(Table 29-4). In the manufacturer sponsored study, the COX-1 
to COX-2 ratio using canine blood was 384, compared with 6 
for carprofen and 12 for deracoxib. Although the volume of 
distribution is larger than for most NSAIDs, clearance also is 
rapid, resulting in a relatively short half-life compared with 
that of other NSAIDs (see Table 29-4). Nonetheless, the drug 
is administered once a day. The oral bioavailability of firoxocib 
as listed on the package insert at 5 mg/kg is 38% (variability 
not reported); as such, care may be indicated in anticipating 
potential differences in oral bioavailability among animals.*

Firocoxib is approved for use in dogs greater than 3.2 kg 
(smaller dogs cannot be accurately dosed) as a chewable tab-
let. The package insert overdose data and its impact on gastss-
rointestinal toxicity for firocoxib are indicated in Table 29-5. 
The manufacturer of firocoxib was interested in avoiding 
an age limit to drug administration, and accordingly, stud-
ied firoxocib in juvenile Beagle dogs (Table 29-5). Fatty liv-
ers were consistent findings in drug-treated juvenile dogs. In 
addition to the gastrointestinal effects, one juvenile dog given 
a dose 3 times that recommended developed juvenile polyar-
thritis, thrombocytopenia, decreased albumin, and elevated 
liver enzymes. In a separate study, one dog receiving 3 times 
the dose was euthanized because of poor clinical condition, 
although no indication was given as to whether adversity was 

*Data on package insert provided among the NSAID may differ 
depending, in part, on requirements of the FDA. As such, bioavail-
ability data may not be available for all drugs. This may preclude 
accurate comparisons among drugs.
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related to the drug. However, 4 of 12 juvenile dogs receiving 
5 times the dose either died (n = 1) or were euthanized (on 
account of a moribund status) as early as day 38 and as late 
as day 79; two of the dogs had gastrointestinal ulceration. 
This data should not be interpreted as a greater risk of toxic-
ity to firocoxib as much as a potential indication that NSAIDs 
should be avoided in animals 6 months or younger.

For the approval process, efficacy of firocoxib was com-
pared at 8 mg/kg with carprofen (2.2 mg/kg) as the positive 
control in healthy male Beagles (n = 24; eight per group) using 
chemically induced (urate) synovitis. The drugs were admin-
istered either prophylactically (administration 2 hours before 
induction of synovitis) or therapeutically (administration 1 
hour after induction). Both drugs were effective in controlling 
pain and inflammation when administered either prophylacti-
cally or therapeutically; failure to find a difference between the 
two NSAIDs was attributed to the variability in the data com-
pared to animal numbers studied. Although a treatment effect 
was found across time for firocoxib compared with carprofen, 
superiority of firocoxib compared with carprofen was not suffi-
cient to allow label claims as such. Pollmeier and coworkers,214 
in a manufacturer-sponsored study, reported the results of a 
multicenter field trial that compared firocoxib (5 mg/kg/day) 
to carprofen (4 mg/kg/day) using a double-blinded, random-
ized design in dogs (n = 218) with osteoarthritis. Efficacy was 
assessed by both owners and veterinarians. Reponse was slightly 
better for firocoxib at 96% compared with 92% for carprofen.

Meloxicam
Dogs
Structure–activity relationship. Meloxicam, like piroxi-

cam, is a member of the oxicam group of NSAIDs. It is 
approved for use in tablet and oral suspension forms in the 
United States, Canada, and Europe in dogs and cats (the inject-
able form [subcutaneous] only is approved for one time use in 
cats in the US). The COX-2 to COX-1 ratio for meloxicam, 
unlike that for piroxicam, favors selective COX-2 inhibition in 
humans, suggesting that it has a wider margin of safety than 
most other NSAIDs.215-218 The drug is more potent (although 
not necessarily more efficacious) than aspirin, indomethacin, 
and piroxicam; hence its dose is smaller. In a study partially 
funded by the manufacturer of meloxicam, using in vitro 
methods, Kay-Mugford and coworkers219 determined the 
ratio of COX-1 and COX-2 activity of meloxicam, tolfenamic 
acid, carprofen, and ketoprofen using a canine monocyte–
macrophage cell line. In this cell line, expression of COX-1 is 
constitutive, but COX-2 is induced in response to LPS. The 
COX-1 to COX-2 ratios were more favorable for meloxicam 
than carprofen (see Table 29-3), which suggests that meloxi-
cam is COX-1 protective in the dog.

Disposition. The plasma concentration–time profile for 
meloxicam in dogs was described as being comparable to that 
in humans, in contrast to that of selected other species.219 
Although oral bioavailability is close to 100% in dogs (accord-
ing to package insert), time to peak concentration is approx-
imately 7 to 8 hours, one of the longest of NSAIDs in dogs 
(see Table 29-4). Likewise, the elimination half-life is long 

compared with that of other NSAIDs (both conventional and 
new) in the dog, with a minimum of 3 days expected before 
steady state is achieved. A loading dose of 0.2 mg/kg is sug-
gested in dogs, followed by a maintenance dose of 0.1 mg/kg. 
Cautious clinicians might consider administering the loading 
dose themselves rather than allowing the client to do so; this 
reduces the risk that the client will continue to administer the 
drug at a dose that is higher than appropriate. The package 
insert also indicates that disposition of meloxicam changes 
with chronic dosing, with elimination half-life becoming 
longer. As with most drugs, the selectivity enjoyed with the 
mechanism of action of this or any selective NSAID is likely to 
be lost at high doses.220

Adverse reactions. The safety profile of meloxicam, as 
indicated on the package insert, supports its safe use in dogs, 
although direct comparison with other newer NSAIDs is lim-
ited by differences in doses studied (see Table 29-5). Inter-
estingly, in field studies the incidence of vomiting in dogs 
receiving meloxicam was among the highest of the newer 
NSAIDs. The safety of meloxicam has been compared with 
that of carprofen (see the discussion of carprofen). Meloxi-
cam-induced hepatotoxicity has been reported in humans.221

The impact of meloxicam (0.1 mg/kg subcutaneously once 
daily), dexamethasone (0.25 mg/kg subcutaneously twice 
daily), or the combination of the two on the gastrointestinal 
mucosa was prospectively compared with that of saline after 
3 days of therapy in Beagles (n = 20). Outcome measures 
included scores collected from five regions of the gastroduo-
denal region. Scores were greater for the combination-treated 
group than for the other groups; additionally, dexamethasone 
was associated with higher scores than either meloxicam or 
saline. No significant differences in histologic findings were 
found among groups, although this may reflect a low power 
for the study. However, the lack of correlation between gross 
and histologic gastroduodenal lesions is not unusual. Lesions 
associated with NSAIDs were greater in the pylorus and 
pyloric antrum compared with other regions, a finding also 
consistent with other studies.74

Gastrointestinal perforation associated with the administra-
tion of meloxicam was reported in a series of cases (n = 5).222 
Ages ranged from 2.5 to 11 years. Doses associated with vomit-
ing ranged from a single postoperative dose of 0.1 mg/kg (on day 
8) to a high dose of 0.2 mg/kg orally as a single or divided daily 
dose. Onset of vomiting ranged from as early as day 2 to as late 
as day 8. Predisposing factors such as glucocorticoid or NSAID 
administration were not evident. Unidentified underlying gas-
trointestinal disorders were postulated as possible risk factors.

A single case report has described cutaneous and ocular 
lesions in a 10-year-old 25-kg mixed-breed dog with a history 
of atopy receiving meloxicam.223 Meloxicam (0.1 mg/kg orally 
once daily) was administered in anticipation of surgery. The 
patient returned after 3 days of therapy with cutaneous clini-
cal signs consistent with a potential drug reaction and corneal 
edema. Skin biopsies were collected several days after initial 
lesions emerged; the patient was treated with glucocorti-
coids. Skin lesions had resolved by 6 weeks, and ocular lesions 
persisted.
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Therapeutic Use. Meloxicam has been demonstrated to 
be both safe and effective for treatment of osteoarthritis in 
dogs.82,224 The efficacy of meloxicam in treatment of locomo-
tor disorders in dogs compares favorably with that of other 
NSAIDs in studies supported by the manufacturer.218,225 In their 
evidence-based review of clinical trials addressing treatment of 
osteoarthritis, Aragon and coworkers198 found meloxicam to be 
the only drug worthy of the highest level of confidence reported 
in the study in regards to scientific validity of efficacy claims. 
Several studies have demonstrated efficacy of meloxicam com-
pared to placebo. Doig and coworkers224 studied 40 dogs (manu-
facturer sponsored), and Peterson and Keefe82 studied 217 dogs 
with spontaneous osteoarthritis. Duration of therapy was 7 to 
14 days, respectively. Placebo effects were reported in up to 38% 
of animals, underscoring the importance of placebo controls.82 
Meloxicam (0.2 mg/kg every 24 hours) and aspirin (25 mg/kg 
every 12 hours) were compared in a clinical trial using a cross-
over (randomization not indicated) design in dogs (n = 12) with 
experimentally induced (cranial cruciate rupture) osteoarthritis 
of the stifle. Animals were treated for 21 days; outcome mea-
sures included measurement of PGE2, thromboxane B2 (TXB2) 
in blood and synovial fluid, and endoscopically collected gastric 
mucosa. Both aspirin and meloxicam administration signifi-
cantly suppressed PGE2 concentrations in blood and synovial 
fluid. Aspirin, but not meloxicam, suppressed TXB2 concentra-
tion in blood and PGE2 in gastric mucosa, leading the authors to 
conclude that meloxicam behaves in vivo as COX-1 sparing.226

Meloxicam also has been compared with opioid analgesics 
for control of perioperative pain. Mathews and coworkers229 
compared the safety and efficacy of preoperative administra-
tion of a single dose of meloxicam, ketoprofen, and butor-
phanol in dogs (n = 36; 12 per group) undergoing abdominal 
surgery. The butorphanol-treated group received a second dose 
immediately after surgery. Overall efficacy was rated as good 
or excellent in 9 of 12 dogs that received either meloxicam or 
ketoprofen compared with only 1 of 12 that received butor-
phanol. Analgesic effects of meloxicam were maintained for 20 
hours postoperatively. Budsberg and coworkers230 compared 
the analgesic effects of meloxicam (0.2 mg/kg intravenously) 
and butorphanol (0.1 mg/kg) administered immediately after 
surgery (at incision closure) for control of postoperative pain 
in client-owned dogs (n = 40) presenting with rupture of the 
cranial cruciate ligament. Outcome was based on evidence 
of pain (visual analog scale) and serum cortisol concentra-
tions for a 24-hour period. Differences in pain response did 
not emerge between the treatment groups until 8 hours later, 
with the meloxicam-treated group exhibiting less pain 8 to 
11 hours after extubation. Failure to detect a significant dif-
ference between treatment groups earlier than 8 hrs may have 
reflected low overall scores for both groups coupled with low 
animal numbers (i.e., poor power of the study). Overall serum 
cortisol was less in the meloxicam-treated group compared 

with butorphanol group. Otherwise, significant differences 
could not be demonstrated. Using a model of acute inflamma-
tion (intraarticular injection of calcium pyrophosphate dehy-
drate), the effects of meloxicam (0.2 mg/kg intravenously for  
3 doses) on proteoglycan biosynthesis in vitro and ex vivo were 
compared with indomethacin (0.5 mg/kg intravenously for 3 
doses). Indomethacin is known to contribute to joint injury 
in humans in part by inhibiting sulphated proteoglycans., Nei-
ther drug contributed to joint damage, but pain and exudates 
were decreased more by meloxicam than indomethacin.231

Cats 
The disposition of meloxicam has been studied in cats. 

Meloxicam is among the NSAIDs characterized by a shorter 
half-life in cats than in dogs (see Table 29-4). It is one of the 
few NSAIDs that appear to be well tolerated in cats. Its use in 
Canada for several years predated its approval for use in cats 
in the United States. Meloxicam is the only NSAID approved 
for use in cats in the United States, with the approved use lim-
ited to perioperative single dosing. Meloxicam is approved in 
cats outside the United States for single dose administration as 
both an injectable and oral product.

Despite its apparent safety compared with other NSAIDs, 
the therapeutic margin of meloxicam is relatively narrow. 
The association between renal disease and NSAIDs, includ-
ing meloxicam, in cats was discussed previously. Cats do not 
tolerate multiple doses greater than or equal to 0.3 mg/kg,  
and gastric ulceration and death have occurred at three to six 
times the normal dose for 10 days. Several studies support the 
efficacy of meloxicam in cats. In one study the optimal dose of 
meloxicam to prevent endotoxin-induced fever in cats was 0.3 
mg/kg.232 The need for a long-term safe yet effective analgesic in 
cats was supported by a symposium that focused on osteoarthri-
tis in cats.233 The safety of meloxicam in cats in regards to renal 
disease was previously addressed (Table 29-6). A prevalence of 
degenerative joint disease was found in 34% of cats (n = 218), 
with previous reports placing the prevalence as high as 90%.

A number of clinical trials have addressed efficacy of 
meloxicam in cats. In cats subjected to ovariohysterectomy, 
meloxicam, carprofen, ketoprofen, and tolfenamic acid all 
were effective in controlling postoperative pain, with 10% of 
cats in each group requiring opioid rescue.203 In a compari-
son of carprofen (4.4 mg/kg subcutaneously) and meloxicam 
(0.3 mg/kg subcutaneously) in 80 cats undergoing ovariohys-
terectomy, no difference was found in control of postoperative 
pain; one cat in the carprofen group and two in the meloxicam 
group required opioid rescue.228

The efficacy of meloxicam for treatment of osteoarthritis in 
cats was reported in abstract form233 on the basis of a prospec-
tive crossover pilot study (n = 7; mean age 14 years). Cats were 
treated with either 0.05 mg/kg meloxicam orally for 5 days (first 
dose 0.1 mg/kg) or placebo (neither washout period nor ran-
domization described). A tendency toward improvement has 
been described. Lascelles and coworkers227 prospectively com-
pared the efficacy of meloxicam (0.3 mg/kg orally, followed by 
0.1 mg/kg for 4 days orally) to ketoprofen (1 mg/kg orally once 
daily for 5 days) for treatment of acute or chronic pain associ-
ated with locomotor disease in cats (n =69 ). Although both 

KEY POINT 29-18 The Food and Drug Administration has 
indicated that meloxicam should not be administered in 
cats more than as a single dose.
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drugs were effective in reducing clinical signs associated with 
pain, meloxicam was considered more palatable.

Robenacoxib
Robenacoxib is approved for use in companion animals out-
side the United States.45,234 The disposition of robenacoxib 
has been described in dogs after single-dose administration of  
1 mg/kg either orally (fasted or fed), intravenously, or subcuta-
neously235 (see Table 29-4). Isoform preference in studies sup-
ported by the manufacturer indicate a COX-1 to COX-2 ratio 
(95% inhibition) of 450 using whole blood assays in cats.45 The 
disposition of robenacoxib in cats at 2 mg/kg intravenously has 
been reported.45 Data from the ex vivo and pharmacokinetic 
studies were subsequently integrated with a model of inflam-
mation in cats (n=10), resulting in a recommended dose 2 mg/
kg dose every 12 hours.

Vedaprofen
Vedaprofen is marketed outside the United States for use in 
dogs as an oral gel preparation. A document provided by the 
manufacturer indicates that the racemic mixture is approxi-
mately 8 times more potent toward COX-2 than COX-1, with 
the majority of activity exihibited by the S enantiomer. The 
pharmacokinetics of vedaprofen, including its enantiomers, 
are available in the dog (see Table 29-4)236 after adminis-
tration either intravenously or as an oral gel preparation. 
Although volume of distribution was not provided, the elimi-
nation (disappearance) half-life was 12 to 17 hours, depend-
ing on oral versus intravenous administration. Bioavailability 
of the gel preparation was near complete. The S and R enan-
tiomers are present generally at a ratio of 1:1, with variability 
ranging as low as 0.5 (toward the end of the 24-hour dosing 
interval) and as high as 3.10 (at 2 to 3 hours) after single dos-
ing. After oral multiple dosing for 14 days, the R:S ratio aver-
aged about 1.8 throughout the 24-hour dosing interval. The 
higher concentration of the R enantiomer appears to reflect 
more rapid clearance of the S enantiomer (see Table 29-4). 
The dispositionof vedaprofen did not appear to change sub-
stantially with 14 days of dosing.236 The efficacy and safety 
of vedaprofen were compared with that of meloxicam, which 
was used as the control during the approval process. Differ-
ences could not be detected for either safety or efficacy. Gas-
trointestinal side effects were reported in approximately 11 
to 12% for both groups despite treatment for approximately 
15 days (acute) and 40 days (chronic). Both drugs were effec-
tive in both acute (approximately 88%) and chronic (approxi-
mately 67%).237

CYCLOOXYGENASE-1–SPARING 
DRUGS APPROVED FOR USE IN HUMAN 
MEDICINE

Celecoxib
Celecoxib appears to be COX-1 sparing in the dog (see Table 
29-3).Its disposition has been studied in Beagles after single 
and multiple oral dosing, using different (a solution and 
solid) dosing forms, with and without food.238 Celecoxib 

metabolism in dogs is characterized by polymorphism: Paul-
son and coworkers41 described dogs that metabolize the drug 
poorly (poor metabolizers [PMs]) compared with efficient 
metabolizers (EMs). The elimination half-life of the drug in 
PMs is approximately 4 times as long as that in EMs (see Table 
29-4). The drug is normally extensively metabolized (princi-
pally hydroxylation followed by oxidation). In both EMs and 
PMs, approximately 80% of the drug is eliminated in the feces. 
In EMs disposition does not appear to change with chronic 
(1-year) dosing. Administration of the drug with a fatty meal 
increased both the Cmax and the bioavailability. The disposi-
tion of celecoxib also has been studied in normal Greyhounds 
after single (12.5 mg/kg) and multiple dosing. Decreases 
occurred in Cmax (22%), elimination half-life (shorter), and 
area under the curve (40%) after 10 days of dosing at 12.5 mg/
kg per day.239 The pharmacodynamic and toxic effects of cele-
coxib have not been well studied in the dog.

Rofecoxib
Rofecoxib is described as a COX-2–selective drug in humans, 
but no information is available regarding its selectivity in dogs. 
Its disposition has been studied in dogs (see Table 29-4).241 
The drug is cleared after oral administration primarily by bili-
ary excretion after extensive hepatic metabolism to hydroxyl 
and glucuronide metabolites, with some urinary excretion.241 
The effects of rofecoxib (0.5 mg/kg/day orally) on the canine 
gastrointestinal tract were compared endoscopically to those 
of the dual-acting NSAID licofelone (2.5 mg/kg orally twice 
daily) and placebo after 56 days of dosing.240 Whereas no 
endoscopic lesions were evident for either the placebo or 
licofelone, rofecoxib was associated with lesions in both the 
gastric (six of seven) and duodenal (four of seven) areas. This 
occurred despite a progressive decline in mean plasma drug 
concentrations for rofecoxib across time: Baseline concentra-
tions were 110.1 ± 85.8 (2 days) compared with study end con-
centrations of 65.3 ± 49.1 ng/mL (56 days). Concentrations of 
licofelone also decreased: 761.0 ± 413.8 at baseline compared 
with 307 ± 106.5 ng/mL at study end.240

Nimesulide
Nimesulide is a COX-2–selective drug approved for use in 
humans that also appears to act as a COX-1–sparing drug 
in dogs.31,242 The disposition of nimesulide has been stud-
ied in dogs (n = 8-10) after single-dose administration of 5 
mg/kg intravenously, intramuscularly, and orally and after 5 
days of once-daily administration of the same dose (see Table 
29-4).242 The terminal elimination half-life after intramus-
cular administration was longer than that after intravenous 
administration, indicating a flip-flop model for this route. On 
the basis of the integration of pharmacokinetics and pharma-
codynamics, the authors determined an effective concentra-
tion (EC50) to be 2 to 6 μg/mL, which would be achieved at 
the studied dose, with some inhibition of COX-1 also occur-
ring.243 However, the study was performed on Beagles, which 
may not be generally applicable to the canine population 
at large. The safety of nimesulide has not apparently been 
 studied in dogs.
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MISCELLANEOUS NONSTEROIDAL 
ANTIINFLAMMATORY DRUGS

Indomethacin
Indomethacin is an NSAID that was developed specifically 
to abate the inflammatory response to the indolic hormones 
serotonin and tryptophan.6 As a powerful antiinflamma-
tory, it became a standard for comparison with other drugs. 
In humans toxicities are not serious, but CNS side effects are 
undesirable.6 The incidence of gastrointestinal hemorrhage 
after administration of indomethacin at doses of 2 to 5 mg/
kg precludes its clinical utility in dogs. In one study all dogs 
developed melena within 1 week of receiving 2 mg/kg daily; 
60% of these animals had gastric ulcers.244 Interestingly, pre-
treatment with pure 5-lipoxygenase inhibitors prevents the 
ulcerogenic effects of indomethacin.2

Acetaminophen
Acetaminophen (paracetamol) is a coal tar analgesic used in 
human medicine as an effective alternative to aspirin for con-
trol of fever and pain. Classically, it is recognized to have poor 
antiinflammatory activity, although this view has become 
more controversial.245 Although often classified as an NSAID, 
its mechanism does not involve inhibition of COX. Rather, 
acetaminophen interferes with the endoperoxide intermedi-
ates (PGG2, PGH2) of AA conversion. Inhibition of a new iso-
enzym, COX-3, has been suggested, but studies suggest that 
this isoform is actually a variant of COX-1.9 Concentrations 
necessary to inhibit this variant are high, leading some inves-
tigators to suggest that its efficacy as an analgesic and anti-
pyretic (but not antiinflammatory) reflect its effects on PGH 
synthases and glutathione-dependent PGE2 synthases.17 The 
relatively weak antiinflammatory activity of acetaminophen 
has been attributed to the high concentrations of peroxides 
that occur in peripheral inflammatory lesions but may reflect 
limited COX enzyme activity. Acetaminophen may be more 
effective against inflammatory conditions in the CNS.

The major disadvantage of acetaminophen use in veterinary 
patients is the narrow safety margin in cats.140 The drug is nor-
mally conjugated with glucuronide and to a lesser degree with 
sulfate. Drug that is not conjugated is metabolized by phase I 
microsomal enzymes to cytotoxic oxidative metabolites (see 
Chapter 4). Intracellular glutathione normally scavenges the 
metabolites, but in the case of overdose or glucuronide defi-
ciency (as with the cat), the formation of toxic metabolites 
overwhelms the glutathione-scavenging system. In cats met-
hemoglobinemia is the most common indication of toxic-
ity, although centrolobular hepatic necrosis may also occur. 
Treatment of acetaminophen toxicity includes administration 
of antioxidants, including N-acetylcysteine, a precursor of glu-
tathione, and ascorbic acid (vitamin C).246-248 The administra-
tion of cimetidine, a microsomal enzyme inhibitor, will reduce 
the formation of toxic metabolites and will result in clinical 
improvement if given within 48 hours of acetaminophen 
administration.249,250 The use of SAMe has been demonstrated 
scientifically and has been reported as clinically effective in 

a case report.251 A potential advantage of SAMe is response 
despite late administration.

Acetaminophen toxicity in cats has been retrospectively 
described in a series (n = 17) of cases.252 Treatments consisted 
of emesis induced by apomorphine or xylazine, activated char-
coal, intravenous balanced crystalloids, intravenous N-acetyl-
cysteine (140 mg/kg, followed by 70 mg/kg every 3 to 6 hours), 
and ascorbic acid (30 to 100 mg/kg orally or parenterally every 
4 to 6 hours). Cimetidine was administered to three cats and 
methylene blue with dexamethasone to one. The survival rate 
was 82%. Responding cats were normal within 48 hours of 
treatment. Median acetaminophen dose in surviving animals 
was 170 mg/kg (highest 400 mg/kg) versus 100 mg/kg in non-
survivors (highest dose 170 mg/kg), suggesting dose was not a 
determinant of outcome.Ten of 12 surviving cats were treated 
within 14 hours of ingestion. In four of the five deaths, N- 
acetylcysteine was not begun until 17 hours after acetamino-
phen exposure, emphasizing the importance of early treatment.

Acetaminophen can interfere (false increase) with glucose 
determination on certain bedside glucometers.253

In humans, according to the American College of Rheuma-
tology, acetaminophen remains the first choice for treatment 
of patients with osteoarthritis because of its efficacy, safety, and 
cost. NSAIDs are recommended only after acetaminophen 
has failed. Among the NSAIDs, it is characterized as among 
the most able to penetrate the CNS, thus potentially provid-
ing better analgesia. Acetaminophen (15 mg/kg every 8 hours) 
may be as effective as aspirin for the control of postoperative 
pain and inflammation in dogs. An extended-relief formula-
tion has proved useful (20 to 30 mg/kg every 8 to 12 hours) at 
a longer interval.254 Acetaminophen also can be combined with 
opioids,with a commercial preparation available with codeine 
(dose based on codeine at 1 to 2 mg/kg orally every 8 to 12 
hours). Acetaminophen appears to be safe in dogs. At daily doses 
of 0.5 g every 8 hours (average weight 18 kg, or 28 mg/kg), acet-
aminophen causes no clinical signs of adverse drug effects.245 
Other studies, however, have shown that adverse reactions (e.g., 
depression, methemoglobinemia, vomiting) can occur at higher 
(100 mg/kg) doses.255, 256 In another study, 900 mg/kg intrave-
nously caused fulminant hepatic failure in dogs.257

Leukotrienes and Their Inhibition
Leukotriene Formation
Although COX has been the primary target of NSAIDs, the 
complex role of lipoxygenases in the inflammatory process 
increasingly is being recognized and targeted. Further, improved 
gastrointestinal safety as a result of inhibition of leukotrienes 
 supports their potential use. Goodman and coworkers258 recently 
reviewed the role of LTs and their inhibition in dogs and cats.

Lipoxygenase enzymes located within cells can also metab-
olize AA to inflammatory mediators, with lipoxygnases 5, 12, 
and 17 apparently being the most clinically relevant.7,8,17,259 
Lipoxygenase enzymes are not as ubiquitous in the body as 
the COX enzymes, but the enzymes do vary in tissues location. 
Lipoxygenase-5 enzymes are found primarily in cells of myeloid 
origin, including macrophages (and all tissues in which they are 
found) as well as B-lymphocytes. The initial product formed 
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from its action on AA is HPETE, followed by LT A4 (Figure 
29-10; see also Figures 29-1 and 29-2). Further conversion (by 
way of hydroxylase) of LTA4 produces LTB4, a very potent 
chemotactant, and LTC4 (by way of reduced glutathione) or 
LTD4 (γ-glutamyltranspeptidase). From these, LTD4 is further 
converted to LTE4. LTs C, D, and E are referred to as cysteinyl-
LTs (see Figure 29-2).22 A second lipoxygenase enzyme, lipoxy-
genase-12, occurs in platelets, where it catalyzes the formation 
of 12-HPETE.7,22 A third enzyme, lipoxygenase-15, catalyzes 
the formation of lipoxins. In contrast to LTs, lipoxins (LXA4 
and LXB4) are characterized by anti-inflammatory activity.260 
Lipoxin formation can occur when 5-lipoxygenase products 
interact with 12- lipoxygenase or 15- lipoxygenase.261 Lipox-
ins are described as counterregulatory, with a particular focus 
on those inflammatory responses that resolve inflammation.260 
LTs act through membrane receptors located on inflammatory 

and other cells. Receptors are linked to G proteins, increasing 
intracellular calcium and decreasing cAMP (see Figure 29-1). 
For example, LTB4 binds to BLT1 and 2 subreceptor types 
located in inflammatory cells, whereas cysteinyl LTs (C-E) bind 
to CysLT1 and 2 subreceptor types located in eosinophils, mac-
rophages, and bronchial smooth muscle.

Leukotrienes in Health and Disease
With the exception of lipoxins, each of the lipoxygenase-
catalyzed products is a potent mediator of inflammation. At 
picomolar concentrations, they are effective in the activation, 
recruitment, migration, and adhesion of immune cells.22 LTs 
and other selected lipoxygenase products modulate lympho-
cyte function.8 LTB4 increases production and release of 
inflammatory cytokines, including activation of NF-kB (tran-
scription factor responsible for expression of proinflammatory 
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cytokins), and expression of TNF-alpha and IL-1β. In the car-
tilage these cytokines increase expression of MMPs.18 Inhi-
bition of 5-lipoxygenase reduces expression of the cytokines, 
including TNF-alpha.22 In addition to their effect on leuko-
cytes, the cysteinyl LTs are extremely spasmogenic, causing 
bronchoconstriction (being 100 times more potent than his-
tamine) in the lungs and exacerbation of ulcerogenic effects 
in the gastrointestinal tract. The cysteinyl LTs are important 
mediators in hypersensitivity reactions. They are particularly 
effective chemoattractants for eosinophils; as such, they play 
important roles in a number of inflammatory and allergic 
diseases.258 LTB4 most commony is associated with inflam-
mation associated with inflammatory bowel lesions; colonic 
epithelials cells are able to produce LTB4. A potential role 
for lipoxygenase in cancer also is emerging: Lipoxygenase-5 
is overexpressed in cancer cells; upregulation in pancreatic 
cancer suggests a potential therapeutic role for lipoxygen-
ase inhibitors.24,258,262 The role of LTs in eosinophil signaling 
and chronic (allergic) inflammatory diseases is discussed in 
Chapter 31.

A potential sequela of COX blockade by NSAIDs is shunt-
ing of unused AA to the lipoxygenase pathway, resulting in 
increased production of LTs from AA that would have oth-
erwise been metabolized to PG products.8 For example, aspi-
rin hypersensitivity has been associated with the diversion of 
AA from the PG to the LT (5-lipoxygenase) pathway and the 
production of mediators that are more inflammatory than the 
products of PGH synthetase.10,22 Aspirin hypersensitivity also 
has been attributed to the loss of PGs that might otherwise 
have specifically inhibited the formation of LTs. The adverse 
reactions of NSAIDs thus reflect not only loss of PGs but also 
augmentation of LT synthesis.8 Examples include exacerba-
tion of bronchoconstriction and increasing ulcerogenicity 
of NSAIDs. Newer NSAIDs that preferentially target COX-2 
are not characterized by aspirin hypersensitivity, presumably 
because AA can yet be metabolized to PGs by way of COX-1.

Lipoxygenase Inhibition
Originally, studies indicated that NSAIDs were not capable of 
inhibiting LT synthesis. However, the antiinflammatory efficacy 
of some of the NSAIDs (e.g., ketoprofen)263 has been attributed, in 
part, to inhibition of lipoxygenase and thus prevention of LT for-
mation.6 However, the ability of NSAIDs to inhibit 5-lipoxygen-
ase is controversial.8 More recently, dual-acting NSAIDs, which 
impair COX-1 and -2 and lipoxygenases, have been approved. 
These include tepoxalin, which was initially studied in humans, 
but approved only for use in dogs. The class of di-tert-butylphenol 
antiinflammatory agents have the added advantage of antioxidant 
(phenolic properties) and radical-scavenging properties.22 These 
include tebufelone, darbufelone, and licofelone. Finally, the effects 
of LTs can be inhibited at the level of the receptor. LT-receptor 
antagonists include zafirlukast and montelukast (Figure 29-11).

Lipoxygenase Inhibitors
Zileuton is a potent, selective 5-lipoxygenase inhibitor. It is the 
only drug of this class approved for use in the United States. 
Use of these drugs has largely been limited by hepatotoxicity; 
further, efficacy has been limited.

Dual-Acting Nonsteroidal Antiinflammatory Drugs
Despite the advantages of NSAIDs that COX-1–sparing drugs 
offer, the need for improved gastrointestinal tolerance contin-
ues. Because the formation of LTs from AA that might other-
wise have been metabolized to PGs appears to contribute to 
the toxicity (gastrointestinal, repiratory, and other) of NSAIDs 
(conventional more so than newer drugs), a drug with both 
COX and lipoxygenase inhibitory effects has been the target of 
the pharmaceutical industry for some time. However, the pres-
ence of an iron atom in the structure of COX or lipoxygenase 
required that such drugs be redox active in their mechanism. 
Therefore these drugs tended to inhibit other redox-active 
enzyme systems, including those in the liver. Consequently, 
hepatotoxicy has limited the use of dual-acting drugs. Two 
drugs have been studied in human medicine for their dual 
actions: tepoxalin and licofelone. The latter is an AA sub-
strate and as such acts as a competitive inhibitor of COX and 
lipoxygenase without redox activity;81 it is not clear whether 
tepoxalin similarly avoids redox activity. Neither drugs target 
lipoxygenase-12 or -15, and thus minimally affect lipoxin for-
mation, further improving potential gastrointestinal tolerance. 
Further, in the cardiovascular system, because both COX-1 
and COX-2 (prostacyclin and thromboxane formation) are 
inhibited, thrombembolic balance should not be disrupted.

In addition to enhanced safety, enhanced efficacy of dual-
acting NSAIDs toward inflammatory diseases should be 
anticipated. As such has been demonstrated for licofelone in 
experimentally induced osteoarthritis in dogs. Not only are LT 
and PG formation decreased, but also formation of proinflam-
matory cytokines is decreased. Their ability to inhibit both 
COX and lipoxygenase may result in synergistic activity in 
the control of inflammation.264 Preliminary data suggest that 
dual inhibitors may slow the progression of osteoarthritis.265 
Because of their potential enhanced efficacy and safety, dual 
inhibiting NSAIDs have been referred to as a class of break-
through NSAIDs.22 Indications for dual inhibitors include 
osteoarthritis, the chronic inflammatory allergic diseases 
asthma and atopy, and chronic inflammatory bowel disease.

Tepoxalin. Among the dual-acting NSAIDs, only tepoxalin 
has been approved for use in animals. This drug was being 
investigated in humans, but pharmacokinetics (not safety) 
precluded further development.17 It is a potent antiinflam-
matory and analgesic pyrazole derivative that also inhib-
its production of IL-1 and suppresses NFkB activation and 
dependent gene expression.17 Its dual inhibitory effect has 
been demonstrated in dogs. For example, tepoxalin inhibited 
COX-1, COX-2, and lipoxygenase-5 in synovial fluids (stifle) 
of dogs with osteoarthritis.266,267 Tepoxalin, but not firocoxib 
or meloxicam, inhibited TXA2 in canine blood compared 
with baseline.267 Its disposition has been reported in both 
dogs and cats (see Table 29-4). In dogs tepoxalin is approved 

KEY POINT 29-19 Although less ubiquitous in the body, leu-
kotrienes also represent a balance of proinflammatory and 
antiinflammatory signals.
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as a tablet that rapidly disintegrates in the oral cavity, with 
absorption nonetheless occurring in the intestinal tract. Food 
enhances oral absorption.127 Tepoxalin undergoes hepatic 
metabolism. It is converted to at least one major metabolite 
whose activity contributes substantially to its clinical effect in 
part because its half-life is substantially longer than that of the 
parent compound. Both the parent compound and its active 
metabolite are highly protein bound. Chronic administration 
does not appear to alter either the Cmax or the elimination 
half-life of either the parent compound or the active metab-
olite (USP).127 Essentially all drugs or metabolites, either as 
parent compound or metabolites, are eliminated in the feces. 
Feeding appears to increase absorption. The toxicity data gen-
erated for the approval of tepoxalin suggest that it should be 
among the safest of the NSAIDs recently approved for use 
in dogs (see Table 29-4), although gastrointestinal toxicity 
can occur. Its safety is supported by the study of Goodman 
and coworkers.21 Gastric and pyloric ulcers were monitored 
endoscopically in dogs (n = 6) treated with tepoxalin, firo-
coxib, or placebo for 7 days. Animals were studied using a 

randomized crossover design. Eicosanoids were determined 
in plasma and lesion margins, and lesions were scored. The 
firocoxib lesions were larger than placebo or tepoxalin lesions 
despite the fact that tepoxalin prostaglandin concentrations in 
the mucosa were lower than in either group. Safety appears to 
reflect blockade of LTs whose vasoconstrictive and neutrophil 
chemotaxis, adhesion, and degranulation effects are necessary 
for mucosal erosion.258 Agnello and coworkers266 demon-
strated tepoxalin inhibition of PGE2 and LTB4 in the gastric 
mucosa of dogs. Despite its impact on both COX pathways, 
in a manufacturer-sponsored study, tepoxalin did not cause 
significant changes in hemostatic or renal function tests when 
administered (10 mg/kg orally) to young, healthy dogs (n = 
8; 4 placebo) before surgery. Tests of renal function (serum 
blood urea nitrogen, creatinine and urine gamma glutamyl 
transferase [GGT] creatinine ratios) were studied for 48 hrs. 
Hemostatic tests included buccal mucosal bleeding time, as 
well as bleeding at the site of (experimental) surgical incision. 
The power of the study was not addressed. In a different study, 
tepoxalin did not alter renal function when administered 

Antihistamines

Histamime

Chlorpheniramine
(1st; alkylamine)

Diphenhydramine
(1st; ethanolamine)

Hydroxyzine
(1st; piperazine)

Cyproheptidine
(1st; piperidine)

Loratidine (Claritin)
(2nd; piperidine)

Ceteriazine (Zyrtec)
2nd; piperizine

(active metabolite of hydroxyzine)

Promethazine
(1st; phenothiazine)

Doxepin
(1st; tricyclic)

N

N

N N
N

N

N N

N

N N

N

N

N

N

N

N

N
N

HN

O

O

O

O

O

O

O

O

O

O

O
OO

OH

OH

OH OH
OH

OH

OH
OH

OH

Cl

Cl

Cl

Cl

Cl

Cl

S

S

S

S

CH3

CH3

CH3

CH3

CH3

CH3

CH3

H3C

H3C

NH2

NH2

LTB4 LTD4
(Cysteinyl)

N
H

HO
C

H

MeO

N(Me)OH

Tepoxalin
(dual-inhibitor)

Montelukast

Pentoxifylline

Leukotriene receptor antagonists

Figure 29-11 Structures of selected drugs used to treat various aspects of inflammation. Antihistamines are generally structur-
ally similar to histamine (upper left).



1088 Drugs Targeting Inflammation or Immunomodulation SECTION 5

with with angiotensin-converting enzyme inhibitors for up to  
28 days.258

Tepoxalin also has been studied in cats. Whereas tepoxa-
lin was well tolerated in cats when administered at 100 mg/kg 
once daily for 3 consecutive days, saturation kinetics occurred 
with two doses of 60 mg/kg 4 hours apart. Signs suggestive 
of CNS adverse drug events occurred (drunkenlike state), 
a response not recorded in any other species. Tepoxalin is a 
potent antipyretic agent in cats at doses between 5 and 10 mg/
kg and provides analgesia at least equivalent to that of butor-
phanol at 10 mg/kg for onychectomy.268

The action of tepoxalin as a dual inhibitor might render 
it useful for control of pain or inflammation typical of other 
NSAIDs. This includes a potential added advantage for treat-
ment of chronic allergic diseases for which LTs play a role in 
cellular signaling. However, preoperative use of tepoxalin may 
not be prudent, particularly in animals at risk for hemostasis 
problems. Its postoperative use might be considered. Bosmans 
and coworkers269 compared the combination of tepoxa-
line and buprenorphine to buprenorphine alone during the 
24-hour period after cruciate repair in dogs (n = 20; 10 per 
group). Animals were studied using a parallel randomized, 
blinded design. Pain was assessed using visual analog scales 
and a multifactorial pain scale. No statistical differences could 
be demonstrated for either control of pain or side effects.

Licofelone. Licofelone impairs PGE production in a similar 
manner to conventional NSAIDs, but unlike other NSAIDs, 
it also prevents the formation of LTB4. Although licofelone 
has not been approved for use in dogs, its pharmacodynamic 
effects have been studied in dogs.240 Licofelone appears to have 
potent antioxidative properties.269a Its effects on the canine 
gastrointestinal tract (2.5 mg/kg orally twice daily) as mea-
sured endoscopically were negligible to those of rofecoxib (see 
the discussion of rofecoxib) after 56 days of treatment with 
either drug. In that study, as with rofecoxib, concentrations 
of licofelone also decreased across time. Baseline concentra-
tions were 761.0 ± 413.8 compared with 307 ± 106.5 ng/mL at 
study end.240 The drug’s safety was explained in part because of 
decreased bioavailability at high doses but also because of pre-
vention of lipoxygenase.2 Licofelone has been found effective in 
the treatment of experimentally induced arthritis in the dog.264

Leukotriene Receptor Antagonists
Zafirlukast and montelukast are competitive cysLT-1 receptor 
antagonists (LAR) approved for use to treat human asthma. 
However, their use increasingly is being expanded to treatment of 
a variety of chronic allergic inflammatory diseases. Interestingly, 
their use might be considered in combination with NSAIDs to 
reduce the risk of gastrointestinal toxicity. The currently avail-
able LARs are available only for oral administration. Disposi-
tion information is not available for dogs or cats. In humans the 

drugs are rapidly and nearly completely absorbed. Metabolism 
of zafirlukast is by CYP2C9 and for montelukast by CYP3A4 and 
CYP29C. Metabolites are not active. Half-lives in humans are 10 
hours (zafirlukast) and 3 to 6 hours (montelukast). Maximum 
efficacy may require 2 to 4 weeks, although an initial response 
may be evident within several days. The drugs are generally very 
safe, probably reflecting the limited effects of LTs in the body.270

Pentoxifylline
Pentoxifylline is a methylxanthine derivative of theobromine 
with minimal bronchodilator activity but with clinically appar-
ent rheologic effects.271 It is used to treat human patients with 
claudication associated with chronic occlusive arterial disease. 
Mechanisms do not include vasodilation or cardiac stimula-
tory effects. Its rheologic effects appear to reflect increased 
flexibility of red blood cells and reduced blood viscosity.272

The disposition of pentoxifylline is complex, with hepatic 
metabolism to at least seven metabolites, two of which (I and 
V) are responsible for most of the pharmacologic effects.273 
Pentoxifylline inhibits the complement cascade, neutrophil 
degranulation, and cytokine production. Among the cyto-
kines, inhibition of TNF-alpha may be particularly important 
to its efficacy.274 IL-1 and IL-6 also are inhibited, as is expres-
sion of adhesions molecules. Pentoxifylline also increases 
fibroblast collagenases, decreases collagen, fibronectin, and 
glycosaminoglycan production.274 Inhibition of phosphodies-
terase contributes to its antinflammatory effects.

The disposition of the drug has been studied in normal 
dogs.275 After a dose of 30 mg/kg orally and 8 mg/kg intra-
venously (n = 5 dogs), pentoxifylline and its metabolites are 
characterized by an elimination half-life of 125 ± 192 and 450 
± 533 minutes, respectively, suggesting slow absorption. Peak 
concentrations were 41 ± 46 and 40 ± 32 μg/mL for intrave-
nous and oral administration, respectively. Bioavailability 
was 76 ± 78%. No side effects occurred in any dog at this 
dose. Although therapeutic concentrations have been recom-
mended in humans, this is based on the parent compound. 
However, therapeutic ranges should be based on both the par-
ent drug and its most active metabolites.

In human patients inflammatory conditions for which pent-
oxifylline has been used include contact dermatitis, systemic 
vasculitis, and sepsis syndromes.271 However, for the latter indi-
cation (septic shock), one study demonstrated increased risk of 
mortality in septic dogs treated with pentoxifylline as a con-
stant intravenous infusion, presumably because of decreased 
endotoxin clearance.276 Pentoxifylline was able to decrease the 
extent of esophageal stricture induced by erosive esophagitis.277 
Pentoxifylline increasingly is being used to treat dermatolgic 
disorders in humans.274 The drug has been used to treat Collie 
dermatomyositis, although animals probably benefit as much 
from the antiinflammatory effects as from the rheologic effects.

KEY POINT 29-21 The anti–tumor necrosis factor effects of 
pentoxifylline warrant consideration of its use for treat-
ment or prevention of a variety of inflammatory conditions, 
ranging from life-threatening septic shock to nonresponsive 
inflammatory bowel disease.

KEY POINT 29-20 Dual-acting inhibitors might be expected to 
be more efficacious toward some inflammatory conditions, 
particularly those associated with allergies, compared with 
nonsteroidal antiinflammatory drugs.
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Antihistamines
Histamine in Health and Disease
Histamine is a low-molecular-weight amine, synthesized from 
histidine by its decarboxylation. Histidine decarboxylase is 
ubiquitous in the body, occuring in the CNS, gastric parietal 
cells, mast cells, and basophils. Upon its formation histamine is 
stored. Most histamine is stored bound to heparin in granules 
located in either mast cells or their circulatory counterparts, 
basophils. Histamine is not the sole mediator of clinical rel-
evance located in mast cells. Because histamine release occurs 
by mast cell degranulation, it is accompanied by the release 
of other mediators, including those preformed and stored in 
granules (e.g., serotonin) and those synthesized in situ (e.g., 
AA products). Currently, four histamine subreceptors have 
been identified. The H1 receptors couple to G proteins, activat-
ing the PLC–IP3–Ca2+ pathway [G&G].278 H2 receptors link 
to Gs, activating the adenylyl cyclase cAMP pathway. Both H3 
and H4 receptors are inhibitory toward adenylyl cyclase; 35% 
or more homology between the two complicates pharmaco-
logic distinction.

The impact of antihistamines is complex but somewhat 
predictable based on the location and impact of each receptor. 
For example, H1 receptors on vascular endothelium activate 
calcium mobilization and nitric oxide production (eNOS), 
causing local vascular smooth muscle relaxation. In contrast, 
activation of H1 receptors in smooth muscle will cause contrac-
tion (e.g., bronchoconstriction), which is balanced by stimula-
tion of H2 receptors in the same cells that mediate relaxation. 
Both H1 and H2 receptors are distributed throughout the 
peripheral nervous system and CNS, whereas H3 receptors are 
limited to the CNS. The H3 receptors serve as autoreceptors. In 
general, their stimulation promotes sleep, and antagonism is 
manifested as wakefulness. H4 receptors are located primarily 
in cells of hematopoietic origin.278 These include granulocytes. 
Stimulation of H4 receptors on eosinophils induces a change 
in the shape of the cell, chemotaxis, and upregulation of adhe-
sion molecules; antagonists therefore may be particularly use-
ful for treatment of chronic allergic diseases.

The effects of histamine on H1 and H2 receptors vary with 
the site and extent of release. In general, histamine affinity for 
H1 receptors is probably greater than that for H2 receptors. In 
the vasculature both H1 and H2 receptor activation causes relax-
ation of arteriolar smooth muscle (resistance vessels), result-
ing in vasodilation. Whereas H1-mediated responses are rapid, 
H2- mediated response are slow and prolonged. In contrast to 
its effect on smaller vessels, histamine may cause contraction 
of the smooth muscle, causing hypertension in some species. 
In the heart contractility and automaticity increase, primarily 
through H2 receptors. Endothelial cells of venules contain more 
histamine receptors than other tissues. In postcapillary venules, 
H1 receptors cause endothelial cells to contract and separate, 
regulating cell-to-cell cytoskeleton interactions.278a The loss 
of the endothelial barrier results in increased permeability, 
typical of edema. Passage of inflammatory cells into tissues is 
facilitated. In nonvascular smooth muscle, H1 receptors cause 
contraction, whereas H2 receptor activation causes relaxation. 
Thus in the bronchi the predominant effect of smooth muscle 

contraction is bronchoconstriction; in the gastrointestinal 
tract, diarrhea may occur. Species sensitivity to these effects 
vary; for example, histamine does not appear to play a major 
role in bronchoconstriction associated with asthma in the cat. 
Release of histamine from mast cells and basophils causes H2-
mediated inhibition of further histamine release. Gastric acid 
secretion is mediated by H2 receptors. The H1 receptors also 
stimulate sensory nerve endings; for example, pruritis reflects, 
in part, stimulation of type C nerve fibers.

The manifestation of the vascular effects of histamine varies 
depending on the magnitude of response. Local effects in the skin 
are manifested as the typical wheal and flare response; in con-
trast, systemic release, if sufficient, may be manifested as hypo-
tensive shock, typical of anaphylactic or anaphylactoid response. 
The clinical signs vary with the species, depending on the “shock” 
organ, which in turn generally reflects the tissue with the greatest 
number of mast cells (lungs in cats, gastrointestinal tract in dogs).

Prevention or treatment of the effects of histamine can be 
accomplished in several ways: preventing histamine release 
(e.g., inhibition of mast cell degranulation), targeting the his-
tamine receptor itself, or antagonizing (modulating) tissue 
response to histamine (e.g., the use of beta antagonists to blunt 
histamine-induced bronchoconstriction). Of these, the most 
comprehensive response is likely to occur if mast cell degranu-
lation is prevented. This reflects the fact that histamine is not 
the only mediator released with degranulation. Others simul-
taneously released include those stored with histamine, such 
as serotonin (to which feline bronchial smooth muscle has 
been described as very sensitive), and those mediators formed 
in situ (e.g., eicosanoid mediators such as PGs, LTs [LTB4], 
or slow-reactive substance of anaphylaxis), platelet activating 
factor, and related compounds (see Figure 29-1)

Inhibitors of histamine release (mast cell degranulation) 
(see Figure 29-1), are exemplified by cromolyn sodium. It 
prevents calcium-dependent release of histamine from mast 
cells (but not basophils). Its mechanism of action may involve 
inhibition of calcium flux into the mast cell. Because degran-
ulation is prevented, the release of other autacoids released 
with histamine is also prevented. However, the drug is poorly 
absorbed orally and can be given only by inhalation. Thus 
its use is limited to respiratory disease associated with mast 
cells. Because it prevents degranulation, it is useful only when 
administered prophylactically.

Structure–Activity Relationship
Anthistamines historically refer to those drugs specific for H1 
receptors. Some of the drugs also inhibit muscarinic, sero-
tonin, or alpha-adrenergic receptors. All H1 receptor blockers 
or antagonists are structurally similar to histamine; however, 
the primary amine of histamine is replaced by a tertiary amine 
(see Figure 29-11). Previously referred to as competitive antago-
nists at histamine receptors, they are now described as inverse 
agonists. They preferentially bind to the receptor in its inactive 
state, maintaining the conformation of the inactive state, thus 
prolonging the state of inactivity.205 Antihistamines are among 
the most used drugs in human medicine, with over 40 differ-
ent drugs available worldwide, many of them nonprescription. 
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Traditional categorization results in six chemical groups: etha-
nolamines, ethylenediamines, alkylamines, piperazines, piperi-
dines, and phenothiazines. Alternatively, another classification 
is based on sedative potential, with first-generation drugs being 
sedating and second-generation drugs being nonsedating.

Pharmacologic Effects
The effects of the H1 receptor blockers are similar and pre-
dictable regardless of the preparation. Specific effects include 
smooth muscle inhibition in the gastrointestinal tract and 
respiratory tract; inhibition of histamine-induced vasodilation 
of resistance vessels in the vasculature (residual vasodilation 
may require H2 blockers); and strong antagonism of capillary 
and venule permeability. In the CNS both stimulation and 
depression may occur, depending on the drug. However, sec-
ond-generation drugs (particularly cetirizine or fexofenadine, 
but less so loratadine) do not penetrate the blood–brain bar-
rier and are less likely to be associated with CNS side effects.279 
The difference appears to reflect, in part, whether the drugs 
are substrates for P-glycoprotein, with second-generation 
drugs more likely. Effects on anaphylactic (or anaphylactoid) 
shock vary with species and tissues. Inhibition of motion sick-
ness may actually reflect anticholinergic activity (prometha-
zine). Antiallergic effects of the newer drugs in particular may 
reflect inhibition of mediator release,205 probably by way of 
direct inhibition of inward calcium flux through calcium ion 
channels.

Example drugs include doxepin (marketed as a tricyclic 
antidepressant), diphenhydramine (antimuscarinic and sedat-
ing ethanolamine), chlorpheniramine (first-generation alkyl-
amine; such drugs as a class are very potent and less sedating), 
hydroxyzine, cyclizine, and meclizine (a first generation piper-
azines), cetirizine (a second-generation piperazine and active 
metabolite of hydroxyzine), promethazine (a phenothiazine), 
cyproheptadine (a first-generation piperazine that also has 
antiserotonergic effects), and terfenadine (a second- generation 
piperazine). Dimenhydrinate (Dramamine) and diphenhydr-
amine (Benadryl) are characterized by marked sedation and 
significant antimuscarinic effects. Tripelennamine is one of 
the most specific H1 antagonists and is associated with less 
sedation but more gastric side effects. Chlorpheniramine is 
one of the most potent H1 blockers and also is associated with 
less sedation but more CNS stimulation. Promethazine is the 
most potent inhibitor of motion sickness. Piperazines are very 
effective for motion sickness and may have more prolonged 
action (cyclizine and meclizine). Phenothiazines (prometha-
zine as the prototype) are characterized by considerable anti-
cholinergic activity and prominent sedation but are the most 
effective for motion sickness.

Pharmacokinetics
Few antihistamines have been studied in animals. Species 
differences are likely to preclude extrapolation of dosing regi-
mens among species, and particularly between humans and 
dogs. This reflects, in part, differences in pH of the human 
skin (4.8) versus canine skin (similar to plasma). As weak 
bases, antihistamines are likely to accumulate in skin.280 In 
the ionized form, the accumulated drug will be inactive in 
human skin. However, the skin may serve as a depot, allow-
ing slow release as the unionized, active form. This may either 
prolong elimination half-life from plasma or, if concentra-
tions are too low to be detected in plasma, may allow a local 
pharmacodynamic effect that exceeds the duration indicated 
by pharmacokinetics. These benefits may not be realized  
in dogs.

Hydroxyzine is a piperazine antihistaminergic drug that 
is further metabolized to cetirizine, the active ingredient in 
Zyrtec. Its disposition has been described in dogs (n = 6) after 
oral and intravenous administration of 2 mg/kg hydroxy-
zine, using a randomized crossover design (14-day washout 
between routes).281 The pharmacokinetic study was accompa-
nied by pharmacodynamic response based on immunoglobu-
lin E (IgE) cutaneous wheal formation. Dogs tolerated each 
dose well. The maximum response to hydroxyzine occurred 
during the first 8 hours, correlating with plasma cetirizine 
concentrations that exceeded 1.5 μg/mL, with response attrib-
uted almost exclusively to cetirazine. Accordingly, the authors 
recommended cetirizine at 2 mg/kg twice daily.

In cats the disposition of cetrizine has been described after 
an oral dose of 0.9 ± 0.2 mg/kg (see Table 29-4).282 Despite the 
high proportion of bound drug, the effective concentration in 
humans of 10.5 to 27.3 ng/mL was achieved (based on calcu-
lation of free drug) and maintained during a 24-hour dosing 
period. Cats tolerated the single dose well, despite drug con-
centrations that are higher than those generally achieved in 
humans (human dose 10 mg/person).

Clemastine is an ethanolamine antihistaminergic drug. 
Its disposition and pharmacodynamic response have been 
described in dogs (Table 29-7).280 Target concentrations in 
human approximate 0.7 ng/mL. After oral administration 
bioavailability of clemastine was less than 5%. Although not 
reported, plasma drug concentrations versus time curves 
indicate that 0.7 ng/mL is achieved but maintained for less 
than 3 hours in dogs after oral absorption. Poor oral absorp-
tion contributed to poor response to antigen challenge, 
whereas intravenous administration inhibited wheal forma-
tion entirely for 7 hours. Accordingly, the oral dose of the 
drug should be at least 1 mg/kg every 12 hours or more; in 
contrast, the intravenous dose of 0.1 mg/kg would be effec-
tive twice daily.

Drug Interactions
Antihistamines generally are substrates for P-glycoprotein and 
other drug transport systems; therefore competition should be 
expected when they are used in concert with other P-glyco-
protein substrates. Selected drugs may also cause the induc-
tion or inhibition of drug-metabolizing enzymes.

KEY POINT 29-22 The central nervous system–related side 
effects of antihistamines reflect their ability to penetrate 
and remain in the brain, a characteristic more consistent 
among the first-generation drugs than the newer second-
generation drugs.
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Adverse Drug Reactions and Side Effects
Because side effects to first-generation drugs are problem-
atic, alternative drugs were developed. For example, diphen-
hydramine adversely affects learning in children and alters 
cognition and mood. Several drugs cause a level of intoxica-
tion similar to that produced by alcohol; chlorpheniramine 
causes a hangover effect. Gastrointestinal side effects include 
anorexia, nausea and vomiting, constipation, and diarrhea. 
Other effects, such as a dry respiratory tract and urinary 
retention or dysuria, can be attributed to atropine-like (anti-
cholinergic), antiadrenergic, and antiserotonin effects. Newer 
antihistamines (H1) do not interact with muscarinic receptors 
as effectively as did the first-generation drugs, thus avoid-
ing many of these side effects. Side effects in the CNS are not 
unusual at therapeutic doses. However, they are rarely serious, 
and adaptation occurs with chronic use. Sedation is affected 
by pH, lipophilicity, and activity of transport proteins such 
as P-glycoprotein.283 Lack of sedation in the newer drugs has 
been attributed to transport proteins that mediate active efflux 
from the CNS and thus limit CNS distribution. Collies and 
related breeds deficient in P-glycoprotein might be expected 
to manifest more CNS reactions with newer drugs compared 
with other dog breeds.

Two early second-generation H1 antihistamines, astemizole 
and terfenadine, were associated with cardiotoxicity (pro-
longation of the QT interval: torsades de pointes) as a result 
of blockade of the rapid component of the delayed rectifier 
potassium current. More recent drugs, including loratadine, 
desloratadine (a metabolite of loratadine), cetirizine, and 
fexofenadine (a metabolite of terfenadine), are not associated 
with this effect.

Acute poisoning is not uncommon in humans; its occur-
rence in dogs and cats is not known. There is no specific ther-
apy. Signs include ataxia, incoordination, convulsions, dry 
mouth, and fever, with treatment being supportive.

Therapeutic Use
Indications for antihistamines include the prevention or treat-
ment of anaphylactic shock (IgE-mediated histamine release) 
or anaphylactoid response (e.g., cationic drug-induced hista-
mine release), motion sickness (see the discussion of the gas-
trointestinal tract), particularly dimenhydrinate, piperazines, 

and promethazine, and allergic disease, including that affect-
ing the skin. These indications are addressed in the relevant 
chapters. Antihistaminergic drugs have proved variably use-
ful in the control of small animal allergic diseases.284-286 This 
no doubt reflects differences in receptors and drug receptor 
interactions. However, profound differences also are likely in 
the disposition of the drugs, including oral bioavailability (e.g., 
clemastine in dogs). Part of the lack of efficacy also reflects lim-
ited actions: Although the effects of histamine at H1 receptors 
may be blocked, limited to no effects on mast cell degranula-
tion will result in inflammatory response to other mediators.

TREATMENT OF OSTEOARTHRITIS

Physiology and Pathophysiology
Osteoarthritis Defined
Degenerative joint disease, or osteoarthritis, is defined as a loss of 
articular cartilage and chondrocyte death. In its primary form, 
it is considered a disease of “wear and tear,” and inflammation 
does not play a significant role in the onset of the disease pro-
cess.287 Although the role of inflammation in the pathogenesis 
of the disease is also limited compared with that of other joint 
disorders (i.e., sepsis or immune-mediated diseases), the role 
of inflammation is sufficiently important that drugs modifying 
inflammation have become important in the management of 
degenerative joint disease. However, the concept of chondro-
protection in the damaged joint has become a focus for ther-
apy, as have agents that modify the disease process.

Degenerative joint disease is a progressive disease char-
acterized by degeneration and destruction of articular car-
tilage.288,289 Certain conditions are predisposed to cause 
secondary degenerative joint disease, although it can occur 
as the primary disorder. Secondary degenerative joint dis-
ease can develop as a result of abnormal joint mechanics (e.g., 
instability) or direct trauma.

Cartilage Physiology and Pathophysiology
In order to understand the potential role of disease-modifying 
agents in the treatment of osteoarthritis, a discussion of nor-
mal and diseased cartilage is warranted. Normal cartilage is 
avascular and tightly adheres to cortical bone.290,291 A load-
bearing and gliding surface of the joint is formed such that 

Table 29-7  Pharmacokinetic Data for Selected Antihistamines In Dogs and Cats
Dose Cmax Tmax Bioavailability Clearance

Drug Species Route mg/kg μg/ml hr Percentage mL/min/kg L/kg Funbound (%) Half-Life (hr)

Cetirizine282 Cat PO 0.9±0.2 3.3±1.2 3.1±3.3 NA NA NA 88±1.5 10.1±4
Hydroxyzine281 Dog IV 2 1.1±0.1 5.3±3.5 12.6±7 59±58

PO 2 0.16±0.05 3±1.1 71±39 17.1±7
[Cetirizine ] 281* Dog IV (2) 2.41±0.9 2.4±0.8 11.4±1.8

(2) 2.2±0.53 3.5±0.4 10.1±2.4
Clemastine280 Dog IV 0.1 35 (25 to 60)

(8)
13.4  

(11-21)
2 7.9(3.1-13.6)

PO 0.5 1.75 (13) 2.9 (1.1-5.8)

F, fraction of drug unbound PO, by mouth; NA, not applicable; IV, intravenous.
*Cetirizine formed from hydroxyzine.
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a frictionless surface occurs throughout the range of motion 
of the joint. The fibrous capsule of the joint contains a layer 
of synovial cells that are very vascular and serve as a selec-
tive membrane, precluding passage of molecules greater 
than 12,000 molecular weight. Synovial fluid produced by 
the cells lubricates and nourishes cartilage. Hyaline cartilage 
contains a small number of chondrocytes that synthesize the 
matrix in which they are embedded. The matrix is composed 
of collagen fibers interspersed in a well-structured manner 
with proteoglycan aggregates of varying molecular weights  
(Figures 29-12 and 29-13). Proteoglycans comprise glycosami-
noglycans encircling a core protein. The proteoglycan complex 
in turn is bound (by a link protein) to hyaluronic acid. Chon-
droitin sulfate is the principal proteoglycan of mature carti-
lage, with other sulfates (e.g., keratin, dermatan) making up 
the remainder. Chondroitin sulfates are glycosaminoglycans 
composed of alternating sulfated residues of a glucuronic acid 
and a galactosamine. Sources of chondroitin sulfate for com-
mercial purposes include bovine trachea, nasal septum, and 
shark cartilage. Proteoglycans are large, hydrophilic (contain-
ing oxygen, nitrogen, and sulfur) molecules that trap water, 
thus maintaining the gel-like consistency of cartilage, and act 
as an elastic shock absorber. Chondrocytes are very metaboli-
cally active, constantly breaking down and resynthesizing pro-
teoglycan and collagen. The substrates and energy for these 
activities are transported to, and waste material from, the car-
tilage by a synovial “pump” mechanism.

The initial insult leading to cartilage degeneration may vary 
(i.e., injury, congenital malformation, chronic overload, age), 
but the sequence of events is similar. The changes occur well 

before clinical (including radiographic) signs are evident. The 
initial lesion in osteoarthritis occurs in cartilage. Chondroma-
lacia (softening of the cartilage) occurs early in the course of 
disease. Collagen turnover is markedly increased by the chon-
drocytes; reparation may not yield the appropriate (type II) 
collagen. Ultimately, collagen loss may predominate. Species 
differences in the repair of collagen are likely to exist. Proteo-
glycans are also lost as degenerative joint disease progresses. 
Initially, proteoglycan synthesis is markedly increased, but the 
normal ratios of high-molecular-weight versus low-molecu-
lar-weight proteoglycans may not be maintained. Eventually, 
proteoglycan synthesis markedly decreases. Hyaluronic acid 
concentrations also decrease.

The loss of cartilage matrix is mediated, in part, by proteo-
lytic enzymes such as metalloproteinases, including collage-
nases, stromelysin, and aggrecanases, and lysosomal enzymes 
released (stimulated by IL-1 or TNF) by synovial cells or 
chondrocytes.287 IL-1 and IL-6, TNF, and nitric oxide also act 
as cellular or molecular mediators.287,292-295 Mediators (eico-
sanoids, IL-1, and TNF) act to upregulate catabolic enzymes of 
destruction while downregulating mediators that inhibit cata-
bolic actions.293 The catabolic process of cartilage degradation 
worsens as these enzymes are released. Chondrocyte death 
may occur early in the process of degenerative joint disease. 
Synovial cells phagocytize the products of degradation and ini-
tiate a (chemical) inflammatory process. Collagen is exposed; 
fissures develop in the cartilage. Local tissue degradation 
increases, and leukocytes are activated, eventually leading to a 
viscous cycle of degradation and inflammation. Synovial fluid 
amount is increased, which reduces the content of hyaluron.287

Chondrocytes

Extracellular
matrix

Collagen

Polysulfated glycosaminoglycans

Hyaluronic acid

Hyaluronic acid

Protein core
Attachment site

Keratin
sulfates

Chondroitin
sulfates

Figure 29-12 Hyaline articular cartilage is characterized by highly metabolic chondrocytes surrounded by an extracellular matrix 
that they secrete (inset, top left). The matrix is composed of collagen, which provides strength to the joint, and polysulfated 
glycosaminoglycans (PGAGs). The PGAGs cause retention of water, thus providing a cushion to joint stresses. The PGAGs are 
composed of a central protein core (inset, top right) to which is attached keratin sulfates (base) and chondroitin sulfates. The 
PGAG attaches to hyaluronic acid.
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As cartilage continues to bear weight, mechanical destruc-
tion and physiologic changes continue. The damaged cartilage 
cannot bear weight appropriately, and subchondral bone is 
exposed to forces that normally would be dampened. Sub-
chondral sclerosis occurs, and apposing articular surfaces 
become eburnated. Cartilage homeostasis is interrupted, lim-
iting access to fluid-containing nutrients. Fluid released into 
the synovial joint may not be efficiently absorbed. In addition, 
mediators of inflammation are released by both chondro-
cytes and synovial cells. The joint becomes painful as a result. 
Microfractures and fissures allow synovial fluid to penetrate 
into the bone, with resulting subchondral cyst formation. The 
damaged cartilage attempts to repair the damage as it occurs 
by synthesizing new proteoglycan and collagen. Osteoarthritis 
probably occurs when the catabolic process overwhelms the 
repair process.

Therapy with Drugs and Other Agents
The goals of drug therapy for degenerative joint disease should 
be (1) to control pain, (2) to increase mobility, (3) to prevent 
continued degradation of the joint, and (4) to provide support 
to reparative processes. In addition to drug therapy, dietary 
management (i.e., weight control) and exercise control should 
be implemented, and surgical options should be considered 
when appropriate. Mechanisms of therapeutic drugs designed 
to retard the deterioration of degenerative joint disease include 
inhibition of synovial cell–derived cytokines and chondro-
cyte-derived degradative enzymes, inactivation of superoxide 
radicals, stimulation of matrix synthesis, and enhancement of 
synovial fluid lubrication.296,297

Advances in the pathophysiology of degenerative joint 
disease (osteoarthritis) have provided new therapeutic foci. 

The progressive degeneration of articular cartilage that char-
acterizes this disease reflects an imbalance between cartilage 
matrix synthesis and breakdown. The role of inflammation 
in the pathophysiology of degenerative joint disease is con-
troversial. The impact of NSAID therapy can be a double-
edged sword: The effects may be either harmful or beneficial, 
depending on the drug. The primary effect of NSAIDs in the 
disease may be analgesic rather than antiinflammatory.296 A 
number of other antiinflammatory drugs have been studied 
for their efficacy in the treatment of degenerative joint dis-
ease, and clinical trials addressing their use for treatment of 
osteoarthritis has been previously discussed with each drug. 
The dose of NSAID needed to control pain associated with 
osteoarthritis may vary greatly among animals. Drugs can 
control pain not associated with inflammation at doses lower 
than those necessary to control pain associated with inflam-
mation. On the other hand, for some animals pain may be 
controlled only if inflammation is successfully controlled. The 
choice of the most appropriate NSAID should be based on 
both efficacy and safety.

Until relatively recently, little justification existed for the 
selection of one NSAID over another for treatment of osteo-
arthritis in dogs. Approval of the newer class of NSAIDs, 
which are more selective for COX-2 in their inhibition com-
pared with COX-1, has, however, provided a realistic first-
choice drug. Of the conventional NSAIDs, aspirin has been 
the second drug of choice simply because it is a known entity; 
phenylbutazone may also be used because it is approved for 
use in dogs in the US. In countries in which ketoprofen is 
approved, it may be the second choice. Chondroprotection by 
the NSAID also should be considered. Differential effects on 
healthy or damaged cartilage among the newer NSAIDs are 
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Figure 29-13 Chondroitin sulfates structurally are very similar to heparin and hyaluronic acid (not shown). The negative charges 
of the repeating units cause retention of water. Inappropriate chemical configuration of the chondroitin sulfates contributes to 
abnormal stresses on the joint and ultimately continued articular damage.
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likely to exist. For example, etodolac appears to contribute 
to damage, whereas carprofen appears to facilitate its repair 
at therapeutic concentrations.211 Caution is recommended 
with use of all drugs (or supplements) whose action targets 
COX, with relative potential toxicity likely being greatest 
for conventional NSAIDs, less for COX-1–protective (often 
referred to as COX-2–selective) and least for dual-acting 
(COX- and lipoxygenase- inhibiting) drugs. Ideally, NSAID 
use for treatment of osteoarthritis is limited to “rescue” 
situations in animals with mild to moderate disease, with 
maintenance therapy focusing on disease-modifying agents 
(discussed later). NSAIDs might be reserved in such patients 
for short term treatment of acute conditions (or “flare-ups”) . 
If NSAIDs are required for maintenance therapy, simultane-
ous use of disease-modifying agents should be considered so 
that the animal may benefit from any synergistic effect the 
combination of therapies might have,298 as well as to decrease 
the amount of time that an NSAID is necessary, to protect the 
cartilage from any NSAID damage that might occur, and to 
potentially protect the gastrointestinal tract.91 Selection of an 
NSAID for treatment of osteoarthritis in cats is confounded 
by the lack of data identifying COX-1 protection. Meloxicam 
and ketoprofen each are characterized by shorter half-lives in 
the cat (compared with the dog), which may or may not con-
tribute to the relative tolerance the cat has to these drugs com-
pared with other NSAIDs. Further, meloxicam is approved in 
the U.S. for use in cats. As such, meloxicam might be a first 
choice for treatment of pain or inflammation associated with 
osteoarthritis in the cat. However, concerns regarding renal 
disease indicate the need for pre- and during treatment evalu-
ation of renal function. The FDA has led the manufacturer 
of meloxicam to state that meloxicam should not be used 
beyond a single dose in cats, increasing the risk of liability 
for veterinarians that use the drug off label. Signed informed 
consent is recommended if meloxicam is used off-lable. Care 
must be taken that the daily dose does not exceed 0.03 mg/
kg (or 0.1 to 0.15 mg/cat). Time may reveal dual inhibitors 
to be well tolerated by cats. Although used safely as a platelet 
inhibitor, the use off aspirin at doses necessary to control pain 
in cats is likely to be unsafe. Disease-modifying agents also 
should be used in cats.

The use of glucocorticoids alone for the treatment of osteo-
arthritis is discouraged. In general, these drugs should not 
be used for prolonged periods because of their chondrode-
structive effects, which are likely to occur at clinically used 
doses. Rather, use, including intraarticular injections, should 
focus on short-term management or in patients for which 
other therapies have failed. The combination of NSAIDs with 
drugs that control inflammation through mechanisms other 
than COX inhibition should be strongly considered. These 
include disease-modifying agents (discussed later). For acute 
flare ups in animals already receiving the maximum dose of a 
chosen (safe) NSAID, the use of opioids, tramadol, or NMDA 
receptor inhibitors (e.g., amantadine) should be considered. 
Although scientific evidence is needed, gabapentin increas-
ingly is being used based on anecdotal recommendations for 
control of chronic pain.

DISEASE-MODIFYING AGENTS: 
CHONDROPROTECTANTS

A number of compounds are able to modify the progression 
of osteoarthritis, most commonly by supporting the cartilage. 
These products help achieve the goals of preventing further 
degradation and providing support for the reparative carti-
lage.Although variable, evidence exists that supports the use 
of these products as sole or adjuvant therapy in the treatment 
of the damaged joint (see the discussion of recommendations 
regarding the use of disease-modifying agents in the treatment 
of joint disease). Care should be taken to not overinterpret 
studies that fail to demonstrate a statistical difference between 
treatment groups (including placebo); such studies do not 
demonstrate a lack of treatment effect, but rather, are unable to 
demonstrate a treatment effect. Commonly, treatment design 
fails to effectively address the complex nature of the conditions 
being treated, particularly in terms of sample size.

Injectable Products
Polysulfated Glycosaminoglycans
Efforts to treat osteoarthritis have focused on drugs that favor-
ably shift the balance from degradation to synthesis of cartilage 
matrix. Two compounds composed of PGAGs are available in 
the United States and Canada: Adequan and pentosan polysul-
fate. Hyaluronic acid (e.g., Legend) is also a PGAG but differs 
in structure sufficiently to be addressed separately. Because 
of similarities in structure, however, the disposition of these 
drugs (at least as much as is understood) and their assumed 
mechanism of action are similar. On the one hand, subtle 
differences in chemical structure may impact physiologic 
function (e.g., water retention in cartilage), and thus change 
efficacy.On the other hand, for products with demonstrated 
efficacy but presumed different mechanisms of action, com-
bination therapy in the damaged joint. Their use should not 
be limited to osteoarthritis, but should include any conditions 
associated with of joint damage—trauma, immune-mediated 
diseases, septic or drug-induced damage, surgery (including 
prophylaxis) and others. Further, prophylactic use should be 
considered in animals predisposed to joint damage (e.g., con-
formation predisposing to joint damage or intensive sports 
training). Because PGAGs are responsible for normal func-
tions in a variety of body tissues, their potential applications 
include disorders other than osteoarthritis (e.g., interstitial 
cystitis and glomerulonephritis).

Chemistry. A PGAG s a polymeric chain of repeating units 
of hexosamine and hexuronic acid. Considered a hypersul-
fated compound, approximately 14% of the drug is sulfated. 
It is extracted and purified from bovine tracheal tissues.299 
Normal cartilage matrix is composed of proteoglycan com-
plexes, collagen, and water. Side chains of glycosaminoglycans 
(keratin and chondroitin) are attached to the core protein of 
the proteoglycan molecule by a strand of hyaluronate (see 
Figures 29-12 and 29-13). Water trapped between these com-
plexes accounts for the resiliency of cartilage. PGAGs closely 
mimic the proteoglycan complexes found in normal articular 
 cartilage.
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Pharmacologic effects. PGAGs appear to be chondroprotec-
tive in both in vitro and in vivo models. In vivo models have 
included chemically and traumatically induced cartilage dam-
age.300,301 Cartilage degradation is retarded in the presence of 
PGAG. Although the mechanisms of these protective actions 
are not known, chondrocyte proliferation and matrix biosyn-
thesis appear to be important.301 Collagen, proteoglycan, and 
hyaluronic acid syntheses increase.302 In addition, proteolytic 
enzymes such as collagenase,302,303 leukocyte elastase,304 pro-
teases,299,305 and lysosomes are inhibited,305 although these 
actions are likely to be complex.302 Complement activity is 
also inhibited; the degree of inhibition appears to be related 
to the sulfate load of the chondroitin sulfate matrix.306 PGAGs 
appear to have no effect on the ability of IL-1 to stimulate 
metalloproteinase activity in cartilage.307

Disposition and safety. Deposition of PGAG in normal 
and damaged cartilage has been demonstrated after paren-
teral administration. Drug that is not retained in cartilage is 
excreted primarily by the kidneys with minimal degradation 
of the parent compound. Toxicity is limited in all species stud-
ied. In dogs the LD50 is 1000 mg/kg.299 Heparin and PGAG are 
chemically similar. Adverse effects related to the anticoagulant 
activity of PGAG have been suggested. One study found coag-
ulation times to be prolonged after administration (see below). 
This suggests that PGAGs should not be administered at the 
time surrounding a surgical procedure. Heparin-associated 
thrombocytopenia, a presumed immunologically mediated 
decrease in circulating platelet numbers, has been reported in 
human patients receiving PGAGs.308

At the time of this publication, several injectable PGAG 
products are being marketed as “generic” Adequan. These 
products (e.g., Chondroprotec for horses) are not “generic” 
in that they have undergone no FDA approval process. That 
such products contain the same ingredients and will pro-
vide the same level of response as approved products cannot 
be assumed without inbiased scientific evaluation. Although 
a peer review paper disputing the efficacy of such products 
could not be identified at the time of this publication, a review 
of the internet reveals testimonial based evidence of the lack 
of efficacy of these products and the lack of understanding 
regarding their approval status. Although veterinarians might 
be legally empowered to prescribe or recommend such prod-
ucts, liability and standard of care concerns should lead to cau-
tion regarding their use. Differences in chemistry may be very 
subtle but may impact efficacy both safety and efficacy. Among 
the biggest concerns might be the impact of adulteration, as 
has occurred for heparin, also a PGAG (see Chapter 17). That 
these products can become unsafe if composed of improper 
PGAGs has been recently demonstrated.

Clinical use. Adequan has been approved for use in dogs 
for the treatment of osteoarthritis. The drug might, however, 
be considered in any situation in which the joint has been or 
will be injured. This includes trauma, elective surgical pro-
cedures, and arthritis associated with immune-mediated or 
infectious conditions. Additionally, PGAGs should be consid-
ered in conjunction with NSAIDs for their chondroprotective 
effects, as well as with the intent to potentially discontinue 

the NSAID. Disease-modifying agents including PGAG or 
its precursors (see later discussion of nutraceuticals) might 
also be considered as preventive therapy in animals that are 
likely to develop osteoarthritis for whatever reason, includ-
ing conformation problems. Use of these drugs before clini-
cal signs of osteoarthritis develop may prolong the time until 
NSAIDs are necessary. In patients with osteoarthritis, the 
time to clinical response is likely to be directly related to the 
severity of disease. Treatment that is begun before the joint is 
markedly damaged is more likely to be successful. Adequan 
may negatively impact hemostasis. Dogs treated at 10 times 
the recommended dose develop hemotomas and prolonged 
protime (package insert). Surgical candidates probably should 
not be treated with Adequan on the day of or prior to surgery 
unless coagulation studies indicated no effect. Care should be 
taken to not use Adequan in patients with bleeding disorders 
(see package insert), which might include patients receiving 
aspirin. The impact on patients receiving COX-2 preferential 
drugs is not clear.

Pentosan Polysulfate
Pentosan polysulfate (PPS) is isolated from beechwood hemi-
cellulose and synthetically modified by adding sulfates to its 
repeating units of xylan pyranoses. Thus, unlike Adequan, it is 
not derived from animal sources. It is available as an injectable 
product, and an oral product has been approved in the United 
States for people with interstitial cystitis, a syndrome that may 
reflect a quantitative and qualitative defect in bladder muco-
sal glycosaminoglycans.309,310 It is approved for use under the 
market name Cartrophen for treatment of osteoarthritis in 
dogs in Canada and Europe, where it has been marked for at 
least 15 years.

PPS has a number of pharmacologic effects. Response of 
interstitial cystitis (based on resolution of pain in humans) 
ranges from 6% to 20%. In Europe PPS is used to treat throm-
bosis and hyperlipidemia, and an application for its use in 
treatment of osteoarthritis is pending. For cartilage PPS may 
improve subchondral and synovial membrane blood flow. In 
addition, it modulates cytokine actions, stimulates hyaluronic 
acid synthesis, and maintains PGAG content in joints.302,311 
When PPS was administered intramuscularly (2 mg/kg once 
weekly) in a model of osteoarthritis in dogs, cartilage dam-
age was significantly decreased. In a double-blind clinical trial 
in 40 dogs, after 3 mg/kg intramuscularly per week, lameness, 
body condition, pain on joint manipulation, and willingness 
to exercise were improved at 4 weeks.312 The work of Budsberg 
and coworkers313 supports the efficacy of PPS in selected sur-
geries. The investigators prospectively studied the efficacy of 
PPS in dogs (n = 40; 10 per group) with spontaneous cranial 
cruciate rupture using a parallel, randomized, blinded, pla-
cebo-controlled design. Dogs were divided into four groups 
on the basis of radiographic score (low versus high) and a 

KEY POINT 29-23 Injectable polysulfated glycosaminoglycans 
should be anticipated to act more rapidly than orally admin-
istered products.
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partial meniscectomy was performed. Within each group 
animals were randomly assigned to receive either placebo or 
3 mg/kg PPS weekly for 4 weeks after surgery. Animals were 
evaluated for 48 weeks, with biomarkers of collagen cleavage, 
aggrecan activity, and osteocalcin activity measured in serum. 
Radiographs and gait analysis were included in the postopera-
tive evaluation. A total of 10 response variables were compared 
among the groups. Although lameness scores did not differ, 
PPS-treated dogs generally improved faster than placebo-
treated dogs, and in those dogs with partial meniscectomies, 
biochemical markers were reduced compared with placebo-
treated dogs. An oral dose has not been established for dogs.

PPS appears to be safe, but like other PGAG-like com-
pounds, it appears to prolong clotting times and may cause 
thrombocytopenia. Safety information from the manufacturer 
available online314 indicated an adverse event reporting inci-
dent of 0.01% with no signalment predisoposition. Clinical 
signs considered to be “probably related” to the drug, based on 
their appearance within 10 to 15 minutes of administration, 
included vomiting (78% of those reports, or 0.0047% of ani-
mals dosed) and a change in demeanor (i.e., quiet, etc; 0.0062% 
of animals). Experimentally, at 3 mg/kg, PPS increased partial 
thromboplastin time (PTT) and thrombin time (TT) but not 
prothrombin time (PT) above baseline in dogs, with the peak 
effect at 2 hours and resolution by 8 hours. Although hem-
orrhage has been reported in clinical cases using PPS, few of 
those reports have been designated as probable cause. Local 
reactions at the injection site did not occur in experimental 
studies, even at 30 mg/kg. The posibility that PPS and simi-
lar products worsens gastrointestinal hemorrhage induced by 
NSAIDs has not been addressed; indeed, evidence suggests a 
protective nature is imparted by related products in the gastro-
intestinal tract. It should be noted that information provided 
by the manufacturer of Cartrophen indicates that generic 
products are not therapeutically equivalent because they dif-
fer both chemically and thus in their interation with target 
proteins. As such, differences in therapeutic response among 
these products in general might be anticipated.

The use of this product for syndromes other than osteo-
arthritis in humans (e.g., interstitial cystitis, thrombosis) 
 potentially might lead to similar uses in animals. For example, 
a study of mouse mesangial cells found that PPS decreased 
proliferation and net extracellular matrix production, mecha-
nisms that may explain its apparent ability to slow the progres-
sion of glomerular sclerosis.315,316 PPS inhibits calcium oxalate 
crystallization in vitro317 and is being studied for possible use 
in vivo. The compound is being studied for its apparently clini-
cally beneficial effects for the treatment of acquired immune 
deficiency syndrome–related Kaposi’s sarcoma in human 
patients.318

Hyaluronic Acid
Hyaluronic acid is a linear polydisaccharide (glucuronic acid 
combined with glucosamine) that is an essential component of 
synovial fluid, where it is chemically linked to proteoglycans in 
articular cartilage. As such, it helps to form large, aggregating 
proteoglycans in articular cartilage (Figure 16-12).296 Its mode 

of action is not certain, but it is assumed to function as a lubri-
cant by increasing viscosity of synovial fluid. It may also act as 
an antiinflammatory. Studies in horses support its efficacy in the 
treatment of osteoarthritis. After intraarticular injection, the 
drug persists in joints for several days. The drug also has been 
given intravenously; the half-life in horses is 96 hours, but no 
studies could be found regarding dogs. Hyaluronic acid exists in 
variable molecular weights. High-molecular-weight hyaluronic 
acid inhibits phagocytosis, lymphocyte migration, and synovial 
permeability and stimulates hyaluronic acid synthesis.319 Prior 
treatment with glucocorticosteroids or bony changes limits 
response. Hyaluronic acid appears to be very safe; side effects 
tend to be associated with administration of the drug. The drug 
has been used with variable success after intraarticular injection 
in horses320 and dogs.321

The role of viscosupplementation in the treatment of 
human osteoarthritis has been reviewed.322 A meta-analysis of 
22 studies of hyaluron use in humans found it to have a small 
effect compared with placebo, but the study also found publi-
cation bias.322 Accordingly, as with glucocorticoids, intraartic-
ular administration of hyaluron tends to be limited in humans 
to patients who have not responded to other therapies.

Oral Disease-Modifying Agents
Veterinary Nutraceuticals
The use of oral disease-modifying agents (slow-acting disease-
modifying agents)323,324 for the treatment of damaged joints 
remains controversial despite increasing evidence regarding 
their potential contributions. Currently, with the exception of 
oral PPS (for which an approved drug version exists), these 
products can be classified as veterinary nutraceuticals.323-327 
The North American Veterinary Nutraceutical Council (no 
longer active) defined a veterinary nutraceutical as “a [non-
drug] substance that is produced in a purified or extracted 
form and administered orally to a patient to provide agents 
required for normal body structure and function and admin-
istered with the intent of improving the health and well-being 
of animals.”325,326

Regulatory considerations. Neither human nor veterinary 
nutraceuticals, botanicals, herbs or other novel ingredients 
(including botanicals or biological) undergo any mandated 
federal approval process, and therefore neither quality, safety 
nor efficacy necessarily have been documented before they 
are marketed. Chapter 4 addressed some of the safety issues 
associated with these products, and particularly those of 
plant origin. Unfortunately, clients may not realize the lack of 
regulation of these products, and counseling by veterinarians 
regarding the implications may be important.

The issues relating to quality, safety, and efficacy of disease-
modifying agents have been reviewed,327 but the complexity 
of their nature and the impact the lack of regulation has on 
products warrant a short review. The FDA historically has held 
dietary supplements to the same standards applied to foods, 
requiring evidence of safety as well as evidence that labeling 
was truthful and not misleading. In 1994 the dietary supple-
ment industry was successful in lobbying Congress to pass 
the Dietary Supplement Health and Education Act of 1994 
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(DSHEA), which amends the Food, Drug and Cosmetic Act 
such that it addresses these products. The amendment, which 
legally defines a dietary supplement, effectively restricts the 
FDA’s ability to regulate dietary supplements. Various label 
claims that refer to effects on structure or function of the body 
are now allowed on these products. Premarket safety evalua-
tion is no longer required; rather, the manufacturer is respon-
sible for ensuring safety, However, the FDA is responsible for 
monitoring the safety, despite the lack of a mandated mech-
anism for adverse event reporting. Rather, all adverse event 
reporting is voluntary, which may preclude effective safety 
assessment of products by the FDA. Consequently, the burden 
of proof that a product is unsafe rests with the FDA. Since 
DSHEA passage, the FDA has been able to require that man-
ufacturers of hebal products include proper herbal names, 
and when relevant, the generic drug name for the product 
(e.g., ma guang for caffeine), and to indicate the part of the 
plant (e.g, stem, leaf, flower), from which the ingredient is  
derived.

The Center for Veterinary Medicine (CVM) of the FDA 
has determined that DSHEA does not apply to animals or 
animal feeds, including veterinary nutraceuticals. Therefore 
the term dietary supplements does not apply to veterinary 
products and theoretically should not be used when referring 
to products marketed for veterinary use. The term animal 
dietary supplements will nonetheless be used in this docu-
ment. The CVM believes that public health is better served if 
the special concessions given to human dietary health supple-
ments by the DSHEA do not apply to those given to food-
producing animals. This reflects their goal of ensuring that 
harmful residues from either the compound or its metabo-
lite do not reach food intended for human consumption 
and their concern that extrapolation of information among 
species receiving novel ingredients is complex and difficult. 
Most notably, the CVM is concerned that current ‘‘produc-
tion drugs’’ (i.e., those that increase the production of food) 
might be considered by manufacturers or users of these prod-
ucts to fall under the lax guidelines of DSHEA, thus increas-
ing the risk of human exposure to unapproved products. 
Thus, unlike human products, the FDA-CVM has retained 
its ability to regulate animal dietary supplements, although 
the lack of resources necessary to adequately regulate their 
sale will limit regulation. However, in contrast to dietary 
supplements, states can and do restrict the sale of products 
for animals through an alternative mechanism. Federal and 
state feed officials have organized the American Association 
of Feed Control Officials (AAFCO),328 whose stated goal is to 
‘‘provide a mechanism for developing and implementing uni-
form and equitable laws, regulation, standards, and enforce-
ment policies for regulating the manufacture, distribution, 
and sale of animal feeds’’ such that the use of these products 
is ‘‘safe, effective and useful.’’ Although nonregulatory, the 
AAFCO nonetheless influences state regulation and thus 
the marketing of oral products administered to animals in 
many (although not all) states. For those states that follow the 
AAFCO’s guidelines, a manufacturer seeking the sale of an 
unapproved oral product in a state must provide information 

necessary for the product to be recognized as an ‘‘ingredient’’ 
that has been ‘‘defined’’ by the AAFCO. Sale of a product that 
is not a drug, food, or feed additive is more likely to be denied 
by a state feed official if the product is not listed as a defined 
ingredient in the AAFCO publication.

The dramatic increase in veterinary nutraceutical use in the 
last 15 years led the AAFCO to focus more aggressively on 
the regulation of these products. The National Animal Supple-
ment Council (NASC),329 based in the United States, has taken 
an active approach in working with the AAFCO to implement 
voluntary actions among nutraceutical manufacturers that will 
cause the AAFCO to respond to their products positively, thus 
allowing their sale. Veterinarians should be reminded that 
because DSHEA specifically applies only to human beings and 
neither dietary supplements (humans) nor novel ingredients 
(other animals) are not approved drugs, the use or prescrip-
tion of these products is not protected by the Animal Medical 
Drug Use Clarification Act of 1994, which otherwise legalizes 
veterinary extralabel drug use.

Quality assurance. Several sources of scientific informa-
tion indicate the need to focus on those products whose 
quality assurance can be verified. Chondroitin sulfate prod-
ucts (CDS) offer an example of consistent mislabeling. A 
University of Maryland study, funded in part by Nutramax 
Laboratories, found deviations from label claims for CDS in 
84% (9 of 11) of the products studied; the amount by which 
products were mislabeled ranged from 0% to 115%.329a Fur-
ther, the study found that products costing less than or equal 
to $1 per 1200 mg of CDS were seriously deficient (less than 
10% of the label claim), which suggests that cheaper products 
should be avoided. Costliness did not guarantee accuracy, 
however. Several of the most expensive products also were 
found in this study to be mislabeled. In contrast to CDS, the 
glucosamine of only 1 of 14 products was mislabeled in this 
study. However, another study found glucosamine sulfate to 
vary 60% to 140% of the label claim.329b ConsumerLab330 
(www.Consumerlabs.com) is a for-profit laboratory (with 
income based largely on subscription to their site) that offers 
a seal of ‘‘validation’’ for dietary supplements that are appro-
priately labeled. The efforts of the laboratory are two fold 
in origin: dependent, based on requests from a sponsoring 
manufacturer or independent, that is, an unsponsored inves-
tigation. In either case, the products to be tested are obtained 
from commercial sites (grocery or health food stores) rather 
than from the manufacturer, thus avoiding manufacturer-
induced bias through product selection. The samples are 
subjected to ingredient analysis by independent laboratories. 
The ‘‘pass’’ criteria vary for each ingredient but are based on 
comparing content as determined from ingredient analysis to 
the labeled ingredients. Criteria include labeling of ingredi-
ents by proper name (for herbs, this includes the part of the 
plant and herbal names); a misatch between the listed and 
measured ingredients; and lack of contaminants, including 
toxicants (heavy metals, cleaning agents, and [particularly 
for herbs] pesticides or insecticides), metabolites, and other 
degradative products of the active ingredient. Products that 
pass  analysis are allowed to place the ConsumerLab seal on 
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the product label. Members of the public can read selected 
information on the ConsumerLab website for a fee ($23 
annual fee at the time of this printing) for ingredients that 
have been tested. Criteria for passing and failing and reasons 
for failure for specific ingredients can be viewed, as can a list 
of proprietary products that have passed. Animal products 
have just recently been included in the review. A review of 
the website reveals that an important proportion of both 
human and animal products fail quality assessment; in gen-
eral, animal products have fared more poorly than products 
marketed to humans. Among the passing products are those 
manufactured by Nutramax Laboratories, although a num-
ber of other human products also have passed. The USP127 
has also recently implemented the Dietary Supplement Veri-
fication Program (DSVP), a voluntary standards assessment 
program for human dietary supplements; veterinary prod-
ucts have not yet been included in their review. Although its 
activities are nonregulatory, the USP criteria are recognized 
in the Food, Drug and Cosmetic Act and its amendments, 
including the DSHEA. The NASC Compliance Plus program 
offers a potential mechanism for ensuring the accuracy in 
labeling of veterinary products; however, it is not clear if 
their program is is based on independent product analysis 
or if their criteria include the the use of ingredients that meet 
USP standards.

Assessing Quality. Veterinarians and consumers should 
fully evaluate a product under consideration.327 First, the user 
should establish whether the product has been manufactured 
according to good manufacturing practices. The label should 
include the exact amount of each active ingredient; labels that 
combine metric and apothecary systems may be intentionally 
misleading because conclusions regarding product content are 
more difficult to determine. Each product listed on the label 
should contain a specific dosage. The source of each com-
pound should be noted on the label. Note that products based 
on whole body tissues (e.g., mussel-containing glycosamino-
glycans) will lack milligram contents of specific compounds 
(e.g., chondroitin sulfate). When individual products are listed, 
the purity of the compounds is likely to vary among and within 
products. The stated purity may not be the actual purity, par-
ticularly if good manufacturing procedures are not followed. 
Anderson324 noted that 70% of products analyzed for glucos-
amine and chondroitin sulfate did not meet the labeled claims.

Safety and Efficacy Considerations. The lack of efficacy data 
should not lead to the assumption that the benefits of these 
products are negligible. Establishing efficacy for many novel 
ingredients, including disease-modifying agents targeting 
cartilage, may be very difficult because of the complex nature 
of their actions and the dependence of their actions on other 
endogenous molecules.326 For example, the disease-modifying 
agents accumulate in tissues and have a carryover effect that 
requires a minimum of 6 to 8 weeks of therapy, necessitating 

long studies.331 A placebo effect of more than 40% mandates 
the need for controls. Studies that do not demonstrate a signif-
icant difference between treatment groups should not be con-
sidered evidence of “no effect” unless the power of the study to 
demonstrate an effect is sufficient. Establishing safety may be 
easier simply because many adverse events are dose and dura-
tion dependent. It should be noted, however, that with poorly 
manufactured products, harm may occur not only because of 
the compounds themselves but also because of possible con-
taminants. Additional harm may occur if the client neglects 
traditional therapies in the belief that the nutraceutical agent 
will be sufficiently effective.

Nutraceutical Disease-Modifying Agents
Nutraceutical products that contain various forms of gly-
cosaminoglycans or their component parts (aggregates form 
proteoglycans, the major constituent of cartilage matrix), 
such as glucosamines or chondroitin sulfates, appear most 
promising for treatment of osteoarthritis according to studies 
supporting their efficacy332-340 and safety.341 Presumably, as 
precursor nutrients, chondroitin sulfates, glucosamines, and 
other ingredients that comprise these will be extracted from 
the serum by chondrocytes and used to synthesize proteogly-
cans. During periods in which cartilage degradation exceeds 
cartilage formation, the need for precursor molecules may 
exceed availability, inhibiting the repair process. The avail-
ability of orally administered compounds not only increases 
the efficiency of the ability of the chondrocytes to repair 
damaged cartilage, as is demonstrated by increased synthesis, 
but also leaves less opportunity for formation of inappropri-
ate molecules. The role of glucosamine and chondroitin sul-
fate, the major component of oral disease-modifying agents, 
in veterinary medicine has recently been reviewed.342, 342a

Glucosamine
Glucosamine is an amino sugar that is among the amino-
sugars necessary for synthesis of mucopolysaccharides such 
as chondroitin, heparin and hyaluronic acid. As such, it is 
important in chondrocyte synthesis of PGAG. A deficiency 
of the compound has been implicated as a cause of decreased 
PGAG synthesis in early osteoarthritis. Alternatively, glucos-
amine also may stimulate synovial production of hyaluronic 
acid.339

Glucosamine is not available in foods. It is derived from 
either bovine cartilage or chitin, the hard outer shells of 
shrimp, lobsters, and crabs. Several glucosamine salts are 
available, including sulfate, hydrochloride, N-acetyl, and 
hydroiodide; although it is glucosamine that is active, the oral 
absorption of the salts varies.

After intravenous injection of radiolabeled (at a carbon 
atom) glucosamine sulfate, about 10% appears in plasma, with 
the rest rapidly disappearing from plasma as it is incorporated 
into plasma globulins. After oral administration, at least 88% 
of the compound is absorbed, with oral bioavailability being 
only 44%, due to first-pass extraction. Radioactivity remains 
in the body, with a half-time of approximately 95 hours. 
Radioactivity rapidly appears in multiple tissues, including 

KEY POINT 29-24 Because they undergo no premarket 
approval process, dietary supplements for animals or 
humans often lack in quality.
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articular cartilage. After intravenous administration, 49% 
of the dose is excreted in the lungs as radiolabled CO2, pre-
sumably after hepatic or other peripheral tissue metabolism. 
However, another 29% is excreted in the urine.344 A meta-
analysis of studies on glucosamine in humans concluded that 
the compound is well absorbed after oral administration; first-
pass metabolism due to incorporation into proteins reduced 
oral bioavailability to 26%.340,343 Glucosamine sulfate kinetics 
have been studied in dogs as well and appear to resemble that 
in humans.344,345 After oral administration, absorption was 
rapid and nearly complete in dogs (87%). Glucosamine hydro-
chloride also is well absorbed in dogs, with peak concentra-
tions occurring in 1.5 to 2 hours; bioavailability after a single 
dose is 12% although bioavailability is likely to increase, as it 
does with chondroitin sulfates, after multiple dosing.331 Glu-
cosamine hydrochloride exhibits a dose-dependent effect on 
plasma glucosamine concentrations, although, unlike chon-
droitin sulfates, glucosamine does not appear to accumulate in 
dogs with multiple dosing.331

The safety and efficacy of glucosamine have been well 
reviewed in human medicine.287, 342a, 343 Glucosamine appears 
to be safe; an LD50 value cannot be established in mice or rats, 
even at doses of 5000 mg/kg orally or 3000 mg/kg intramus-
cularly, or 1500 mg/kg IV. Safety has been established both in 
the dog and cat after medium to high doses for 30 days.341,346 
Oral doses ranging from 160 to 2000 mg/kg for up to 180 days 
were associated with no adverse effects in dogs.343 Safety in 
animals with comorbidity may be a concern. The impact of 
glucosamine on glucose metabolism, particularly through the 
hexosamine pathway,343 has led to concern regarding diabetic 
control. However, glucosamine metabolism follows a differ-
ent path than radiolabeled glucose,344 and glucosamine does 
not appear to interact with glucose disposition.347 Diabetes 
could not be induced in rats genetically predisposed to sugar-
induced diabetes mellitus after treatment with glucosamine, 
chondroitin sulfate, or the combination of the two at 3 to 7 
times the recommended dose.348 In a separate series of stud-
ies in humans, glucose concentrations did not change and 
histologic lesions could not be identified as a result of glucos-
amine administration.343 Using a placebo-controlled, double-
blinded, randomized clinical trial, human patients requiring 
medical management of type 2 diabetes mellitus and receiv-
ing Cosequin (1200 mg CDS, 1500 mg glucosamine) for 90 
days were monitored in an outpatient clinic. Diabetic con-
trol did not change in either group during the study period, 
and concentrations of glycosylated hemoglobin did not dif-
fer between treatment or placebo groups.349 With rare to no 
exceptions, reviews of clinical trials in humans reveal that the 

use of glucosamine is not associated with adverse effects in 
humans.343 Indeed, some trials find fewer adverse effects asso-
ciated with glucosamine than with placebo.343

The use of glucosamine for treatment of osteoarthri-
tis remains controversial despite in vitro and in vivo stud-
ies supporting its efficacy in improving lameness scores and 
mobility in human and animal models of degenerative joint 
disease. Some of the controversy probably reflects poor design 
of selected clinical trials.340 However, several meta-anlay-
ses and reviews of clinical trials generally find glucosamine 
(hydrochloride or sulfate) moderately effective for treatment 
of osteoarthritis in humans.342a, 343 A prospective study found 
glucosamine to be highly cost effective in the treatment of 
human osteoarthritis.343a

All glucosamine salts appear to be equally effective,336 
although one in vitro study suggests that the N-acetyl salt may 
be less efficacious, perhaps owing to less absorption. This is 
in contrast to galactosamine salts (also found in PGAGs) and 
glucuronide salts, which do not appear to be effective in dam-
aged joints.336 Dosing differences should be expected among 
the glucosamine products. The differences reflect, in part, the 
different salts, with the molecular weight of the salts being 
hydrochloride (36.5), N-acetyl (58), and sulfate (96). This 
compares to a molecular weight of 192 for glucosamine. Thus 
approximately 16% of the molecular weight of glucosamine 
hydrochloride is represented by the (hydrochloride) salt, com-
pared with 24% of the N-acetyl salt and 33% of the sulfate 
salt. Consequently, on the basis of weight alone (of the total 
salt), the dose of glucosamine sulfate should be 15% higher. 
An additional adjustment must be made for differences in 
bioavailability. Some glucosamine salts, including sulfate, 
are accompanied by sodium or potassium, whose molecular 
weight also may be included with the active moiety. Sulfate 
has been proposed as the active moiety responsible for effi-
cacy of glucosamine sulfate insofar as it is required for glycos-
aminoglycan synthesis. Because sulfate, but not glucosamine, 
increases in plasma and sulfate concentrations appear in the 
joint, some investigators believe that it is the sulfate moiety of 
glucosamine sulfate that is responsible for its effects.350 There-
fore the sulfate salt might be the preferred form, but clinical 
trials comparing the salts are warranted. An injectable glucos-
amine preparation is available, and the acetyl salt is available 
as an enema preparation.

A number of studies support the use of glucosamine for 
treatment of osteoarthritis. In 2001 Reginster and coworkers351 
reported on the success of glucosamine sulfate in the treatment 
of knee osteoarthritis in humans in a non–manufacturer-spon-
sored study. The placebo-controlled, blinded study encom-
passed 3 years, a sample size that exceeded 200, and included 
outcome measures that were less subjective to bias (radio-
graphic measurements) compared with clinical assessment. 
The investigators have since published additional studies352 
in different sample populations, with similar success. Glucos-
amine has been compared to NSAIDs as well. A meta-analy-
sis353 comparing ibuprofen and glucosamine for treatment of 
osteoarthritis pain found glucosamine to be a reasonable alter-
native to or adjuvant with ibuprofen or other NSAIDs.

KEY POINT 29-25 If only a single disease-modifying agent is 
chosen, glucosamine is a reasonable first choice because it 
is the rate-limiting step in polysulfated glycosaminoglycans 
synthesis; its oral absorption and safety have been dem-
onstrated; and among the supplements, it tends to be one 
that is labeled appropriately.
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Chondroitin Sulfate
Chondroitin sulfates are glycosaminoglycans (repeating units 
of galactosamine sulfate and glucuronic acid) that can be 
found in many tissues (see Figure 29-13). In cartilage matrix 
they bind to and support collagen. Differences in molecular 
weight result in variable oral bioavailability with lower weight 
molecules being more bioavailable. Chondroitin 4-sulfate is 
mammalian in origin, and it is the most abundant chondroitin 
in growing mammalian cartilage. Chondroitin sulfate gener-
ally is derived from bovine trachea. Processing is costly and 
variable, with differences in fractionation, particle size, molec-
ular weight, location, purity (presence of other PGAGs, such 
as keratan or dermatan sulfate), and degree of sulfation evident 
among products. As such, products containing CDS are more 
likely to be mislabeled with regard to CDS content compared 
with glucosamine, which is less expensive to manufacture.

With age, chondrocyte secretion of chondroitin 4-sulfate 
may decline, contributing to the initiation of degenerative joint 
disease. Chondroitin 6-sulfate is derived from shark cartilage 
and conceptually may be less ideal than chondroitin 4-sulfate. 
Chondroitin sulfates appear not only to increase synthesis of 
PGAGs but also to competitively inhibit the actions of metal-
loproteases in cartilage matrix. They have a variety of other in 
vitro and in vivo effects on cartilage. In humans (dosed at 1 to 
1.5 g/day) they decrease the need for NSAIDs.

Despite its large molecular size, 70% of CDS is absorbed in 
various sizes ranging from intact chains to monomer subunits 
after oral administration. In humans more than 70% of radio-
activity was absorbed and distributed to urine and tissues 
after oral administration of radiolabled low molecular weight 
(14,000) CDS.347,354 The presence of intestinal chondroitinases 
in carnivorous and omnivorous animals has been postulated 
as the reason for absorption.336 In contrast to glucosamine, 
chondrotin sulfate accumulates after multiple dosing (for 7 
days); bioavailability of 200% was reported, indicating that a 
carryover or residual effect might be expected after dosing is 
discontinued.331

In dogs oral chondroitin increases serum glycosaminogly-
cans. Because of its ubiquitous location in the body, indications 
other than joint disease should be considered for chondroitin 
sulfates, including cardiovascular diseases associated with 
thrombogenesis and indications previously noted for PPS. 
Attention should be paid to the source of chondroitin sulfates 
in nutraceuticals. Syndromes such as interveterbral disc dis-
ease (discs are comparised of CDS), tracheal collapse (a hyla-
line cartilage related problem), and chronic urinary (cystitis) 
infection may be rationale indications. Purified preparations 
are expensive, but the amount of chondroitin in whole animal 
tissues (mussel, shark cartilage, sea cucumber, or sea algae) 
cannot be determined from the label. Bioavailability of the 
chondroitin sulfates in such products is not known.

Efficacy of Glucosamine–Chondrotin Sulfate 
Combination
Glucosamine by itself might be expected to be the most effec-
tive of the oral nutraceuticals for the following reasons: (1) It 
is the rate-limiting step in PGAG synthesis; (2) it is generally 

labeled more accurately than chondroitin sulfate; and (3) 
clinical trials have demonstrated a clinical effect using glucos-
amine alone. However, the combination product might offer 
some advantages. A number of studies support the efficacy of 
the combination of chondroitin sulfate and glucosamine.355,356 
Many are sponsored by the manufactuer, most commonly 
Nutramax Laboratories. This should not be surprising insofar 
as this company holds the patent for their glucosamine–chon-
drotin sulfate product (Cosamin for humans and Cosequin 
for animals) and strives to ensure product quality and safety. 
In a single-center study sponsored by the manufacturer, 
humans with mild to moderate radiographic damage in the 
knee improved more when receiving Cosamine compared 
with placebo after 6 months of therapy.357 Some evidence sup-
ports the possible efficacy of combination products in lower-
back degenerative diseases. Leffler and coworkers358 reported 
improvement in Navy personnel (n = 34) afflicted with knee 
or lower-back cartilage degeneration osteoarthritis after 16 
weeks of Cosamin therapy compared with control. A Euro-
pean meta-analysis of studies found a large treatment effect 
in persons receiving chondroitin sulfate (of similar molecular 
weight to the Nutramax products Cosamin or Cosequin) and 
a moderate treatment effect for glucoasmine.359 Fajardo and 
Di Cesare360 reviewed meta-analyses examining the effect of 
glucosamine and chondroitin on treatment of human osteoar-
thritis. In general, the studies revealed that glucosamine pro-
vides significant effects on most outcome measures, including 
structural efficacy (based on radiography of joint spaces), 
whereas effects of chondroitin tend to be significant for symp-
tomatic outcome measures.

Clegg and coworkers361 reported the results of a large mul-
ticenter double-blinded clinical trial that compared placebo 
(negative control), celecoxib (positive control), glucosamine 
(1500 mg), chondroitin sulfate (1200 mg), and the combi-
nation of glucosamine and chondroitin sulfate in humans  
(n = 1583), with osteoarthritis graded as mild (n = 1229) and 
moderate and severe (n = 354). The primary outcome mea-
sure was a 20% decrease in knee pain by week 24 of treatment. 
The only treatment that significantly reduced pain compared 
with placebo was celecoxib; however, the placebo effect was 
60%, underscoring the importance of negative control groups. 
More important, the group receiving the combination therapy 
tended to respond better than the placebo group (p = 0.09). 
Further, within the subgroup of patients with moderate to 
severe pain, the combination product, but no other treatment, 
was significantly more effective than placebo.

Efficacy also has been demonstrated in dogs using a vari-
ety of models, including in vitro studies and experimental 
and spontaneous disease. Most of these studies also have been 
manufacturer sponsored. With use of in vitro methods, bio-
synthetic activity was greater in canine cartilage cores incu-
bated in serum collected from dogs receiving Cosequin for 1 
month compared to incubation in serum collected from the 
same dogs before Cosequin administration.362 Under experi-
mental conditions, in surgically induced instability in rabbits, 
the combination product was found to be superior to placebo, 
glucosamine hydrochloride, chondroitin sulfate, or manganese 
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alone (Figure 29-14). The results of this study led investigators 
to suggest that the combination product Cosequin was more 
effective (and perhaps acted synergistically) than individual 
ingredients. However, the dose that animals received was 
higher than that recommended. Using an experimental model 
in dogs, Canapp and coworkers363 demonstrated a protective 
effect of Cosequin in dogs when administered 21 days before 
induction of chemical synovitis. These studies do not reflect 
a comprehensive review of the literature but nonetheless pro-
vide evidence of efficacy.

Other Oral Supplements
Nutritional products for treatment of osteoarthritis were sci-
entifically reviewed in human medicine.364 These studies were 
randomized (human or animal) clinical trials that focused on 
osteoarthritis, published in peer-reviewed journals, and based 
on nonsynthesized (i.e., natural) orally administered prod-
ucts. Because it is considered synthetic, SAMe was excluded 
(it is not stable in its endogenous form), whereas chondroi-
tin sulfates and glucosamine were excluded because they were 
already well reviewed. Surprisingly, only of 52 of 2026 poten-
tial studies met all criteria. Each was then scored on a scale of 

−2 (evidence of no efficacy) to 2 (very good evidence of effi-
cacy). Funding sponsorship for the trial as a possible source 
of bias was not addressed. No positive effects were found in 
11 of 52 trials. An example of some of the major nutrients 
that emerged from the review and their respective scores are 
as follows: avocado soybean unsaponifiables ([ASU] score 
1.58); methylsulfonylmethane (MSM) (1.21), vitamins B3 or 
C (0.75); lipids from green-lipped mussels (0.58); boron (a 
nonmetallic trivalent chemical whose concentration is less in 
femoral osteoarthritis than in normal osteoarthritis; score of 
0.50); cetyl myristoleate (a lipid of sperm whale and beaver 
gland origin; score of 0.58); ginger [0.42], vitamin E (0.17); 
hyperimmune milk (−0.9); and collagen hydrosylate (−0.17).

Avocado Soybean Unsaponifiable Lipids
The term ASU lipids refers to the residue left behind after the 
lipids associated with avocados and soybeans are saponified 
(ie “soapafied”). Saponification occurs through the addition 
of an alkali. For ASU the primary ingrediants associated with 
the beneficial effects are phytosterols. They appear to inhibit 
cholesterol absorption and endogenous cholesterol biosynthe-
sis.365 Among those present in ASU are beta-sitoseterol, which 
is particularly potent as an antiinflammatory. Among the 
anabolic, anticatabolic, and antiinflammatory effects cited for 
ASU are increased collagen and aggrecan synthesis, decreased 
collagenase, aggrecanase and matrix metalloproteinase activ-
ity, and decreased production of IL-6 and IL-8 and PGE2 
activity. ASU increases transforming growth factor in normal 
canine synovial fluid. The most common avocado to soybean 
ratio studied was 1:2; it was the most effective, followed by 
products with a ratio of 1:1; products with a ratio of 2:1 were 
less effective. In general, ASU appears to improve symptoms 
of osteoarthritis after several months and may slow down joint 
space loss. However, further studies are needed to confirm 
structure-modifying effects and long-term effects.

S-Adenosylmethionine
S-Adenosylmethionine (also addressed in Chapter 19) also is 
a nutraceutical product, but its mechanism for treatment of 
osteoarthritis is less clear and probably reflects antiinflamma-
tory effects. It is synthesized in the body from methionine and 
is responsible for a number of biological reactions, serving as a 
methyl donor. In the joint it may act to transulfate glycosami-
noglycans. Its precursor (methionine) cannot be administered 
during states of deficiency without toxicity. The product must 
be prepared as a salt because it is unstable; it is extremely hygro-
scopic, and the tablet cannot be broken without loss of efficacy. 
In human clinical trials (controlled and uncontrolled), SAMe 
has improved lameness scores and mobility. In vitro studies 
suggest that SAMe increases proteoglycan synthesis and pro-
tects the cartilage.323 This is being studied in dogs. The human 
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Figure 29-14 Histologic evidence of the clinical efficacy of 
disease-modifying agents. A surgically induced instability 
model of osteoarthritis was induced in rabbits. Treated rabbits 
received 0.38 g glucosamine hydrogen chloride and 0.304 g 
sodium chondroitin sulfate (Cosequin, Nutramax Laboratories, 
Inc., Edgewood, Md.) per kilogram body weight per day. His-
tologic samples were collected at 16 weeks from the center of 
the medial condyle. Differences in lesions between the groups 
were significant (p <0.02). (Photographs courtesy Nutramax 
Laboratories.)

KEY POINT 29-26 A variety of nutraceutical ingredients target 
inflammation. The ideal supplement or supplement combi-
nation, however, should always include orally bioavailable 
glucosamine and chondroitin sulfates.
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dose is 600 mg daily for the first 2 weeks, followed by 400 mg 
daily. Clinical response may not be evident for 1 or 2 months.

The efficacy of SAMe for treatment of osteoarthritis in 
humans compared with placebo or an NSAID was studied 
through meta-analysis.366 Eleven studies (controlled clinical 
trials) met the critiera of the study. The authors concluded that 
SAMe was as effective as NSAIDS in reducing pain and improv-
ing function, without the adverse effects traditionally associated 
with NSAIDs. Limitations of the studies included higher than 
recommended doses for some studies; a short intervention for 
most studies (28 to 30 days), which may have underestimated 
NSAID efficacy; and, in general, study of only osteoarthritis of 
the knee or hip, which limited extrapolation of data to osteo-
arthritis of other joints. The mechanisms and other aspects of 
SAMe are addressed in greater depth in Chapter 19.

Phycocyanin
Phycocyanin (PC) is a phycobiliprotein chromoprotein that is 
a major pigment of the microalgae Spirulina. Among its func-
tion in algae is to harvest light, which also serves to protect 
the organism from undue damage associated with oxygen 
radical formation produced by exposure to ultraviolet light. 
Like many other light-harvesting pigments, it is an effective 
antioxidant compound. Structurally, it is similar to bilirubin, 
which also has antioxidant activities.367 Romay and cowork-
ers367 reviewed the evidence supporting PC as a selective 
COX-2 inhibitor. First, antioxidant properties in general have 
been demonstrated in vitro, including scavenging of hydroxyl, 
alkoyl, peroxyl, and peroxynitrite radicals. Lipid peroxidation 
has been demonstrated, also in vitro. Neutrophil activation is 
decreased. Antiinflammatory effects have been demonstrated 
using inflammatory rodent models in a dose-dependent 
model. Because the models are also used to demonstrate inhi-
bition of COX or lipoxygenase activities, the antiinflammatory 
effects of PC were considered to potentially reflect inhibition 
of AA metabolism, as well as prevention of lipid peroxida-
tion. Separating out the direct inhibitionof COX or lipoxy-
genase from inhibition of fatty acid (i.e., AA) release from cell 
membranes is difficult. Studies in human whole blood have 
supported COX-2 inhibition, although selectivity was not 
demonstrated. However, a subsequent in vitro study using 
cloned human COX-1 and COX-2 does demonstrate selectiv-
ity.367 The appropriateness of using COX-1 to COX-2 ratios 
as indicators of efficacy or safety has already been discussed. 
By virtue of its antioxidant effects, largely through animal 
models, PC has demonstrated potential efficacy as a hepa-
toprotectant and a treatment for arthritis and inflammatory 
bowel disease. Because efficacy has been demonstrated after 
oral absorption, it is possible that it is not active as the intact 
compound. Although its combined use as an antiinflamma-
tory with disease-modifying agents containing glucosamine 
and chondroitin sulfates is reasonable, issues associated with 
dietary supplments in general should be addressed, including 
species differences, safety, and quality assurance of the prod-
uct. This is particularly true if PC is an inhibitor of COX; its 
safety should be confirmed in target species, particularly when 
combined with NSAIDs.

OTHER ANTIINFLAMMATORY DRUGS

Orgotein
Orgotein, or superoxide dismutase, is a copper- and zinc-
containing metolloprotein that can be an effective antiinflam-
matory. As an endogenous intracellular enzyme, it occurs at 
very low concentrations in many tissues, but particularly the 
liver, where it scavenges tissue-damaging oxygen radicals. 
Phagocytic cells (neutrophils and macrophages) generate large 
amounts of cytotoxic superoxides during the inflammatory 
process. Among the radicals apparently scavenged by orgotein 
is peroxynitrite, a long-lasting radical that can contribute 
to chondrocyte death.323 The half-life of phagocytic cells is 
prolonged in the presence of superoxide dismutase.369,370 
Approximately 2 to 6 weeks of therapy may be required before 
therapeutic benefits are realized.

Orgotein is characterized by a wide margin of safety, with 
the lethal dose being over 40,000 times the therapeutic dose. 
As a large molecule, efficacy by any route other than intraar-
ticular is questionable owing to poor absorption. The drug 
has, however, also been administered clinically both intramus-
cularly and orally.371 Absorption of the oral preparation has 
not been documented. Molecular size limits renal elimination 
of the drug. After intraarticular administration, orgotein was 
94% effective in horses lame for less than 2 months, compared 
with only 49% efficacy in horses lame for longer than 2 months 
before treatment.372 The use of orgotein in combination with 
disease-modifying agents is a rational approach for control of 
inflammation; however, other antiinflammatories may be nec-
essary for effective control of inflammation.

Dimethylsulfoxide
Dimethylsulfoxide (DMSO) is a hygroscopic solvent derived 
from wood pulp. It is used as a drug vehicle because of its abil-
ity to dissolve drugs that are not soluble in water.373,374

Pharmacologic Effects
As an antiinflammatory, DMSO is a scavenger of free oxygen 
radicals. Antiinflammatory effects have been reported in acute 
musculoskeletal injuries and CNS inflammatory processes 
and after trauma.375,376 Chronic diseases are less responsive to 
the antiinflammatory effects of DMSO. Immunomodulation 
may be responsible for some of the antiinflammatory effects 
of DMSO. The drug inhibits white blood cell migration and 
antibody production. Fibroblast proliferation is also inhibited. 
The analgesic effects of DMSO have been compared with those 
of narcotic analgesics. Analgesia has been reported in a vari-
ety of situations, including acute and chronic musculoskeletal 
disorders and postoperative pain. Although nerve blockade 
has been reported in vitro, it is unlikely that concentrations 
occur in vivo sufficient to affect this response. Opiate recep-
tors also do not seem to be involved. Other pharmacologic 
effects include inhibition or stimulation of enzymes, vasodi-
lation (due to either histamine release or anticholinesterase 
effects), inhibition of platelet aggregation, radioprotection, 
cryopreservation, and antimicrobial (antifungal, bacterial, 
and viral) activity.373,375 Diuresis occurs after topical, oral, or 
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parenteral administration, probably because of its hygroscopic 
nature and ability to pull water into the tubules. DMSO (3 
mg/kg in 20% solution) has been reported to protect the kid-
neys against ischemic insults. A sedative effect has also been 
reported in several species.373

Disposition
After oral administration of 1 g/kg, peak plasma drug concen-
trations occur within 4 to 6 hours, and detectable levels persist 
in the plasma for 400 hours.375 Within 20 minutes of topical 
application, DMSO penetrates the skin and can be detected 
in all organs of the body.373 Peak plasma drug concentrations 
occur 2 hours after topical administration.375 Its ability to pen-
etrate the skin is believed to reflect exchange and interchange 
with water in biologic membranes. Mucous membranes, lipid 
membranes of cells and organelles, and the blood–brain bar-
rier are similarly penetrated without irreversible membrane 
damage.373 Tooth enamel and keratin appear to be the only 
tissues that DMSO does not penetrate.375 DMSO facilitates 
penetration of other substances across membranes; cutane-
ous penetration of steroids, sulfadiazine, phenylbutazone, and 
other drugs has been documented.373,374 Enhanced absorption 
of therapeutic drugs can lead to toxicity, particularly for anes-
thetic, cardioactive, and anticholinesterase drugs.

DMSO is partially metabolized by hepatic microsomal 
enzymes,373 but the primary route of elimination appears to 
be in the urine as the parent compound.375 Although a sig-
nificant amount of DMSO may be eliminated in the bile, most 
undergoes enterohepatic circulation.375 Hepatic metabolism 
of a small amount of DMSO (3% to 6%) to dimethylsul-
fide and subsequent pulmonary excretion of this metabolite 
accounts for the halitosis that occurs regardless of the route of 
administration.375

Adverse Effects
DMSO is characterized by a large safety margin. Signs asso-
ciated with near lethal intravenous doses include sedation, 
diuresis, intravascular hemolysis, and hematuria. Death is 
preceded by hypotension; prostration; convulsions; and respi-
ratory distress characterized by dyspnea, tachypnea, and pul-
monary edema. Phlebitis and venous obstruction may occur 
with intravenous dosing. Intravascular hemolysis is concentra-
tion and rate dependent, and concentrations less than 10% are 
recommended for intravenous administration. Susceptibility 
to hemolysis will vary with species on account of differences 
in erythrocyte fragility. Nephrotoxicity has been reported in 
some species. Necropsy lesions include hematuria, hemoglo-
binuria, and mild tubular nephrosis. Chronic toxicity studies 
in laboratory animals have documented hepatotoxicity, which 
may be due to its metabolism by the liver to toxic metabolites. 
DMSO may also enhance hepatotoxicity of other drugs, as well 
as hepatic binding and metabolism of selected carcinogens.

Teratogenicity has also been reported in some animals. 
Ocular toxicity occurs with daily, long-term administration 
and develops more rapidly in young animals. Lesions occur 
in the lens and appear as altered lucency, making animals 
myopic. Histologic abnormalities are not apparent. Such 

a response was reported in one horse that received 0.6 g/kg 
daily cutaneously for 2 months. Skin reactions are common, 
particularly at higher concentrations, and are manifested as 
erythema, warmth, and local vasodilation. A wheal and flare 
response and pruritus may also occur. Repeated application 
may result in drying and desquamation of the epithelium.373

Clinical Use
DMSO is approved for topical application in horses suffering 
from acute swelling caused by trauma and in the treatment 
of acute or chronic otitis. In humans DMSO is approved for 
interstitial cystitis. Although not approved, DMSO has been 
recommended for therapy in male cats suffering from urinary 
tract obstruction.373 Other reported applications of DMSO 
include facilitation of healing of skin wounds (including hab-
ronemiasis of horses), acral lick dermatitis in dogs, postop-
erative fibrous adhesions, acute CNS trauma, inflammation, 
edema or ischemia, intervertebral disc disease, fibrocartilagi-
nous embolization, ischemic insults, postoperative myositis, 
rheumatic diseases, myasthenia gravis, and chronic muscu-
loskeletal conditions. DMSO also inhibits alcohol dehydro-
genase and thus has been recommended for the treatment of 
ethylene glycol toxicity.373

Methylsulfonylmethane
Methylsulfonylmethane is a naturally occurring metabolite of 
DMSO that has also received attention as a food additive for 
control of musculoskeletal inflammation. Limited data364 are 
available to support the use of this compound for therapy of 
osteoarthritis.

USE OF MODULATORS OF 
INFLAMMATION IN THE TREATMENT 
OF SHOCK AND CENTRAL NERVOUS 
SYSTEM TRAUMA

A number of drugs that modulate the inflammatory response 
have been studied for their effect in the patient suffering from 
shock, particularly that associated with the release of bacterial 
toxins such as endotoxin (septic shock). Because of the oxygen 
radical scavenging ability of some of these drugs, studies have 
also focused on their use in treatment of damage to the CNS.

Pathophysiology of Septic Shock
The pathophysiology of septic shock is addressed in Chapter 8. 
This discussion focuses on the inflammatory mediators asso-
ciated with the syndrome. Increasingly, sepsis is recognized 
to reflect an exaggerated systemic inflammatory response to 
infectious organisms. Mediators of the response include lipo-
polysaccharide of gram-negative bacteria, lipoteichoic acid of 
gram-positive bacteria, and peptidoglycan from both. Cyto-
kines released by host cells (macrophages and circulating 
monocytes) play a pivotal role in the pathyophysiology.

Gram-positive bacteria appear to secrete superantigens, 
which bind to both major histocompatibility complex mole-
cules and T-cell receptors, initiating massive cytokine produc-
tion. Lipoteichoic acid and endotoxin both stimulate cytokine 
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production. The lipid A component of lipopolysaccharide, 
endotoxin, found on the surface of gram-negative organisms, 
is a highly conserved molecule responsible for the sequelae 
of endotoxic shock. The manifestation begins as endotoxin 
released from dying gram-negative organisms interacts with 
receptors on cells of the host defense system: macrophages, 
neutrophils, platelets, and lymphocytes. Endotoxin also 
directly interacts with vascular endothelial cells. In response, 
cells either release the mediators of endotoxic shock or ren-
der other cells more reactive to cellular signals and subsequent 
mediator release. Mediators of endotoxic shock are grouped 
as cytokines, lipid mediators, or secondary mediators.377,378 
Cytokines are small polypeptides released from inflammatory 
cells, especially macrophages. TNF and IL-1 are the two cyto-
kines that appear to be primarily responsible for the cascade of 
endotoxemia. Their effects in turn are often mediated by nitric 
oxide. Lipid mediators are derived from AA, located in the 
phospholipids of cell membranes, particularly those of neu-
trophils, platelets, vascular endothelium, and vascular smooth 
muscle. Examples include PGs (including thromboxane), LTs, 
and platelet-activating factor.

Both cytokines and the lipid mediators act as signaling 
mechanisms among inflammatory cells, platelets, and the 
vascular endothelium through negative and positive feedback 
mechanisms. When the positive feedback loops overwhelm 
the negative feedback loops, the pathophysiology of endotoxic 
shock becomes a clinical reality. The pathophysiology reflects, 
in part, the direct effects of endotoxin (e.g., it directs activa-
tion of Hageman factor and complement components) and the 
combined or individual effects of the mediators. Secondary 
mediators (e.g., histamine, serotonin, vasopressin, angioten-
sin II, catecholamines, and opioids) are released in response 
to cytokines and lipid mediators, resulting in the general signs 
of endotoxic shock. Adhesion molecules, selectins, and leu-
kocyte integrins are among the humoral mediators associated 
with the pathophysiology. Disruption in hemostasis balance 
also is affected by inflammatory cytokines. Interleukins 1α, 
1β, and TNF-α activate tissue factor and subsequent coagu-
lation; endotoxin also increased the activity of fibrinolytic 
inhibitors, contributing to an imbalance in the coagulation 
cascade. Changes in peripheral vasculature (i.e., constriction 
and dilation) coupled with activation of clotting factors and 
inhibition of fibrinolysis, results in widespread coagulopathy, 
microbembolization, and vascular endothelial damage.The 
clinical signs associated with each stage of shock depend on 
the mediators released during that stage and vary among spe-
cies. The complex interactions of these mediators, however, if 
allowed to progress, can result in multiple organ failure in any 
species simply because of the cumulative effects of hypoxia: 
oxygen radical, lysosomal enzymes, thrombosis, and meta-
bolic derangements.

Drug therapy is most likely to be successful when initiated 
early during the course of endotoxic shock. The role of ste-
roidal compounds in the treatment of shock in animals was 
reviewed by Howe.379 A number of investigators have recently 
reviewed the role of mediator-specific antiinflammatory 
agents in the prevention and treatment of septic shock.380,381 

Examples of these drugs include antibiodies to TNF, soluble 
TNF receptors, agonists of IL-1or platelet activating receptors, 
and drugs that target bradykinin or PGs. Thus far, these drugs 
appear to have demonstrated efficacy in clinical trials. Meta-
analyses indicate that their use should be associated with clini-
cal benefits in the individual patient.381 However, because the 
targets of these drugs play complex roles in the pathophysiol-
ogy of septic shock, their general use should be discouraged; 
rather their use should be matched to patient conditions that 
are more likely to benefit from treatment.

Role of Lipid Peroxidation in Tissue Injury
Lipid peroxide formation is the result of free radical–mediated 
cell and tissue injury caused by lipid peroxides within cell 
membranes and organelles. Both structure and function of 
the membranes and organelles are disrupted by lipid peroxide 
formation. Lipid peroxidation is a potentially geometrically 
progressing reaction that spreads over the surface of cell mem-
branes, impairing phospholipid-dependent enzymes; ionic 
gradients across the cell membrane,;and, if sufficiently severe, 
membrane lysis (Figure 29-15). Its importance, along with the 
generation of oxygen radicals, is evident early in the patho-
physiology of CNS trauma. Lipid peroxidation is only one 
of several sources of oxygen radial formation. Other sources 
include the AA cascade; catecholamine oxidation; mitochon-
drial “leak”; oxidation of extravasated hemoglobin; and, as the 
inflammatoryprocess proceeds, infiltrating neutrophils.

Lipid peroxidation is initiated by a reactive oxygen mol-
ecule. After CNS trauma, the generation of oxygen radicals 
during the normal reduction of oxygen overwhelms normal 
control mechanisms. Xanthine/xanthine oxidase, PG synthe-
tase, and other mechanisms result in superoxide anion forma-
tion. Although superoxide anion is not in itself very reactive, 
it becomes more so by accepting a proton, thereby becoming 
more able to penetrate cell membranes. Other sources of super-
oxide anion include catecholamines; ascorbic acid and glutathi-
one act to inhibit superoxide anion. The superoxide anion can 
also become more dangerous by conversion by way of super-
oxide dismutase to hydrogen peroxide. Inflammatory cells are 
an important source of hydrogen peroxide, as is degradation of 
monoamines mediated by monoamine oxidase. Mitochondria 
contain high concentrations of superoxide dismutase. Although 
hydrogen peroxide is not very damaging to intact tissues, it can 
easily penetrate cell membranes unless destroyed first by cata-
lase. In the cell membrane, hydrogen peroxide interacts with 
iron to yield the highly reactive hydroxyl radical.

Normally, the conversion of oxygen to water is well con-
trolled by the presence of superoxide dismutase, catalase, 
and endogenous antioxidants, with vitamin E being one of 
the most important membrane-bound antioxidants. After 
CNS trauma, normal control mechanisms are lost, and lipid 
peroxidase formation begins. Iron plays a crucial role in this 
process. Free iron released from hemoglobin, transferrin, 
or ferritin in the presence of a lowered tissue pH or oxygen 
radicals catalyzes radical-initiated peroxidation (see Figure 
29-15). Iron–oxygen complexes probably initiate lipid per-
oxidase formation; damage during ischemic injury from 
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radicals will be affected by the amount and location of iron 
(and copper) ions. Unfortunately, these ions become more 
available during injury. Acidosis, which often accompa-
nies ischemia (anaerobic environment and lactic acidosis), 
increases the solubility of iron. Free calcium released during 
the injury stimulates phosopholipase A2 and the AA cascade. 
Metabolites of AA are important sources of reactive oxygen 
species. Inflammatory cells become an important source 
of continued AA metabolism. Decreased concentrations of 
vitamin E, ascorbic acid, and glutathione (induced by scav-
enging of oxygen radicals) predicate the occurrence of lipid 
peroxidation.

Drugs That Impair Mediators of Sepsis
Nonsteroidal Antiinflammatory Drugs
A number of NSAIDs have been studied for their ability 
to block response to mediators of endotoxic shock. Indo-
methacin and ibuprofen have shown efficacy in human 
patients.380,382 Flunixin meglumine has been studied in horses 
and dogs.141,383 As with glucocorticoids, however, the effects 
of NSAIDs must be realized within the first 2 hours of the 

onset of endotoxic shock—that is, before mediators have been 
able to stimulate response. The use of NSAIDs may shunt 
AA substrate to the lipoxygenase pathway, which may cause 
detrimental effects. Thus drugs that impair both arms of the 
AA cascade may prove more useful. The efficacy of ketopro-
fen, an NSAID that appears to inhibit both PGs and LTs, has 
been shown to ameliorate many of the effects of endotoxin 
infusion.384 The combined use of NSAIDs with LT antagonists 
apparently has not been reported in endotoxic shock, but the 
advent of dual inhibitors warrants further studies. Prolonged 
therapy with NSAIDs is not advisable because of toxic effects. 
Although gastrointestinal toxicity is the major concern in 
most animals, the patient suffering from endotoxic shock may 
be more predisposed.

Glucocorticoids
Glucocorticoids are discussed in Chapter 17. Glucocorticoids 
inhibit the enzyme phospholipase A2 and the release of TNF 
and IL-2 from activated macrophages.385 Glucocorticoids also 
alter synthesis of and biologic response to collagenase, lipase, 
and plasminogen activator. The immunosuppressive actions of 
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glucocorticoids are more pronounced on the cellular arm than 
the humoral arm of the immune system. Glucocorticoids have 
minimal effects on plasma immunoglobulin concentrations 
but can modulate immunoglobulin function. Immunosup-
pressive actions of glucocorticoids, like their antiinflammatory 
actions, involve disruption of intercellular communication of 
leukocytes through interference with lymphokine production 
and biological action; however, these effects are largely trans-
repressive (see Chapter 17). Glucocorticoids block the effects 
of macrophage-inhibiting factor and interferon-γ (IFN-γ) 
on macrophages. IFN-γ, which is released from activated T 
cells, plays an important role in facilitating antigen process-
ing by macrophages. Glucocorticoids inhibit the synthesis 
and release of IL-1 by macrophages, thereby suppressing the 
activation of T cells. Glucocorticoids also inhibit IL-2 synthe-
sis by activated T cells. Interleukin-2 plays a critical role in 
amplification of cell-mediated immunity. Additionally, gluco-
corticoids suppress the bactericidal and fungicidal actions of 
macrophages.

Septic shock. Earlier experimental models of septic shock 
in animals indicated that glucocorticoids can be of benefit but 
only if administered before or concurrently with endotoxin 
administration—that is, within the first 2 hours. In canine 
models severe mesenteric vasoconstriction within the first 
15 minutes can lead to irreversible shock. Thus glucocorti-
coids provided no beneficial effects when administered 30 
to 60 minutes after administration of the endotoxin. Rapid-
acting, water-soluble agents such as dexamethasone sodium 
phosphate (4 to 8 mg/kg intravenously), prednisolone sodium 
succinate or sodium phosphate (30 mg/kg intravenously), or 
methylprednisolone sodium succinate (30 mg/kg intrave-
nously) have been recommended, at shock doses, which are 
5 to 10 times the immunosuppressive dose. However, more 
recent data suggest that the use of glucocorticoids in patients 
with sepsis is controversial. Multiple meta-analyses of random-
ized human studies have demonstrated that high doses of glu-
cocorticoids (e.g., methylprednisolone at 30 mg/kg) invariably 
do not prevent septic shock, reverse the shock state, or improve 
the 14-day mortality rate, despite theoretical and experimental 
animal evidence to the contrary. Indeed, mortality rates were 
greater in one study, presumably because of immunosuppres-
sion and secondary infection.381 In contrast, stress-dose (or 
physiologic dose) glucocorticoids (e.g., hydrocortisone at 200 
mg/day; approximately 3 mg/kg) intended to replace deficient 
corticosteroids (due to adrenal suppression) in patients with 
severe and refractory shock may be of benefit (see Chapter 
17). Patients with persistent vasopressor- dependent shock 
should be targeted,381 although controversies continue regard-
ing this indication as well.380 In human patients use of gluco-
corticoids is controversial, with no improvement in survival in 
some studies.386

Hemorrhagic shock. The use of glucocorticoids for treat-
ment of hemorrhagic shock is controversial. Some studies in 
dogs suggest that dexamethasone sodium phosphate (5 mg/
kg intravenously) may improve blood flow to the kidneys, 
lungs, and gastrointestinal tract. Other supportive measures, 
particularly aggressive fluid therapy, must also be instituted. 

Appropriate fluid replacement therapy will ensure adequate 
drug distribution to target tissues.

Oxygen radical scavengers. A neuroprotective role has been 
recognized for certain glucocorticoids and, most notably, 
methylprednisolone. Interest stemmed from the observation 
that the ability to inhibit CNS lipid peroxidation and influence 
other pathophysiologic processes strongly correlated with 
neurologic recovery. The neuroprotective effects have been 
separated from the glucocorticoid activity by the discovery of 
nonglucocorticoid steroids that are able to equal or surpass the 
antioxidant effects of methylprednisolone (see later discussion 
of lazaroids).

In a feline model of spinal injury, methylprednisolone (30 
mg/kg) attenuates posttraumatic lipid peroxidation. In addi-
tion, perhaps because of the inhibitory effect on lipid per-
oxidation, methylprednisolone supports energy metabolism, 
reduces or prevents posttraumatic ischemia and neurofila-
ment degradation, reduces intracellular calcium accumulation 
(resulting in the AA cascade), and inhibits vasoactive PGs 
(PGF2α and thromboxane). In addition, like other steroids, 
methylprednisolone may increase spinal neuronal excitabil-
ity, which may also be important to neurophysiologic recov-
ery. Several pertinent points must be appreciated regarding 
these effects of methylprednisolone on spinal cord injury. 
First, these effects occur only at a high concentration (i.e., that 
achieved with an intravenous dose of 30 mg/kg). Second, the 
effects are biphasic, with loss at 60 mg/kg. As with many pro-
tective mechanisms, the drug must be administered early in 
the pathophysiologic process because spinal uptake of methyl-
prednisolone decreases rapidly with time after injury. Loss of 
effect may reflect a decrease in blood flow to damaged tissues 
or the irreversible nature of lipid peroxidase. Finally, the time 
course of neuroprotection of methylprednisolone follows the 
disappearance of the drug from plasma or tissue—that is, it 
lasts only 2 to 6 hours (the half-life of the drug in feline spinal 
tissue). Thus the drug must be administered frequently to pre-
serve tissues and maximize the potential for recovery. The role 
of glucocorticoids in treatment of intervertebral disc disease is 
addressed in Chapter 27).

Lazaroids
After the unique protective effect of methylprednisolone 
among the glucocorticoids in damaged nerve tissue was rec-
ognized, attempts were made to refine the structure of the 
steroidal molecule such that the neuroprotective (anti lipid 
peroxidase) effects would be maintained but the glucocor-
ticoid effects minimized.393 The result of these efforts was 
the synthesis of the 21-aminosteroids or lazaroids. Tirilazad 
mesylate is the prototypic drug (Figure 29-16). Lazaroids have 
been specifically designed to localize in cell membranes and 
inhibit (iron-mediated) lipid peroxidase. Although initial 
investigations were oriented toward acute trauma, because 
inhibition of lipid peroxidase may decrease neuronal degen-
eration, these drugs may also be useful for chronic neurode-
generative processes.

Tirilazad mesylate is a very lipophilic drug that preferen-
tially distributes to the lipid components of cell membranes. 
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Because neuronal tissue is composed of a greater proportion 
of lipid components, these drugs preferentially accumulate in 
neuronal tissue. Its pharmacologic actions are complex and 
include a radical scavenging–antioxidant effect and a phys-
iochemical interaction with the cell membrane such that the 
fluidity of the membrane is decreased (see Figure 29-16). 
Although action against iron-mediated lipid peroxidase was 
sought for these drugs, they will in fact inhibit lipid peroxi-
dase in iron-free systems as well. Tirilazad has proved to be 
an effective inhibitor of lipid peroxidase in all in vitro mod-
els studied. It also acts to reduce hydroxyl radicals by either 
direct scavenging abilities or decreased lipid peroxidase. 
Stabilization of cell membranes is considered an important 
part of its protective action. The nitrogen component of 
the steroid is thought to interact with the phosphate of the 
“head” groups (hydrophilic portion) of the bilipid layer by 
way of ionic interactions. The steroidal component localizes 
in the lipophilic portion of the membrane, compressing the 
phospholipid groups. Restriction of the movement of the 
cell membrane reduces the potential for lipid peroxidase by 
restricting the movement of lipid peroxyl and alkoxyl radicals 
in the membrane.

Tirilazad also has a high affinity for vascular endothe-
liulm. It appears to be able to protect vascular endothelium 
from damage by reactive oxygen species, possibly by preserv-
ing endothelium-derived relaxing function. It also appears 
to protect the blood–brain barrier against traumatically or 
chemically induced permeability. Tirilazad may protect other 
endothelial cells during trauma or hypoxic damage, such as 
the hepatic endothelium during hemorrhagic shock.

Animal models used to study the effects (not safety) of 
tirilazad have been primarily rats and monkeys. A few stud-
ies have focused on dogs or cats. Models of CNS damage have 
included that induced by cardiac arrest, altered cerebral blood 
flow, and subarachnoid hemorrhage. The clinical pharmacol-
ogy of tirilazad has been studied in humans. It appears to be a 
flow-limited hepatically cleared drug. In humans there is a dis-
crepancy in the elimination half-life of approximately 4 hours 
in one report and, after steady state, 35 hours. The difference 
appears to be a longer terminal phase after multiple dosing 
compared with single dosing; it is likely that volume of distri-
bution cannot be accurately assessed after single dosing. The 
disposition of tirilazad is linear and does not appear to change 
with plasma drug concentration. Safety studies in humans 
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have revealed the drug to be safe. Pain occurs at the site of 
injection, but this has been overcome by dilution of the drug, 
a change in the site of injection, and frequent catheter changes. 
Tirilazad does not appear to adversely affect the heart, blood 
pressure, or hepatic or renal function. Tirilazad has no glu-
cocorticoid activity and will not alter parameters indicative 
of glucocorticoids (i.e., glucose, hematologic indices, adreno-
corticotropic hormone, or cortisol). Apparent indications for 
tirilazad in humans include acute head or spinal injury, sub-
arachnoid hemorrhage, and ischemic stroke.

The lazaroids have also demonstrated efficacy in traumatic 
shock,387 hemorrhagic shock,388 and endotoxemia.389,390 Laza-
roids decrease neutrophil accumulation, maintain arterial pres-
sure, decrease myocardial injury, and increase survival. Lazaroids 
decrease formation of the eicosanoid mediators and production of 
TNF. When administered to dogs within 30 minutes of endotoxin 
infusion, lazaroids attenuated the effects of endotoxin.391 Further 
studies are indicated before the use of lazaroids is confirmed. Cur-
rently, no lazaroid is approved for use in the United States.

Recombinant Human Activated Protein C
Activated protein C (APC) is an endogenous protein that simul-
taneously promotes fibrinolysis and inhibits thrombosis and 
inflammation, thus potentially modulating some of the nega-
tive sequelae of sepsis. In septic patients concentrations of pro-
tein C are decreased and conversion of protein C to activated 
protein C is inhibited. The role of protein C in septic shock 
led to the development and subsequent approval of a recom-
binant product, drotrecogin-activated, used in the treatment 
of human septic shock. In humans clinical trials largely sup-
port the safety and efficacy of the drotrecogin-alfa, activated, 
as indicated by decreased mortality rates.380 Its efficacy has 
been attributed to effects beyond those on the coagulation cas-
cade, with antiapoptotic effects on endothelial cells suggested. 
The use of APC may be of most benefit in patients with a high 
risk of death but may be harmful in patients with a low risk 
of death.381,392 Consequently, the use of this product in small 
animals should be based on scientific studies that establish the 
optimal pharmacokinetic–pharmacodynamic relationship.

Inhibitors of Soluble Epoxide Hydrolase
The role of cytochrome P450 in the production of biologically 
active compounds, including the patient with septic shock, is 
largely overlooked. However, EETs or HETEs and EpOMEs are 
among the chemicals derived from the vascular endothelium 
that mediate vascular relaxation responses, as well as antiin-
flammatory effects in septic shock. Proposed mechanisms by 
which EETs modify the response of septic shock include inhi-
bition of transcription factor nuclear factor-κB and IB kinase, 
thus preventing amplification resulting from macrophage pro-
duction of proinflammatory proteins, such as TNF-α, IL-6, 
iNOS, and COX-2. Once formed, EETs and EpOMEs are fur-
ther metabolized by soluble (in the cytoplasm) epoxide hydro-
lase (SEH). Persistence of these mediators by inhibition of SHE 
is being investigated as a therapeutic target in the patient in 
septic shock.261 Drugs that target SHE not only facilitate EETs 
but also may facilitate the antiendotoxic effects of lipoxin.
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Glucocorticoids (GLCs) are among the most frequently 
used and misused drugs in veterinary medicine. Optimal 
therapy with GLCs requires a thorough understanding of 
their actions on all body systems and knowledge of the phar-
macodynamic and pharmacokinetic differences of the syn-
thetic GLC derivatives. The physiologic and pharmacologic 
effects of GLCs, beyond suppression of the hypothalamic– 
pituitary–adrenal axis, have not been extensively studied in 
the dog or cat; therefore much of the information presented 
represents data extrapolated from human patients or rodent 

studies. Whenever possible, information specific to the dog or 
cat has been included and is indicated as such.

PHYSIOLOGY: CONTROL OF 
ENDOGENOUS GLUCOCORTICOID 
SECRETION

The adrenal cortex comprises three zones, each of which syn-
thesizes steroidal hormones. From superficial to deep, these 
include the zonas glomerulosa, the source of mineralocorticoids 



1120 Drugs Targeting Inflammation or Immunomodulation SECTION 5

(predominantly aldosterone but also corticosterone); reticu-
laris, a source of (weak) androgens; and fasciculata, the source 
of GLCs (cortisol and cortisone). As with many hormones, the 
secretion of corticosteroids reflects a balance between positive 
and negative feedback pathways. Corticotropin-releasing hor-
mone (previously corticotropin release factor, CRH) is secreted 
by the hypothalamus and travels through the hypophyseal por-
tal system to the adenohypophysis, where it stimulates the syn-
thesis and secretion of adrenocorticotropin (ACTH) from the 
basophilic cells of the adenohypophysis (Figure 30-1). In addi-
tion to its role in promoting ACTH secretion, CRF appears to 
be involved in the autonomic, immunologic, and behavioral 
response to stress independent of the hypothalamopituitary 
axis. Administration of CRF to dogs results in a decrease in 
gastric acid secretion by activation of the sympathetic nervous 
system, an immediate decrease in mean arterial blood pressure 
accompanied by reflex tachycardia, and a marked increase in 
plasma vasopressin concentrations.1 These actions of CRF are 
independent of GLCs.

In addition to CRF, ACTH also is stimulated by arginine 
vasopressor (AVP), which is a weak stimulator of ACTH but a 
strong stimulator of CRH and catecholamines; angiotensin II; 
serotonin; and vasoactive intestinal peptide. Other stimulators 
include the inflammatory cytokines interleukin (IL) -1, -2, and 
-6 and tumor necrosis factor-α(TNF-α).2 Most stimulators of 
ACTH also stimulate CRH.2 The primary short-term effects 
of ACTH are stimulation of the adrenal cortex synthesis and 
secretion of cortisol, corticosterone, aldosterone (the effect of 
ACTH on mineralocorticoid secretion is minimal), and weak 
androgenic substances. Long-term effects of ACTH increase 
the production of enzymes and cofactors necessary for cortisol 
production and cause an increase in adrenal receptors for low-
density lipoprotein cholesterol.2

Cortisol and corticosterone concentrations in plasma 
subsequently influence CRF and ACTH secretion such that 
increased concentrations inhibit release of CRF and ACTH and 
reduced concentrations stimulate release of CRF and ACTH. 
Exogenous factors, such as trauma, heat, stress, surgery, and 
neural impulses, also mediate CRF and ACTH secretion. 
Exogenous corticosteroid administration can also suppress 
CRF and ACTH release. The degree of suppression depends 
on the particular drug used. For example, the synthetic drug 
dexamethasone is 50 to 100 times more potent in suppressing 
ACTH secretion than is the endogenous compound, cortisol.3 
The diurnal variation in GLC secretion that occurs in humans 
has not been well documented in dogs or cats. Nonetheless, 
morning dosing (in dogs) is among the strategies used to mini-
mize the risk of adrenocortical suppression that might result 
from exogenous glucocorticoid therapy. These approaches thus 
include: 1. Determining a minimum effective dose; 2. Alternate 
day dosing; 3. Use of a “short-acting” glucocorticoids whose 
effects are 24 hrs or shorter in duration; 4. Dosing in the morn-
ing (and potentially dosing at nights for cats); and 5. Tapering 
the dose over days to weeks as therapy is discontinued, thus 
facilitating readaptation of the adrenal gland to secretion.

MECHANISM OF ACTION

The myriad physiologic effects of GLCs result from interac-
tion of the drugs with the glucocorticoid receptor (GR), one 
member of a nuclear hormone receptor superfamily that also 
includes receptors for thyroid hormone, mineralocorticoid, 
estrogen, and progesterone.4 Other activities may also reflect 
nonreceptor mechanisms.

Mineralocorticoid and Glucocorticoid Receptors
Two primary types of corticosteroid receptors exist. Type I, 
or mineralocorticoid receptors (MRs), bind both endogenous 
GLCs and aldosterone. Type II, or GRs, bind endogenous and 
exogenous GLCs but have a poor affinity for mineralocorti-
coids. The GRs and MRs are sufficiently similar that drugs 
may bind to both, causing similar responses. In human 
medicine, the cause and effect relationship between hyper-
tension, heart failure, and MRs has led to a reassessment of 
the relationship between GLC and mineralocorticoid as well 
as androgen and progesterone receptors.5 The distinction 
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Exogenous
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Figure 30-1 The relationship between the hypothalamus, pitu-
itary, and adrenal glands. Release of corticotropin-releasing 
factor (CRF) is prevented by feedback inhibition of corticoste-
roids (exogenous or endogenous). Release of adrenocortico-
tropic hormone (ACTH) is subsequently inhibited, and further 
synthesis, primarily of glucocorticoids, is inhibited. The pri-
mary target organ of mineralocorticoids is the kidney; the liver 
and cardiovascular system are important targets of glucocor-
ticoids.
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among the receptors, including the sequence of their evolu-
tion, becomes important when assessing the selectivity or 
lack thereof of therapeutic agents on each receptor type. In 
human medicine this is particularly germane to the impact 
of GLCs on the MRs and its implication in patients with car-
diovascular disease.

Every cell appears to have GRs, although the liver is the pri-
mary target. The type and concentration of GRs varies between 
species and tissue. Type II receptors are more ubiquitous in 
the brain. The degree to which GLCs bind to each receptor 
type varies with the circulating concentration. At basal levels 
type I receptors are preferred, but as cortisol concentrations 
increase (e.g., during stress), type II receptors increasingly are 
activated.6

Within a given tissue, GR numbers appear to fluctuate with 
changing cell cycles and age and in response to a variety of 
endogenous or exogenous compounds. More than 15 endog-
enous regulators have been identified for GLC receptors.7 
Response to GLCs reflects receptor density or GLC concen-
tration, depending on the tissue. GR density is autoregulated; 
increased receptor density associated with hypoadrenocor-
ticism can be reversed with GLC replacement.8 Likewise, 
chronic GLC therapy will result in downregulation of recep-
tor density. However, autoregulation is tissue specific, and in 
some tissues the concentration of GLC is a more important 
determinant of response than is the number – or even type - 
of receptors. For example, as noted, the MR acts similarly to 
the GR and is sufficiently similar in structure that responses 
to substrates are also likely to be similar.8,9 Any steroid with 
a ketone group at position 11 (Figure 30-2) will interact posi-
tively with either the MR or GR.2 However, GLCs generally 
are present in concentrations that exceed those of mineralo-
corticoids by 1000-fold or more,2 which suggests the poten-
tial for GLC response to predominate in any tissue exhibiting 
either GRs or MRs. The ability of receptors to respond to min-
eralocorticoids despite differences in concentration reflects 
a combination of conditions: (1) binding of glucorticoids 
by globulins, which effectively sequesters the hormone, pre-
cluding interaction with GRs or MRs; (2) activation of dis-
crete sets of target genes, perhaps reflecting a difference in 
repression of transcriptional induction (e.g., aldosterone 
activates the expression of several genes, with that of Na+, K+-
ATPase in the basolateral membranes of tubular cells being 
the best characterized); (3) restrictive expression of MRs only, 
with the principle sites occurring in the renal cortical distal 
tubules and collecting ducts, colon, salivary and sweat glands, 
and hippocampus8; (4) differing rates of GLC inactivation, 
which allows mineralocorticoids to predominate and stimu-
late response. For example, tissues differ in their expression 
of 11 β-hydroxysteroid dehydrogenase type 2 (11 β-HSD2), 
the enzyme that inactivates cortisol to corticosterone. Tissues 
with high concentrations of 11 beta-HSD2are those that typi-
cally respond to mineralocorticoids—kidney, colon, salivary 
gland—allowing mineralocorticoid effects to predominate.8,10 
In the presence of 11 β-HSD2, GLC expression occurs only 
if present in concentrations several magnitudes higher than 
mineralocorticoids.

Certain disease conditions may reflect aberrations in 
methods allowing differential substrate response such as an 
absence of 11 β-HSD2 such that tissues respond to the inap-
propriate steroid.9 The importance of renal metabolism of 
cortisol is implied in the impact renal failure has on prolonga-
tion of plasma cortisol half-life in human patients; half-life 
increased 30% in one study.10 Impaired 11 β-HSD2 accom-
panying renal disease contributes to the pathophysiology of 
salt and water retention and hypertension in renal failure 
and therefore could contribute to selected consequences of 
renal disease (hypertension, sodium retention, hyperkalemia, 
and decreased glomerular filtration rate). Inhibition of 11β 
HSD2by selected compounds (licorice, selected angioten-
sin-converting enzyme inhibitors [ramipril]) contributes to 
pharmacologic or adverse events as well as drug interactions. 
Ramipril causes decreased ACTH-induced hypertension in 
the rat.10 Inhibition allows GLCs to excessively stimulate MRs 
such that hyperaldosteronism emerges. Such interactions also 
can be favorable:

Nuclear and Non-nuclear Mechanisms of Action 
of Corticosteroids
The molecular description of the GR as it relates to its mecha-
nism of interaction has been described.11-14 The GR consists 
of at least two isoforms.11 The α isoform binds to GLCs, DNA, 
and transcription factors and thus modulates transcription 
activity. The α isoform may also act through nongenomic 
mechanisms. In contrast, although the β isoform binds to 
DNA, it does not bind other ligands, fails to activate transcrip-
tion, and appears to be able to interfere with the activities of 
α isoforms.12 Corticosteroid receptors are located in the cyto-
plasm of the target cell complexed with heat shock proteins 
(Hsp 70 and Hsp 90) that act as chaperones, proteins which 
in non-functional activities (e.g., folding, assembly) of macro-
molecules, and an immunophilin, an intracellular protein that 
binds other immunosuppressive compounds.9,11 The com-
plexed receptor is inactive until bound to a steroid ligand.9 
Steroids enter the cells by passive diffusion, although a rate-lim-
ited active transport mechanism may also exist (Figure 30-2)  
Once in the cell, the GLC binds to the receptor, causing the 
heat shock protein and other molecules to dissociate. Intracel-
lular GLCs impart their effects in one of three ways: The ste-
roid–receptor complex moves into the nucleus and (1) binds 
to specific DNA sequences causing the regulation of genes (for 
example, lipocortin or genes responsible for gluconeogenesis) 
(referred to as a “cis” or element, resulting in transactiva-
tion), (2) interacts with other transcription factors (e.g., AP-1, 
NFκB), generally at lower concentrations, that prevent the 
transcription of targeted genes (e.g., TNFα, IL-1B, IL-4 and 5; 
referred to as a “trans element” resulting in transrepression); 
or (3) through non-genomic mechanisms involving mem-
brane-associated GR and secondary messenger systems.2, 12a 
Non-genomic responses are rapid in onset, and includes 

KEY POINT 30-1 Similarities in the mineralocorticoid and 
glucocorticoid receptors and steroid structures contribute 
to the shared action of drugs.
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vascular responses (eNOS activation), lymphocytolysis, and 
possibly, induction of inflammatory prostaglandins. “Permis-
sive” effects of GLC may reflect non-genomic responses.

Because the effect of older, current and future GLC reflects 
the molecular relationship between drug and cellular mac-
romolecules, a brief review or molecular interactions is war-
ranted. Genomic effects of GLCs are initiated by translocation 
of the activated receptor–GLC complex to the nucleus (Figure 
30-2). In the nucleus the complex binds to regulatory proteins 
of target genes. The short DNA sequences recognized by the 
activated GR are referred to as glucocorticoid responsive ele-
ments (GREs). It is through these GREs that specificity of 
GLC-modulated gene transcription is controlled.4 Transcrip-
tion of the gene and subsequent formation of the targeted 
protein is either induced (transactivated) or inhibited (trans-
repressed). The receptor and GLC are eventually metabolized 
(the exact location or timing is not documented). The cellular 
half-life of the activated complex is about 10 hours.15 It is not 
known whether the rate of metabolism of the GLC–receptor 
complex is dependent on the specific GLC involved. Some of 
the proteins that are regulated by GLCs are listed in Table 30-1. 
The proteins encoded by these genes are responsible for some 
of the physiologic (pharmacologic) effects of GLCs.

Once activated, the activated ligand receptor influences 
gene expression by binding to specific GREs in the promoter 
regions of GLC-regulated genes. However, in addition to this 
classical transactivation mechanism, also referred to as posi-
tive GRE (pGRE), genes may also be negatively targeted, or 
transrepressed, through negative GRE (nGRE). The GR gen-
erally has a lower affinity for nGRE than pGRE. Transrepres-
sion involves protein–protein coupling to other transcription 
factors (e.g., nuclear factor kappa-B [NFκB], activator pro-
tein-1 [AP-1], STAT-5 (signal transducer and activator of 
transcription) or nuclear factor of activated T-cells [NFAT]) 
such that their activity is modulated. The importance of these 
different GR interactions results in differential physiologic 
(and pharmacologic) effects and ultimately provides a basis 
for directed drug therapy. The largely undesirable metabolic 
effects of long-term GLC therapy appear to be mediated by 
pGRE interaction (i.e., transactivation gene expression). 
In contrast, the desirable antiinflammatory effects appear 
to reflect modulation of transcription factors (i.e., trans-
repression through interaction with nGREs).16,17 Indeed, 
nGREs contribute to the regulation of the hypothalamic– 
pituitary–adrenal axis (targeting pro-opiomelanocortin 
[POMC] and CRH), bone metabolism (through osteocalcin), 
skin function, inflammation (IL-1β), angiogenesis (prolif-
erin), and lactation (prolactin).17 Trans (protein-coupling) 
effects, and repression in particular, appear to occur at con-
centrations lower than that necessary for cis (transactivation) 

KEY POINT 30-2 As with all steroids, corticosteroids cause 
their primary effects by inducing or inhibiting the synthesis 
of target proteins at the level of the gene.
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Figure 30-2 The intracellular mechanisms of a glucocorticoid include release from its binding protein in the bloodstream, passive 
diffusion of the drug through the cell membrane, movement through the cytosol in association with a receptor and chaperone 
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effects,18 providing another mechanism of directed therapy. 
“Designer” GLC might be developed such that potency for 
protein coupling (trans) repression is greater than DNA inter-
action, leading to cis or trans activation. Dexamethasone and 
prednisolone are examples of a “symmetric” GLC, character-
ized by equal binding affinity for both actions. Interestingly, 
medroxyprogesterone acetate exhibits a preponderance of 
transrepression activity rather than transactivation.16 Newer 
GLCs are likely to have a preponderance of activity for either 
activation or repression. The recognition of this dual mecha-
nism of GLC action will also facilitate the development of GR 
antagonists, which might be useful for the treatment of Cush-
ing’s disease.16 Another term that has emerged is “Dissoci-
ated GLCs” which target GLC-dependent transactivation or 
alternatively act as inhibitors of NFκB-dependent transcrip-
tion, thus retaining their in vivo antiinflammatory activity but 
avoiding their undesirable metabolic effects.19

Differences in GR affinity for nGREs versus pGREs may 
also offer a mechanism for differential targeted drug response 
based on dose (or concentration). Treatment with low, rather 
than high, doses of GLCs appears to minimize undesirable 
side effects.20 Using a retrospective analysis of published litera-
ture (meta analysis precluded by method variability) coupled 
with a prospective study, researchers found that most adverse 
effects to GLCs in humans were associated with high, rather 
than low, doses (7.5 mg prednisolone equivalent in humans 
[approximately 0.1 mg/kg]) of GLC (see the section on adverse 
events).

Glucocorticoid Resistance
Failure to respond to steroid therapy is observed in human 
patients being treated for a variety of diseases. Poor compliance 
and low bioavailability must be ruled out before other factors are 
considered. The documented phenomenon of GLC resistance 
(both familial and iatrogenic or drug induced forms have been 
reported in humans) may reflect, among other causes, reduced 
receptor numbers or affinity for GLC.21 Cellular response to 
GLCs has been directly correlated with receptor numbers. 
Reversible downregulation of receptor numbers and a subse-
quent decrease in biological effect are documented sequelae 
of GLC treatment.7 Such effects have been demonstrated on 
lymphocyte receptors.22 GLC failure in patients receiving long-
term GLC therapy for treatment of host-versus-graft rejection 
has been attributed to downregulation of cytoplasmic GRs in 
T lymphocytes. GLC doses subsequently must be increased.23 
Pulsing of high doses of GLCs may overcome this relative resis-
tance (see the section on therapeutic use).24 The relative bal-
ance of the α and β isoforms of GR appear to influence cell 
sensitivity to GLCs; higher concentrations of β contribute to 
GLC resistance.12 Treatment of inflammatory bowel disease 
offers an example of potential mechanisms of GLC resistance. 
Some human patients with severe disease are nonresponsive 
to even high doses of GLCs. Lack of response has been asso-
ciated with poor antiproliferative effects on blood T lympho-
cytes, in contrast to near-complete inhibition of responders.  
A similar relationship has been demonstrated for other chronic 
allergy-based diseases, such as asthma or rheumatoid arthri-
tis, and renal allograft rejection. A relatively fast in vitro  
T lymphocyte proliferation assay has been useful in identi-
fying nonresponders before treatment.25 Several molecular 
mechanisms have been proposed to account for poor control of  
T cell proliferation by GLCs. These include overexpression of 
the multidrug resistance gene (MDR1 polymorphism), result-
ing in increased P-glycoprotein–mediated efflux of cytoplas-
mic (see relevant discussion in the section on neoplasia). This 
mechanism might be reversible by co-administration of cyclo-
sporine, an inhibitor of P-glycoprotein. Other mechanisms 
include impaired GLC signaling by the GR and increased acti-
vation by epithelial cells of proinflammatory mediators that 

Table 30-1  Immunomodulatory Actions 
of Glucocorticoids

Actions Mechanism
Interference with cytokine production 1
Interleukin-1
Interleukin-2
Interleukin-6
Interleukin-8
Tumor necrosis factor-alpha
Interferon-gamma
Downregulation of cell adhesion molecules 1
Intercellular Adhesion Molecule 1 (ICAM-1)
E-selectin
Inhibition of chemokine synthesis
Interference with leukocyte function enzymes 1
Inducible nitric oxide synthase
Granzyme B
Upregulation of cytokine receptors
Interleukin-1
Interleukin-6
Induction of lymphocyte apotosis
CD4+CD8+
Inhibition of cyclooxygenase-2 expression
Inhibition of wound healing 2
Epithelial cells
Fibroblasts
Induction of acute phase proteins (permissive effect) 3
Serum amyloid A
Serum amyloid P
AP-1
NFk-B
Stat proteins

1=protein-protein interaction with transcription factors
2=Direct gene activation
3=Direct gene activation

KEY POINT 30-3 The desired inhibitory effects of glucocor-
ticoids reflect indirect repression of transcription factors, 
whereas undesirable effects reflect direct interaction with 
DNA.
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directly inhibit GR transcription. This latter mechanism (post-
receptor failure) is supported by the presence of clinical signs 
consistent with Cushing’s disease in humans with poor inflam-
matory control.25 Differences in activation patterns of NFκB 
have been associated with GLC resistance in human patients 
with chronic inflammatory bowel disease.19 Ultimately, differ-
ences in response at the molecular level may also be shown .

PHYSIOLOGIC EFFECTS

Physiologic effects of GLCs required for the “normal” day-
to-day function of the animal can be easily appreciated when 
GLCs are absent, as in the case of adrenocortical insufficiency 
(hypoadrenocorticism or Addison’s disease), or present in 
excessive concentrations, as in hyperadrenocorticism. The 
primary role of aldosterone, the major mineralocorticoid, is 
regulation of sodium homeostasis. Interestingly, the effects of 
GLCs and mineralocorticoids can be directly antagonistic at 
some sites. For example, in some tissues aldosterone stimulates 
and GLCs inhibit sodium resorption.8 Likewise, cortisone can 
have different and opposing effects, depending on whether it 
interacts with MRs or GRs. Cortisone inhibits microglial pro-
liferation through GRs but stimulates proliferation through 
MRs.26 Dexamethasone also inhibits microglial cell prolifera-
tion at concentrations lower than those for cortisone.26

Effects on Intermediary Metabolism: 
Carbohydrates, Proteins, and Lipids
The natural function of GLCs is to protect glucose-dependent 
cerebral functions by stimulating the formation of glucose by 
the liver, decreasing its peripheral utilization and promoting 
its storage as glycogen.27 Teleologically, these effects protect 
glucose-dependent tissues, the brain and heart, from starva-
tion.9 The hyperglycemic effect of GLCs, as seen in the stressed 
patient, is due to an increase in gluconeogenesis and insulin 
antagonism. Gluconeogenesis is the result of an increase in 
precursors necessary for gluconeogenesis as well as induction 
of hepatic enzymes that catalyze reactions of glucose synthesis. 
Increased breakdown of proteins, particularly skeletal muscle 
and collagen, provides gluconeogenic precursors (e.g., amino 
acids and glycerol). This effect is exhibited clinically as muscle 
wasting, delayed wound healing, and thinning of the skin. The 
anti-insulin effect of GLCs is a result of decreased peripheral 
tissue utilization of glucose and reduced affinity of cellular 
receptors for insulin. Utilization appears to be decreased by 
translocation of insulin receptors from the cell membrane to 
an intracellular location inaccessible by insulin.9

Metabolism of lipids is also affected by GLCs. Specifically, 
GLCs promote lipolysis, generating the free fatty acids that, 
along with amino acids, serve as substrates for hepatic gly-
cogen synthesis and inhibit long-chain fatty acid synthesis. 
Effects of GLCs on lipid metabolism reflect, in part, a permis-
sive effect of the steroids on other agents, including growth 
hormone and β-adrenergic receptors. One sequela of these 
effects is redistribution of body fat (such as is typified by Cush-
ing’s disease). Differences in adipocyte sensitivity to insulin 
and the facilitating effects of GLCs may explain the redistribu-
tion phenomenon.9

Water and Electrolyte Balance
Cortisol appears to be essential for the maintenance of renal 
blood flow and glomerular filtration rate. Volume repletion 
alone is not sufficient to return renal function to normal in 
states of hypoaldosteronism. GLCs also generally increase the 
filtration fraction; impact on renal vascular resistance is not 
clear, varying with the method studied.10 Aldosterone is the 
most potent natural corticosteroid that affects fluid and elec-
trolyte balance. Mineralocorticoids act to enhance sodium 
reabsorption in exchange for potassium (from the distal 
renal tubules and collecting ducts) or hydrogen (the interca-
lated cells), resulting in a positive sodium balance, expansion 
of extracellular fluid volume, and an increase in glomerular 
filtration rate. Sodium reabsorption is enhanced by increas-
ing the number of open Na+ and K+ pores; Na+, K+-ATPase 
activity at the basolateral membrane also is increased, causing 
sodium to be returned to the circulation. The ratio of exchange 
of these mono-charge cations may be greater than than 11:1.

Effects of mineralocorticoids are not limited to renal tissues 
but also include the colon, ileum, ciliary apparatus, salivary, 
and (in human beings) sweat glands. GLCs influence water 
and electrolyte balance through mineralocorticoid actions. 
Differences in tissue response to various corticosteroids was 
addressed previously. Cortisol and the synthetic GLCs possess 
varying degrees of mineralocorticoid activity, but all have less 
than 1% of the mineralocorticoid activity of aldosterone. GLCs 
also impart a permissive effect on tubular mechanisms that 
maintain the glomerular filtration rate. GLCs have an inhibi-
tory effect on antidiuretic hormone and may decrease per-
meability of the distal renal tubules to water through a direct 
action. The polyuria and polydipsia commonly observed in 
dogs (but not cats) receiving GLCs may result from a combi-
nation of mineralocorticoid and GLC effects.

Other reported renal actions of GLC include downregu-
lation of sodium–phosphate co-transport and sulfate co-
transport, upregulation on sodium–bicarbonate co-transport, 
modulation of the effects of sodium on amino acid transport, 
and other effects on acid–base balance.10 GLCs also influence 
several aspects of calcium movement. In the renal tubular 

KEY POINT 30-4 Glucocorticoid resistance is a recognized 
contributor to therapeutic failure and reflects several poten-
tial mechanisms, some of which might be avoided with 
proper use.

KEY POINT 30-5 The physiologic effects of glucocorticoids 
reflect their underlying physiologic intent: maintenance of 
the body, particularly during states of stress.

KEY POINT 30-6 Actions of glucocorticoids will maintain 
blood glucose, blood pressure, cardiac output, and vascu-
lar volume. Accordingly, their absence can result in life-
threatening cardiovascular collapse.
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cells, calcium excretion is increased, and in the small intestine 
its absorption is impaired. GLCs also increase parathormone 
secretion, which in turn increases osteoclast-mediated bone 
resorption. The net effect of GLCs on calcium homeostasis is a 
decrease in total body calcium stores.

Hemolymphatic System
GLCs tend to increase the red blood cell content of the blood 
by retarding erythrophagocytosis. Lymphopenia, eosinope-
nia, and monocytopenia caused by cellular redistribution and 
neutrophilia caused by increased release from bone marrow, 
demargination, and a reduction of their removal from the 
circulation are all associated with GLC administration.9 This 
blood cell profile represents the “stress leukogram” seen clini-
cally in patients with increased concentrations of endogenous 
GLCs. The acute effects of GLCs on circulating lymphocytes are 
due to sequestration from the blood rather than lymphocytol-
ysis, although cells of lymphocytic malignancies are destroyed 
by GLCs. In addition to reducing the number of circulating 
lymphocytes, GLCs also alter the responses of lymphocytes 
to mitogens and antigens. T lymphocytes are inhibited to a 
greater degree than B lymphocytes (see following discussion 
of immunomodulation). GLCs also induce lymphocyte apop-
tosis.28 GLCs also have direct inhibitory effects on eosinophils, 
including eosinophil migration.29 GLCs directly induce eosin-
ophil and lymphocyte apoptosis.30

Antiinflammatory and Immunosuppressive 
Effects
GLCs are most frequently used in clinical medicine for their 
antiinflammatory and immunosuppressive actions (see Table 
30-1).31 Because the antiinflammatory and immunosuppres-
sive effects of GLCs reflect specific actions on white blood 
cells, these effects are inextricably linked. They generally occur 
only when the amounts of steroid are present in concentra-
tions greater than those found in the normal physiologic state 
(i.e., pharmacologic concentrations). The effects of GLCs on 
leukocyte numbers were discussed earlier. GLCs also pro-
foundly affect white blood cell function. Ultimately, both the 
humoral and cell-mediated arms of the immune response are 
affected. The antiinflammatory effects of GLCs reflect all three 
mechanisms of GLC action (genomic transcription and trans-
activation; nongenomic membrane receptor signaling).12

GLCs upregulate or downregulate as many as 2000 genes 
involved in the regulation of the immune response (Table 
30-4).2 GLCs inhibit early and late phases of the inflamma-
tion. Responses that are inhibited include edema formation, 
fibrin deposition, leukocyte migration, phagocytic activity, 
collagen deposition, and capillary and fibroblast proliferation. 
Many of these processes involve lymphokines and other solu-
ble mediators of inflammation, and it is through these media-
tors that GLCs exert their antiinflammatory actions. GLCs 
induce annexin I (also known as lipocortin), which inhibits 
phospholipase 2, thus blocking the release of arachidonic 
acid and its subsequent conversion to eicosanoids (i.e., pros-
taglandins, thromboxanes, prostacyclins, and leukotrienes). 
(Figure 30-3). GLCs also preferentially inhibit transcription 

of cyclooxygenase-2 (COX-2), the inducible form of cyclo-
oxygenase.12,32,33 Interestingly, recent evidence indicates 
that under some circumstances, GLCs may actually induce 
COX-2.34 The net effect of specificity to inhibit COX-2 may 
be inhibition of inflammatory prostaglandins without nega-
tively affecting the protective effects of prostaglandins in other 
body systems (e.g., gastrointestinal, renal, hemostasis). GLCs 
induce the protein MAPK phosphatase 1, which through 
various actions inactivates a number of proteins important 
in the signaling of cytokines.12 Through physical interac-
tion, transcription of NFκB is inhibited by GLCs. Many of the 
antiinflammatory effects of GLCs occur rapidly, apparently 
independently of changes in gene expression (nongenomic). 
Examples include activation of endothelial nitric oxide syn-
thetase,12 offering an alternative mechanism of action of a new 
class of more selective antiinflammatory drugs.35

Among the sequelae of these mechanisms, GLCs inhibit 
release of TNFα and IL-2 from activated macrophages. TNFα 
induces cytotoxicity and can enhance neutrophil and eosino-
phil function.27 The release of platelet-activating factor from 
leukocytes and mast cells is inhibited by GLCs. Platelet-
activating factor induces vasodilation, platelet and leukocyte 
aggregation, smooth muscle contraction (especially in the 
bronchi), and increased vascular permeability.36

The immunosuppressive actions of GLCs, like their anti-
inflammatory actions, involve disruption of intercellular 
communication of leukocytes through interference with lym-
phokine production, biological action, or both. GLCs inhibit 
the synthesis and release of IL-1 by macrophages, thereby 
suppressing the activation of T cells. GLCs also inhibit IL-2 
synthesis by activated T cells. IL-2 plays a critical role in ampli-
fication of cell-mediated immunity. GLCs block the effects of 
the migration inhibitory factor-γ (causing macrophages to 
migrate away from the affected area) and interferon-γ (IFN-γ) 
on macrophages.27 IFN-γ, which is released from activated T 
cells, plays an important role in facilitating antigen process-
ing by macrophages. Additionally, GLCs suppress the bac-
tericidal and fungicidal actions of macrophages. GLCs also 
alter synthesis of and biologic response to collagenase, lipase, 
and plasminogen activator. The antiinflammatory effects of 
GLCs also may reflect inhibition of the inducible form of 
nitric oxide synthase (iNOS).37 Synovial macrophage nitric 
oxide production and iNOS synthesis are inhibited by dexa-
methasone. The inhibitory effect appears to be mediated by 
lipocortin.The immunosuppressive actions of GLCs are more 
pronounced on the cellular arm than the humoral arm of the 
immune system (Figure 30-4). GLCs have minimal effects 
on plasma immunoglobulin concentrations but can modu-
late immunoglobulin function. For example, opsonization of 
bacteria is inhibited. Therapeutic doses of GLCs do not sig-
nificantly decrease an animal’s antibody response to antigenic 
challenge (e.g., vaccinations). The immunosuppressive effects 

KEY POINT 30-7 Glucocorticoids inhibit essentially every 
phase of the inflammatory response, including the immune 
response and wound healing.
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of GLCs may also reflect actions on the hypothalamic–pitu-
itary–adrenal axis. Multiple cytokines appear to regulate this 
axis. Specifically, IL-1 appears to stimulate the release of CRH 
and directly increase the release of ACTH, and it may cause 
the adrenals to release GLCs. These interactions appear to be 
important to modulation of stress and thus maintenance of 
homeostasis.9

Cardiovascular System
Corticosteroids have two major effects on the cardiovascular 
system. Mineralocorticoids and, to a lesser extent, GLCs affect 
the maintenance of extracellular fluid volume, as described 
previously. Interestingly, mineralocorticoids also appear to 
have direct actions on cardiovascular tissues; increased car-
diac fibrosis has been induced experimentally in rats by 
administration of excessive mineralocorticoids, suggesting an 
indication for spironolactone as a diuretic in congestive heart 
failure associated with myocardial disease.9 In addition, corti-
costeroids (predominantly GLCs) enhance vascular reactivity 
to other vasoactive substances (e.g., norepinephrine, angio-
tensin II).9 Mechanisms appear to include increased receptor 
numbers in the vascular wall or other tissues. Other proposed 
mechanisms of GLC-induced hypertension include reduced 
activity of depressor systems (e.g., kallikrein-kinin, prosta-
glandins, and nitric oxide) and increased responsiveness to 
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angiotensin II and norepinephrine.38 In humans, Cushing’s 
syndrome or prolonged administration of synthetic GLCs is 
associated with hypertension characterized by sodium chlo-
ride retention and volume expansion. However, hypertension 
may be independent of these effects; rather, downregulation 
of nitric oxide synthetase may be a more plausible explana-
tion.39 In contrast, in patients with insufficient concentrations 
of GLCs, negative sequelae include increased capillary perme-
ability, decreased cardiac output, and inadequate vasomotor 
response of the smaller blood vessels to catecholamines. In 
humans, glucocorticoids are associated with worsening of car-
diovascular disease. Hypertension appears to reflect increased 
glucocorticoid-mediated peripheral vascular resistance rather 
than aldosterone–mediated rather than sodium retention. 
The latter mechanism, along with myocardial remodeling, has 
been associated with worsening congestive heart failure.39b

Bone and Cartilage
GLCs antagonize the effects of vitamin D3, accelerate bone 
resorption, and decrease bone formation (through direct 
action on osteoblasts), resulting in osteoporosis. This phe-
nomenon is well documented in human patients after chronic 
GLC therapy, but to the authors’ knowledge it has not been 
observed in animals.40 At physiologic doses, glucocorticoids 
stimulate collagen. At supraphysiologic doses GLCs inhibit 
collagen synthesis by fibroblasts; depress chondrocyte metab-
olism; and decrease the proteoglycan content of cartilage, 
resulting in morphologic changes in articular cartilage.41,42

Skeletal Muscle
The permissive effects of GLCs include their influence on the 
ability of skeletal muscle to function normally. Too little will 
result in muscle wasting (generally resulting from hypokale-
mia). Likewise, and paradoxically, too much also will result 
in muscle wasting. Increased use of amino acids from muscle 
proteins is likely to contribute to this effect. Although the exact 
mechanisms of muscle wasting are unknown, the term steroid 
myopathy has been coined to reflect this condition in human 
patients and is used to refer to similar manifestations in small 
animals with hyperadrenocorticism.9

Central Nervous System
In the central nervous system (CNS), the highest concentra-
tion of MRs is in the limbic system, whereas GRs are more 
ubiquitous in the brain.6 Indirectly, GLCs maintain adequate 
plasma concentrations of glucose for cerebral functions, main-
tain cerebral blood flow, and influence electrolyte balance in 
the CNS. GLCs decrease formation of cerebrospinal fluid, 
which results in a reduction of intracranial pressure. In human 
beings GLCs are believed to influence mood (e.g., producing 
euphoria), behavior, and brain excitability.9 The euphoric 
effect commonly recognized in dogs also is likely to reflect dif-
ferences in GRs. Steroids, including GLCs, also appear to regu-
late neuronal excitation, with differential effects occurring for 
some drugs. For example, dexamethasone inhibits microglial 
cell proliferation; cortisone also will inhibit proliferation at 
higher doses through GRs, but stimulate proliferation through 

MRs.26 GLCs appear to have a protective effect in the CNS 
through induction of glutamine synthetase in both the CNS 
and peripheral nervous system; the enzyme adds an amine to 
and thus removes glutamate.43 Increased glutamate has been 
associated with CNS pathology, although the relationship 
between the two remains controversial.44,45 However, efficacy 
reflects regulation through transcription, which takes at least 
24 hours. Glutamine has several roles in the CNS; in the pres-
ence of hyperammonia (e.g., liver disease) increases forma-
tion of glutamine in brain cells and the potenetial for cerebral 
edema.45b The use of glucocorticoids for treatment of cerebral 
edema might be avoided in situations in which increased glu-
tamine increases the risk of cerebral edema.

Interestingly, GLC concentrations appear to be directly 
related to the severity of memory impairment in animals, 
including humans.6 Learning is impaired in animals exposed 
to prolonged reductions in circulating concentrations of 
GLCs; conversely, memory also appears to be impaired if GLC 
concentrations are too high.

Respiratory System
GLCs are reported to have “permissive” effects (increased 
receptor number or affinity have been proposed) on β2-
receptors, promoting bronchodilation.46 Other mechanisms 
are likely to evolve as non-genomic effects are understood. 
The effects of GLCs on leukotrienes, platelet-activating factor, 
and other mediators important in the pathogenesis of respira-
tory inflammatory diseases were discussed earlier and also are 
addressed in Chapters 20 and 29.

Alimentary Tract
GLCs decrease the absorption of calcium and iron from the 
gastrointestinal tract and increase the absorption of fats. 
Secretion of gastric acid, pepsin, and trypsin are increased by 
GLCs. Gastric mucosal cell growth and renewal are reduced by 
GLCs, and mucus production is decreased, resulting in com-
promise of the protective barrier of the gastric mucosa. Col-
lectively, these effects contribute to increased susceptibility to 
gastric ulceration. A retrospective study in humans found that 
5% developed gastric mucosal lesions while receiving GLCs, 
particularly patients with rheumatoid arthritis and collageno-
sis.47 It is not clear whether the effects of GLCs on the gastric 
mucosa occur as a result of impaired mucosal prostaglandin 
synthesis, although failure of misoprostol (prostaglandin E) 
to protect against GLC-induced ulceration indicates that they 
do not. Indeed, some studies have shown that GLCs provide 
a gastroprotective effect during stress-induced ulceration.48 
Deposition of glycogen in the liver, resulting in hepatomegaly 
in animals chronically treated with GLCs, is a consequence of 
increased glycogen synthesis, as described previously. Exces-
sive cortisol levels can induce pancreatic ductule hyperplasia.

Reproduction
GLCs can induce parturition during the latter stages of preg-
nancy in ruminants and horses, but their effect in dogs and 
cats has not been determined. GLC administration in preg-
nant dogs has been associated with cleft palate and abortion. 
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GLCs have been shown to inhibit cell division, DNA synthesis, 
or both in the developing liver, lung, brain, and thymocytes.

STRUCTURE–ACTIVITY RELATIONSHIP

There are close to 50 generic corticosteroid products approved 
for human use and several approved for use in small ani-
mals. These drugs differ primarily in their duration of action, 
mineralocorticoid activity, and antiinflammatory potency  
(Table 30-2). As the antiinflammatory potency of a particular 
agent increases, its biological half-life and duration of action 
also tend to increase. Antiinflammatory properties also paral-
lel the effects on metabolism, that is, carbohydrate and protein 
metabolism, but mineralocorticoid effects can be altered inde-
pendently by changing the molecular structure of the steroid 
(Figure 30-5). The 4,5 double bond and the 3-ketone are nec-
essary for mineralocorticoid and GLC effects. Synthetic modi-
fications of cortisol increase the antiinflammatory activity, 
decrease protein binding, and decrease hepatic metabolism, 
thus prolonging activity. First-generation GLCs formed with 
the addition of a 1,2 double bond increased the ratio of GLC 
to mineralocorticoid effects (prednisolone, prednisone, and 
methylprednisone) and duration of action. The second-gener-
ation steroids were fluorinated at the C-9 position, increasing 
potency. Methylation at the C-16 position eliminates miner-
alocorticoid activity (dexamethasone, betamethasone, and 
triamcinolone).

The effects of GLCs are generally recognized to be dose 
dependent. Indeed, GLCs can be classified on the basis 
of their potency, generally relative to hydrocortisone. For 

example, dexamethasone is 30 times and prednisolone 4 times 
as potent as hydrocortisone in impairing glucose metabolism  
(Table 30-2).20 Daily doses of glucocorticoids used therapeuti-
cally have been variably referred to as physiologic, which gen-
erally reflects 0.1 to 0.25 mg/kg predniosolone or equivalent, 
and a pharmacologic or supraphysiologic, ranging, for pred-
nisolone, 0.8 mg/kg IV, to 1 to 2 mg/kg/day, and a high dose of 
approximately 10 mg/kg orally (or 4 to 60 mg/m2/day). Some 
references refer to very high supraphysiologic doses (in dogs: 
hydrocortisone at 2-4 mg/kg, IV every 6 to 8 hrs, 4 to 20 mg/kg  
prednisolone IV every 2 to 6 hrs, 0.5 to 2.0 mg/kg dexameth-
asone, or 30 to 100 mg/kg methylprednisolone), which also 
might be referred to as a “shock” dose.

CLINICAL PHARMACOLOGY

Absorption
Several products are well absorbed orally. Differences between 
oral absorption occur, for example between prednisone and 
prednisolone in both the dog and cat (see below). For intra-
muscular or subcutaneous administration, the duration and 
onset of action of a particular GLC can be altered by the 
addition of an ester, usually bound to C-21. The GLC esters 
must be hydrolyzed – often by esterases located at the site of 
administration - to release the active, free form of the drug. 
However, the sodium phosphate and sodium succinate esters 
are water soluble, can be administered intravenously, and are 
rapidly hydrolyzed. These characteristics make them ideal for 
treatment of acute conditions. The acetate, acetonide, valerate, 
and dipropionate esters are water insoluble and release of the 
active steroid is very slow, providing GLC activity for days to 
weeks (i.e., repositol, or depot, products). The major advan-
tage of these esters is convenience of administration. Adminis-
tration at 2- to 6-week intervals, depending on the preparation 
used and disease being treated, has been recommended. 

Table 30-2  Comparison of Glucocorticoid Free Bases

Glucocorticoids Glucocorticoid Potency*
Mineralocorticoid 
Effect Equivalent Dose

Duration of Effect on 
HPA

Cortisol 1 1 20 12 (S)
Cortisone 0.8 0.8 25 12 (S)
Hydrocortisone 1 0.8 20 12 (S)
Prednisone–Prednisolone 3.5–4 0.8 6 12–36 (I)
Methylprednisolone 5 0.5 4 12–36 (I)
Triamcinolone 5 0 4 12–36 (I)
Betamethasone 25 0 0.8 >48 (L)
Dexamethasone 30 0 0.7 >48 (L)

Mineralocorticoids
Mineralocorticoid 
Potency

Fludrocortisone 10 125–200 12–36 (I)
Deoxycorticosterone 0 20
Aldosterone 0 200–1000

HPA, Hypothalamic–pituitary–adrenal axis, I = intermediate, L = long acting, S = short 
*Both glucocorticoid and antiinflammatory potency.

KEY POINT 30-8 In general, as exogenous glucocorticoid 
effects become more potent, mineralocorticoid effects 
become less potent.
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Disadvantages include unpredictability of blood concentra-
tions, chronic suppression of the hypothalamic–pituitary–
adrenal axis (up to 12 weeks or more after administration of 
a single dose), possible induction of steroid resistance (medi-
ated by receptor downregulation), and the fact that the drug 
cannot be withdrawn should adverse reactions develop. For 
these reasons the authors recommend the use of short- to 
intermediate-acting preparations administered daily or on 
alternate days over repositol steroid preparations.

There are many forms of GLCs available for topical use, 
including extensions of the skin such as the external ear 
canal and anal sacs. Once absorbed through the skin, topical 

corticosteroids are handled by the body in the same capacity 
as systemically administered GLCs. The extent of percutane-
ous absorption of topical GLCs depends on factors such as the 
vehicle, the ester form of the steroid (greater lipid solubility 
enhances percutaneous absorption), duration of exposure, sur-
face area, and the integrity of the epidermal barrier. Ointment 
bases are occlusive and are therefore more likely to increase per-
cutaneous absorption of the same GLC in a cream base. Highly 
potent preparations in any form should not be used on abraded 
skin.

GLCs are absorbed and can achieve physiologic and pos-
sibly pharmacologic concentrations after local administration. 
This includes the skin, as previously noted, synovial spaces, 
conjunctival sac, and the respiratory tract.9 Suppression of the 
hypothalamic–pituitary–adrenal axis has been documented 
after ocular,50 otic,51 and topical52 administration for several 
weeks. The impact of dexamethasone and betamethasone 
administered as a topical commercial otic preparation on 
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Figure 30-5 Chemical structures of selected adrenocorticosteroids. The pregnane nucleus provides the skeletal structure of corti-
costeroids. Corticosteroid activity depends on the double bond at position 4,5 and the keto group in the 3 position. Compounds 
with a double bond at position 1,2 have increased glucocorticoid activity (e.g., prednisone versus hydrocortisone) as well as 
a longer duration of action. Prednisolone differs from the prodrug prednisone only by the presence of a hydroxyl rather than a 
ketone group on the C ring. A methyl group at the C-16 position (arrow) eradicates mineralocorticoid activity (e.g., dexametha-
sone). Fluorination at the C-9 position enhances corticosteroid potency. The difference between betamethasone and dexa-
methasone is the orientation of the methyl group at position 16. The addition of acetate rather than succinate esters (not shown) 
to the various compounds also prolongs duration of action.

KEY POINT 30-9 The slow-release salts of glucocorticoids 
preclude advantages of alternate-day dosing that occur 
with administration of short- or intermediate-acting base 
drugs.
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adrenal function was studied in normal dogs (with normal 
ears). Drugs were administered twice daily for 2 weeks accord-
ing to the package insert: dexamethasone at 10 drops (0.223 
mg) and betamethasone at 4 drops (0.1193) per ear. For the 
betamethasone-treated group (n = 7), ACTH response tests 
were normal at the end of the treatment period, which was in 
contrast to the dexamethasone-treated group, for which the 
adrenal gland was suppressed in 71% (five of seven) of ani-
mals. Response normalized in 1 to 2 weeks for all animals. No 
animal exhibited signs of hyperadrenocorticism.53 Ginel and 
coworkers54 prospectively examined the effect of 2 weeks of 
topical betamethasone administration (4 to 8 drops, depend-
ing on body weight, of 0.88 mg betamethasone/mL, Otomax) 
compared with placebo using a randomized crossover design 
with a 4-week washout period. Although adrenal gland sup-
pression did not occur, serum alkaline phosphatase increased 
(but remained within normal limits) and response to intrader-
mal testing was muted by day 14 of treatment.

Using a prospective parallel approach, Aniya and Grif-
fin55 recently compared the effect of vehicle and concentra-
tion of dexamethasone applied topically in the normal (not 
inflamed) ear of dogs (n = 21). Dexamethasone was applied 
as either 0.01% or 0.1% in saline (n = 7 each) and 0.1% in 
the commercially available product (Tresaderm; n = 7), for 
which propylene glycol is the carrier. Animals were treated 
for 2 weeks with 10 drops in each ear twice daily, resulting in 
a dose of approximately 0.89 mg dexamethasone for the 0.1% 
product (0.07 to 0.25 mg/kg). On the basis of ACTH stimula-
tion, four of seven dogs in each 0.1% treatment group, but 
no dogs in the 0.01% treatment group, experienced adrenal 
gland suppression. Further, serum alkaline phosphatase was 
increased in one of seven dogs in the 0.1% propylene glycol 
treatment group. Finally, Reeder and coworkers56 compared 
four GLC-containing otic preparations in dogs with otitis 
externa using a randomized, double-blinded parallel design. 
Drugs studied included 0.007 to 0.02 mg/kg once daily of 
mometasone (Mometamax; n = 9), 0.002 to 0.03 mg/kg twice 
daily of triamcinolone (Panalog; n = 12), 0.004 to 0.024 mg/
kg twice daily of dexamethasone (Tresaderm; n = 8), and 0.006 
to 0.03 mg/kg twice daily of betamethasone (DVMax; n = 11). 
Dogs were treated for 7 days. Mometasone was described 
to have 1.5 times the potency of fluticasone and 22 times 
that of dexamethasone.56 Plasma cortisol was suppressed 
at 7 days in 0%, 9%, 17%, and 50% of the animals receiving 
Mometamax, betamethasone, triamcinolone, and dexameth-
asone, respectively.

Selected steroids have been studied after transdermal 
administration in cats. Using a randomized crossover design, 
Willis-Goulet and coworkers57 measured dexamethasone in 
the serum of cats (n = 6) after single-dose oral or transdermal 
administration of 0.05 mg/kg. Although drug was detected 

after oral administration (peak 30 μg/mL), drug was not 
detected after transdermal administration. A similar finding 
was reported by other investigators.59 Oral absorption of GLCs 
may be affected by P-glycoprotein, depending on the specific 
drug.58 Cortisol, aldosterone, and dexamethasone are demon-
strated substrates. Even in dogs, oral absorption of prednisone 
may not result in prednisolone concentrations comparable to 
that achieved with oral prednisolone.

Distribution, Metabolism, and Excretion
In humans (and presumably many animals), endogenous (and 
exogenous) cortisol is bound to corticosteroid-binding globu-
lin (transcortin). The two main binding proteins are cortisol-
binding globulin and albumin.2

Transcortin is an α-globulin secreted by the liver. Whereas 
it has a high affinity for steroids, it has a relatively low bind-
ing capacity. Albumin, which has a low affinity but large bind-
ing capacity, also binds GLCs. Corticosteroids compete with 
one another (endogenous and exogenous) for binding sites 
and at high concentrations will displace one another. Steroi-
dal hormones tend to be eliminated by oxidation or reduction 
followed by conjugation (generally glucuronide or sulfate) 
and excretion (principally renal). Metabolism occurs at both 
hepatic and extrahepatic (including the kidney) sites. Predni-
sone is the prodrug form of prednisolone; it is assumed, but 
not proven, that no barrier exists to formation of the latter 
Cortisol is metabolized by the liver by phase I and II enzymes. 
Metabolism to inactive corticosterone is mediated by 11 
beta-hydroxysteroid dehydrogenase, particularly in the kid-
ney.2 Renal expression of this enzyme is one means whereby 
aldosterone response predominates; elimination of cortisol 
in human patients with renal disease may be prolonged as 
much as 30%.60 Cortisol is metabolized by the liver by phase 
I and II enzymes and in the kidney, where it is converted to 
the inactive metabolite cortisone by 11 beta-hydroxysteroid 
dehydrogenanse.2

Biliary and fecal elimination of corticosteroids do not 
appear to be that significant.9

DRUGS AND PREPARATIONS

Knowledge of a few commercial preparations is sufficient 
for most clinical purposes (Tables 30-3 and 30-4). Selection 
is most commonly based on balancing the need for efficacy 
with the risk of adverse effects. Some distinct characteristics of 
selected steroids are presented in the following sections.

Hydrocortisone
Hydrocortisone is identical to cortisol, the most important 
endogenous GLC for most species. Extrahepatic elimina-
tion of hydrocortisone contributes substantially to clearance 
in the dog. Elimination is flow limited, with clearance being 
greatest in organs with greatest blood flow.61 Elimination of 
hydrocortisone from the plasma is biphasic in dogs, with an 
elimination half-life of the terminal phase of 50 minutes. The 
volume of distribution in dogs is greater than 1 L/kg. Because 
of its short duration of action (<12 hours) and low potency, 

KEY POINT 30-10 With few exceptions, it should be assumed 
that topical administration of glucocorticoids will result in 
drug absorption sufficient to affect the hypothalamic– 
pituitary–adrenal axis.



1131CHAPTER 30 Glucocorticoids and Mineralocorticoids

Table 30-3  Preparations

Base Oral
Intravenous Rapid 
IM, SC Absorption

Intralesional Slow 
IM, SC Absorption Topical

Trade Name 
Products*

Beclomethasone Dipropionate, inhalant (1) (1) Beclovent, Vanceril
Betamethasone Free base (2) Na phosphate (31V) Acetate (32V);  

Diproprionate (V)
Free base, benzoate,  

diproprianate (3); 
Valerate: otic (33V), 
ointment (34V),  
Topical Spray (35V)

(2) Celestone;  
(3) Diprolene; (30V, 
31V: Betavet); (32V) 
Gentocin; (33V): 
Topagen; (34V) 
Gentocin, Otomax

Budesonide Free base (4) Diacetate Free base: Inhalant (5), 
also with formeterol 
and fumerate (6);  
Nasal Spray (7)

(4) Entocort, (5) Pul-
micort (6), Symbi-
cort (7)Rhinocort

Desoxycortico-
sterone

Pivalate (35V) (35V) Percorten

Dexamethasone Free base (36V) Na phosphate (37V) Acetate Free base: ophthalmic (8), 
otic (38V)

(8) Maxidex; (36V) 
Azium, Pet-Der III; 
(37V) Dex-A-Vet, 
Dexium SP; (38V) 
Tresaderm

Fludrocortisone Acetate (9) (9) Florinef
Fluticasone Fumorate: nasal spray 

(10); fumarate: inhalant 
(11), also with salme-
terol (12) Proprionate 
spray (13), cream

(10) Veramyst (11) 
Flovent HFA; (12) 
Advair, (13) Flonase

Hydrocortisone Free Base, Acetate 
(14), cypionate

Na succinate (19) Acetate Free base: ointment (with 
multiple drugs), cream 
(15), lotion, spray (39V, 
with oxytetracycline); 
Acetate: rectal spray 
(16), Ointment with 
antibiotics (40V); Valer-
ate: cream (17) Otic 
suspension; Butyrate: 
cream (18)

(14) Cortef; (15) 
Ala-cort, Synacort; 
(16) Cortifoam; 
(17) Locoid; (18) 
Westcort; (19)
Solu-Cortef; (39V) 
Liqua-Cortril; 
(40V) Neo-Cortef, 
Amphoderm, Corti-
cosporin

Methylpredniso-
lone

Free base (20), 
(41V), with aspi-
rin, methylpred-
nisolone (42V)

Na succinate (21) Acetate (22), (43V) Acetate (20) Medrol; (21) 
Solu-Medrol; (22) 
Depo-Medrol; (41V) 
Medrol, (42V) 
Cortaba; (43V) 
Depo-Medrol

Prednisolone Free base; Acetate 
(23), (44V) and 
with trimeprazine 
(45V); sodium 
phosphate (24)

Sodium phosphate 
(46V), sodium 
 succinate (47V)

Acetate (48V), 
tebutate, Sodium 
phosphate, Acetate

Free base; Acetate: Oph-
thalmic ointment (25) 
and with sulfacetamide 
(26); with antibiotics 
(49V) and ophthalmic 
solution (50V); Sodium 
phosphate: ophthalmic; 
Sodium succinate

(23) Flo-Pred; (24) 
Orapred; (25) Pred 
Mild, Pred Forte; 
with sulfacetamide 
(26); (44V) Delta 
Albaplex, Predni-
sTab; (45V)Temaril 
P; (46V) Prednis-A-
Vet;(47V) Solu-
Delta-Cortef; (48V) 
Meticortelone; 
(49V) Optisone, 
Chlorasone; (50V) 
Neo-Delta-Cortef;

Prednisone Free base (51V) (51V) Meticorten
Continued
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Table 30-3  Preparations—cont’d

Base Oral
Intravenous Rapid 
IM, SC Absorption

Intralesional Slow 
IM, SC Absorption Topical

Trade Name 
Products*

Triamcinolone Free base; acetonide 
(52V), diacetate

Acetonide (27) and 
(V), intraarticular 
or intravitreal (28), 
diacetate, hexace-
tonide

Free base; acetonide: 
ointment (53V), dental 
paste (29), nasal spray 
(30), cream (54V)

(27) Kenalog; (28)
Trivaris; (29)Ora-
cort, (30) Nasacort); 
(52V) Vetalog Tab; 
(53V) Panalog Oint-
ment; (54V) Vetalog 
Cream

IM, Intramuscular; SC, subcutaneous; V, veterinary product.
*Example products. Other trade name products may be available, and many preparations are available as uncited generic preparations. Numbers refer to different preparation; 
V indicates the preparation is a veterinary-approved preparation.

Table 30-4  Dose
Drug Indication Dose Route Interval (hr)

Beclomethasone dipro-
prionate (1)

Antiinflammatory 200 mg/cat MDI As needed

Betamethasone (3) Pannus, episcleritis 1-2 mg/dog Topical 
 (subconjunctivally)

Decreasing dose (4)

0.15 mg/kg (D) IM Once
0.1-0.2 mg/kg PO 12-24

Budesonide (1, 3) Inflammatory bowel disease 1 mg/small dog or cat PO 24
2 mg/large dog PO 24

Cortisone acetate (5) Hypoadrenocorticism 1 mg/kg IM, PO 24
Dexamethasone (3,6) Adrenocortical collapse 0.1-0.5 mg/kg IV, SC

Asthma Initial dose: 1 mg/kg IV Once
Maintenance dose: 0.25-1 mg/cat PO 8-24

Cerebral edema, spinal cord Initial dose: 2-3 mg/kg IV Once
Maintenance dose: 0.1 mg/kg IV 8-12

Hydrocephalus 0.25 mg/kg IM, IV, PO 6-8
Immune thrombocytopenia Initial dose: 0.25-0.3 mg/kg (D) IV, SC Once

Maintenance dose: 0.25-1.25 mg/kg PO 12-24
0.10-0.15 mg/kg PO, SC 12 × 5-7 days, then 

taper dose
Shock, anaphylaxis 4-6 mg/kg IV (slowly) Once
Trauma, fibrocartilaginous 

disk, other CNS trauma
Loading dose: 1-2.2mg/kg IV, SC Once

Maintenance dose: 0.1 mg/kg IV, PO, SC 8-12
Dexamethasone  

NaPO4 (7)
Shock 4-6 mg/kg IV Once

Flumethasone Antiinflammatory 0.06-0.25 mg/kg PO, SC, IM, IV 24
Fluticasone  

propionate (1)
Asthma 222 μg (1 puff) MDI 12-24 or to effect

Hydrocortisone (8) Replacement therapy 0.5-1 mg/kg PO 24
Antiinflammatory 2.5-5 mg/kg PO 12

Hydrocortisone acetate Hypoadrenocorticism 0.1-0.2 mg/kg IM 8-12
Immune-mediated hemolytic 

anemia
2-4 mg/kg IM 12-24

Hydrocortisone  
sodium succinate

Antiinflammatory 5-8 mg/kg IV 12-24

Shock 50-150 mg/kg IV 8 × 2 treatments
Hypoadrenocortical crisis 5-20 mg/kg (D) IV 2-6
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Table 30-4  Dose—cont’d

Drug Indication Dose Route Interval (hr)

Methylprednisolone (9) Antiinflammatory 0.5-2.0 mg/kg PO 6-12
Methylprednisolone 

acetate (3)
Antiinflammatory 1 mg/kg IM, SC 14 days

1-5.5 mg/kg (C) IM, SC 7 days-6 months
Eosinophilic, linear  

  granulomas
10-40 mg/cat IM, SC,  

intralesional
2 weeks × 2-6  

treatments
Pannus, episcleritis 4-12 mg/dog Subconjunctival Once, then follow with 

topical therapy
Methylprednisolone 

sodium succinate (10)
Spinal trauma Loading dose: 30 mg/kg (D) IV Once

Followed by: 5.4 mg/kg IV CRI 24-48 (see Appendix H)
Or followed by: 15 mg/kg IV, SC Once in 2, then every 6 

× 2 days. Taper dose 
over 5-7 days

Shock 30-35 mg/kg (D) IV Once
Prednisolone/Predni-

sone (9,11)
Physiologic dose 0.25 mg/kg PO 24

Adrenal gland removal 
(replacement therapy)

102 mg/kg IV At induction

Allergic bronchitis and  
rhinitis, asthma

0.5-2 mg/kg (D) IM, PO 12

Allergy 0.5-1 mg/kg (C) IM, PO 12
Angioedema, urticaria 2 mg/kg (D) IM, PO 12
Antiinflammatory 0.5-1 mg/kg (D) IM, IV, PO 12-24, then taper to 

every 2 days
2.2 mg/kg (C) IM, IV, PO 12-24, then taper to 

every 2 days
Blepharitis, episcleritis, uveitis 0.5-2 mg/kg PO 12
Brain tumors 0.5-1 mg/kg PO 24-48
Canine atopy, contact allergy, 

flea allergy, acanthosis 
nigricans

0.5 mg/kg (D) PO 12 × 5-10 days, then 
taper

Cerebral edema from brain 
tumors

0.5-1 mg/kg (D) PO 24-48

Chronic bronchitis 0.1-0.5 mg/kg (D) PO 12
Chronic therapy 2-4 mg/kg PO 48
Eosinophilic ulcers, plasma  

cell gingivitis
1-2.2 mg/kg (D) PO 24 × 7 days, then taper 

to every 48
1-2 mg/kg (C) PO 24
0.5-1.5 mg/kg PO 12-24, then taper over  

3 months
Eosinophillic gastritis, enteritis 

colitis
1-3 mg/kg (D) PO 24, then taper to every 

48
Feline infectious peritonitis 4 mg/kg PO 24 (with cyclophospha-

mide)
Food allergy, parasite hyper-

sensitivity
0.5 mg/kg (D) PO 12 to 24

Heartworm disease, including 
hemoptysis, coughing, or 
pneumonitis

0.5-1 mg/kg PO 12, taper over 14 days; 
prednisolone may 
increase  heartworm 
resistance to 
 treatment

Continued



1134 Drugs Targeting Inflammation or Immunomodulation SECTION 5

Table 30-4  Dose—cont’d
Drug Indication Dose Route Interval (hr)

Hydrocephalus, acquired 
tremors

0.5 mg/kg (D) PO 48

Prednisolone/ 
Prednisone (9, 11)

Hypercalcemia 1-2.5 mg/kg (D) PO 12

Hyperinsulinism 0.25 mg/kg PO 12
Hypoadrenocorticism 0.2-0.4 mg/kg (D) PO 24-48
Hypoadrenocorticism 1 mg/kg (C) IM, PO 12
Hypoglycemia 0.25-3 mg/kg PO 12
Idiopathic or immune-mediated 

meningitis, reticulosis, granu-
lomatous meningoencephalitis

1-2 mg/kg (D) PO 12-24

Immune-mediated hemolytic 
anemia

0.5-2 mg/kg (D) PO 12

Immune polymyositis, mastica-
tory myositis

2 mg/kg IM, PO 24

Immune skin diseases 1.1-2.2 mg/kg PO 12
Immune thrombocytopenia 0.5-1.5 mg/kg (D) PO 12
Immune-mediated orchitis 1-2 mg/kg (D) PO 24
Immunosuppression 2 mg/kg (D) IM, PO 12

3 mg/kg (C) IM, PO 12
2-5 mg/kg IM, PO, SC 12 to 24
Initial dose: 2.2-6.6 mg/kg (C) IM, IV, PO 24
Then taper to 2-4 mg/kg (C) IM, IV, PO 48

Intervertebral disk disease, 
spondylopathy, cauda equina 
syndrome

Initial dose: 0.5 mg/kg (D) PO 12 × 3 days

Followed by 0.5 mg/kg (D) PO 24 × 3-5 days
Juvenile cellulitis 2.2 mg/kg (D) PO 24
Lymphocytic cholangitis, 

chronic active hepatitis, 
 copper hepatopathy

0.25-2 mg/kg (D) PO 12

Lymphomas Initial dose: 40 mg/m2 (D) PO 24 × 1 week
Followed by 20 mg/m2 (D) PO 48

Lymphosarcoma, myelopro-
liferative disorders, eosin-
ophillic leukemia

1 mg/kg PO 24, then every 48 as  
part of a protocol

30-40 mg/m2 PO 24, then every 48
Mast cell tumors, mastocytosis 30-40 mg/m2 (D) PO 24 × 4 weeks, then  

every other 48
40 mg/m2 (C) PO 24 × 4 weeks, then  

every other 48
Multiple myeloma, macro-

globulinemia
0.5 mg/kg (D) PO 24 as part of a protocol

Myasthenia gravis 0.5 mg/kg (D) PO 12 initially; slowly 
increase to every 24 
until remission, then 
every 48

2 mg/kg (D) PO 12-24
Panosteitis, hypertrophic 

osteopathy
0.5 mg/kg (D) PO 12-24

Plasmacytic–lymphocytic 
enteritis

1-2 mg/kg PO 12, then taper dose 
weekly

Pulmonary eosinophilic infil-
trates

0.5-1 mg/kg PO 24
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Table 30-4  Dose

Drug Indication Dose Route Interval (hr)

Prednisone/ 
Prednisone (9, 11)

Replacement therapy (hypoad-
renocorticism) acute

Initial dose: 4-20 mg/kg IV (over 2-4 min) Once

Replacement therapy (hypoad-
renocorticism) acute

Followed by 0.2-0.4 mg/kg PO 24

Shock 15-30 mg/kg (D) IV Repeat in 1, 3, 6, or 10
Sterile pyogranulomas 2-4 mg/kg (D) PO 24
Systemic lupus erythematosus 1.5-2 mg/kg PO 12-24, then taper to <1 

mg/kg every 48
Urethritis, persistent hematuria 2.5-5 mg/cat PO 24-48

Prednisolone acetate Hypoadrenocorticism 0.1-0.2 mg/kg IM 12
Prednisolone sodium 

phosphate (12)
Shock 11 mg/kg IV Repeat in 4-6

Prednisolone sodium 
succinate (13)

Chronic allergic diseases 
(asthma, atopy, IBD)

2-4 mg/kg (D) IV, IM Repeat in 4-6

1-3 mg/kg (C) IV, IM Repeat in 4-6
CNS trauma Initial dose: 15-30 mg/kg IV Once

Maintenance dose: 1-2 mg/kg IV 12
Hypoglycemia 1-2 mg/kg IV Repeat in 4-6
Shock 11-30 mg/kg (D) IV Repeat in 4-6

Triamcinolone (3) Antiinflammatory 0.25-2 mg (D) PO 24
0.25-0.5 mg/cat PO 24 × 7 days
0.11-0.22 mg/kg IM, PO, SC 24-48

Esophogeal dilation to prevent 
restricture

1-2 mg In the esophageal 
submucosa

Infiltrate at 4 
 circumferential 
points

Feline plasmacytic pharyngitis, 
pododermatitis

2-4 mg/cat PO 24-48

Feline polymyopathy 0.5-1 mg/kg PO 24
Triamcinolone 

 acetonide (3)
Glucocorticoid effects 0.1-0.2 mg/kg IM, SC 24

Anticancer 1.2-1.8 mg or 1 mg for every 
 diameter of tumor

Intralesional Every 2 weeks

Triamcinolone ophthal-
mic solution

Pannus, eosinophilic kerati-
tism, episcleritis

4-8 mg ophthalmic solution (D) Subconjunctivally Once; follow with 
 topical therapy

4 mg ophthalmic solution (C) Subconjunctivally Once; follow with 
 topical therapy

MDI, Metered dose inhalant; D, dog; IM, intramuscular; PO, by mouth; IV, intravenous; CNS, central nervous system; SC, subcutaneous; C, cat; CRI, constant-rate infusion; 
IBD, inflammatory bowel disease.
  1  Potency facilitates topical efficacy.
  2  Decreasing dose: every 5 × 5 days, every 6 × 4 days, every 8 × 3 days, every 12 × 2 days, then every 24 × 1 day.
  3  Long-acting and thus not indicated for alternate-day use.
  4  Increased risk of gastrointestinal toxicity may occur with oral use.
  5  Rapid onset, short-acting, low potency; activity requires conversion to hydrocortisone.
  6  Propylene glycol vehicle of intravenous solution may cause cardiac arrhythmias and sudden death with rapid administration.
  7  Rapid onset reflects enhanced cell penetration.
  8  Low potency not recommended for alternate-day use.
  9  Acceptable for alternate-day use.
 10  Choice for CNS damage.
 11  Glucocorticoids generally are dosed to remission, then tapered to a minimum effective dose for maintenance. Doses should be tapered as drugs are discontinued. Prednisolone 

is generally preferred to prednisone in cats.
 12  Efficacy in shock requires early and aggressive intervention.
 13  50 mg/mL solution for IM injection is irritating.
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hydrocortisone is not frequently used for systemic therapy. 
Hydrocortisone is available in creams and ointments for topi-
cal use.

Prednisolone and Prednisone
Prednisone is rapidly metabolized by the liver to prednisolone 
(C-11 ketol reduction). Liver disease probably has minimal 
effect on activation. Prednisone elimination in dogs is bipha-
sic, with apparent half-lives of 15 and 82 minutes for each 
phase after intravenous administration.62 However, predniso-
lone has an intermediate duration of action (12 to 36 hours) 
and is therefore considered appropriate for alternate-day 
administration.

Prednisone and prednisolone generally are considered 
equivalent in terms of therapeutic dosing in both dogs and 
cats. However, the two are not necessarily equivalent, as has 
been demonstrated in dogs and cats. Colburn and coworkers63 
demonstrated in Beagles (n = 16) that relative bioavailability is 
greater for prednisolone. After 5 mg orally of either drug, the 
Cmax was twice as high and the area under the curve 40% higher 
for prednisolone compared with prednisone. All dogs received 
either 5 mg prednisolone or prednisone orally using a ran-
domized crossover design. Both steroids were measured with 
each study. The pertinent pharmacokinetic parameters differed 
between the two drugs and were as follows: AUC (area under 
the curve; ng*mL/hr), Cmax, (ng/mL), Tmax (hour), and elimi-
nation half-life (hour). After administration of 5 mg predniso-
lone, the data for prednisolone was 986, 273, 0.9, and 1.8; and 
for prednisone, 855, 205, 1.3, and 1.6. After oral administration 
of 5 mg prednisone, the numbers were for prednisolone: 638, 
111, 2, and 2.2; and for prednisone: 694, 132, 1.2, and 2.3. These 
data suggest rapid interconversion between both steroids, 
regardless of which is administered, in the dog but also about 
a 65% relative bioavailability for prednisolone (or prednisone) 
when prednisone is administered compared to prednisolone. 
Prednisolone also has been studied after IV administration but 
only in a single Beagle.63a The dog was dosed at 1.8 and 3.6 
mg/kg. Clearance was 34 ml*kg/min and volume of distribu-
tion was 0.7 L/kg. Elimination half-live was 0.3 hour. The oral 
bioavailability of prednisolone solution or tablet approximated 
50% but this was increased to essentially 100% when admin-
istered as a slurry. This study, although in one dog, supports a 
dose-dependent disposition of prednisolone.

That the two are not equivalent in cats was demonstrated 
by Graham-Mize and Rosser.59 Disposition of prednisolone in 
cats after oral administration was as follows: area under the 
curve 3230.55 ng/mL/hr and Cmax 1400.81 ng/mL, with a half-
life for excretion of 1 hour. This compares to an area under 
the curve of 672.63 ng/mL/hr and Cmax of 122.18 ng/mL after 
oral administration of prednisone. The half-life of prednisone 
was longer at 2.46 hours. According to these data, the dose 
of prednisone must be at threefold to fivefold higher than 
that of prednisolone to achieve equivalent activity. Boothe 
has studied the efficacy of drug delivery of prednisone and 
prednisolone after multiple (3 weeks) transdermal adminis-
tration. Cats were studied using a random crossover design. 
Cats received prednisone and prednisolone (2 mg/kg) either 

orally or transdermally twice daily. At the end of each 3-week 
dosing period, and a 1-week washout, cats were rotated to 
the next randomly assigned treatment. Two-hour peak and 
12-hour trough serum samples were assayed for the pres-
ence of prednisone and prednisolone. After 3 weeks of dosing  
(n = 6), neither prednisone nor prednisolone concentrations 
were detectable after oral or gel administration of prednisone. 
Prednisolone was not detectable after gel administration of 
prednisolone, but prednisolone reached therapeutic concen-
trations after oral administration of prednisolone. The use of 
prednisolone rather than prednisone might be more prudent 
for both  species. Liver disease does not appear to impact con-
version of prednisone to prednisolone as was demonstrated 
in human patients with chronic active liver disease (n = 10) 
compared to healthy volunteers (n = 7).63b

Methylprednisolone
Methylprednisolone possesses lipid antioxidant activity that 
has been shown to be beneficial in the treatment of experi-
mental spinal cord trauma in cats and experimentally induced 
Escherichia coli bacteremia.65,66 In contrast, methylpredniso-
lone did not appear clinically beneficial in a canine model of 
spinal trauma, although the model may have caused insuffi-
cient damage for effective evaluation.67 Although some other 
GLCs (dexamethasone, prednisolone) are efficacious as lipid 
antioxidants, methylprednisolone is the most potent. Methyl-
prednisolone has an intermediate duration of action (12 to 36 
hours) and is also a good candidate for alternate-day adminis-
tration. The disposition of methylprednisolone succinate was 
described in normal dogs and then again after induction of 
hemorrhagic shock (n = 5).68 The drug is characterized by a 
clearance of 1.6 ± 0.5 L*kg/hr and half-life 15.3 ± 3.8 minutes. 
During states of hemorrhagic shock, the clearance is reduced 
to 0.5 ± 0.2 L*kg/hr and half-life was prolonged to 41 ± 23 
minutes.

Dexamethasone
Dexamethasone is a highly potent GLC, but it has virtually no 
mineralocorticoid activity. It possesses some lipid antioxidant 
activity. The disposition of dexamethasone in dogs exhibits 
dose dependency. Greco and coworkers69 studied the disposi-
tion of dexamethasone after a low (0.01 mg/kg) and high (0.1 
mg/kg) dose using a randomized crossover disease. The rel-
evant pharmacokinetic parameters at each dose were A and 
B, (the Y intercept extrapolated from the initial and terminal 
components of the plasma drug concentration versus time 
curve, respectively; ng/mL), elimination half-life (hour), mean 
residence time (hour), and volume of distribution (L/kg). At 
0.01 mg/kg, the data were: 22 ± 13.5, 5.3 ± 4.11, 192, 174 ± 
42, and 1.9 ± 1.2. At 0.1 mg/kg, the data were 118 ± 74, 9.0 
± 5.7, 412, 324, and 6.41 ± 2. In addition to dose-dependent 
differences in clearance, the authors suggested that satura-
tion of plasma protein-binding sites at the higher dose might 
explain the marked increase in volume of distribution. Elim-
ination half-life is longer at a higher (0.1 mg/kg) compared 
with lower (0.01 mg/kg) dose, despite an increase in clearance; 
the differences presumably reflects the increase in the volume 
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of distribution of dexamethasone at the higher dose.69 The 
disposition of dexamethasone did not differ in the presence 
of simultaneous administration of ACTH (0.5 U/kg intrave-
nously), although the power of the study was not addressed. 
The prolonged duration of action (biological half-life approxi-
mately 48 hours) of dexamethasone makes it inappropriate for 
alternate-day administration.

Betamethasone
Betamethasone is a very potent GLC that varies from dexa-
methasone only in the orientation of a side chain. Thus, like 
dexamethasone, it has virtually no mineralocorticoid activity. 
It has a long duration of action (biological half-life approxi-
mately 48 hours) and is therefore not appropriate for alternate-
day administration.

“Soft” Glucocorticoids
Among the mechanisms whereby undesirable side effects of 
GLCs can be minimized is topical administration of drugs that 
are potent for GRs but also rapidly metabolized should the 
drug be absorbed into systemic circulation via the oral route. 
These efforts generally reflect manipulation of chemical groups 
on the D ring of the GLC. Examples include beclomethasone, 
budesonide, and fluticasone propionate, steroids designed spe-
cifically for use in inhalant metered doses. Their potency when 
inhaled varies in clinical trials, with fluticasone propionate 
being most potent and budesonide and beclomethasone dipro-
pionate approximately equipotent. Time of onset in humans to 
budesonide is approximately 10 hours based on evidence of clin-
ical improvement at that time. Improvement can be expected 
over the next 1 to 2 days, with maximum effects potentially not 
being evident until 2 weeks after therapy has begun.

Budesonide is rapidly metabolized in the liver by CYP3A4, 
with affinity of metabolites of the GCR being less than 1% of 
the parent. Essentially 100% of topically (inhalant) admin-
istered drug in humans appears as metabolites in the urine, 
indicating that systemic absorption of the drug does occur.70 
Indeed, inhaled drug is generally considered to be absorbed, 
and as much as 25% of the inhaled dose in humans circum-
vents hepatic metabolism before entering systemic circula-
tion. Because the potency that characterizes enhanced topical 
activity can similarly lead to peripheral effects, further devel-
opment has focused on minimizing peripheral effects of topi-
cally administered GLCs that avoided hepatic metabolism.18 
Budesonide represented one of the first successful products 
of those efforts, with local receptor binding of the drug being 
greater than peripheral binding. Intracellular fatty acid esteri-
fication inactivates the drug. As such, esterification serves as a 
storage site, with esterified drug being rereleased as the con-
centration of free drug declines with clearance. The ability to 
esterify varies among tissues, with pulmonary tissue apparently 

having a much higher capacity compared with other tissues, 
leading to greater storage in airways than in peripheral tissues.

Topical GLCs combine enhanced efficacy with some reduc-
tion in systemic exposure. Because lipophilicity increases 
transcutaneous movement, GLC esters are the most effective 
choices in human medicine for treatment of atopic dermatitis 
and other inflammatory skin diseases. The 17-esters, in partic-
ular, are characterized by high activity, presumably because of 
tighter GR binding (i.e., increased potency). However, greater 
potency may lead to irreversible skin atrophy. This contrasts 
with 21-esters, whose lower potency may decrease the risk. 
Combination 17, 21-double esters such as prednicarbate, a 
prednisolone double ester, offers the advantages and mini-
mizes the disadvantages of both ester types and therefore is 
characterized by an improved benefit–risk ratio.71

The side effects of GLCs might be reduced but prob-
ably will not be eliminated by topical therapy. Drugs that 
impaired CYP3A4 may increase the plasma drug concentra-
tion of budesonide over sevenfold. Even by itself, budesonide 
appears to suppress the hypothalamic–adrenal–pituitary axis 
in dogs based on a clinical trial in dogs (n = 6) with inflam-
matory bowel disease. Endogenous ACTH and baseline and 
post-ACTH–stimulated cortisol were decreased after treat-
ment with budesonide (30 days at 3 mg/m2) compared with 
baseline.72 Although no differences were described in serum 
alkaline phosphatase activity, urine specific gravity or the inci-
dence of side effects typical of GLCs (polyphagia, polyuria), 
the power to detect these indicators of hyperadrenocorticism 
was not described. Anecdotally, dogs receiving budesonide 
for prolonged periods to treat inflammatory bowel dis-
ease do develop clinical signs associated with iatrogenic 
hyperadrenocorticism.

Tirilazad Mesylate
Tirilazad mesylate is a novel, non-GLC, 21-aminosteroid (laza-
roid) that possesses potent antioxidant activity (i.e., it protects 
against oxygen-derived free radicals). Unlike the GLCs, this 
agent does not inhibit phospholipase A2, but it does inhibit lipid 
peroxidation-induced arachidonic acid release.73 The mecha-
nism appears to reflect, in part, insertion into the cell mem-
brane. These products are discussed in depth in Chapter 29.

Fludrocortisone
Fludrocortisone is a synthetic steroid hormone with miner-
alocorticoid activity. In humans, although it has tenfold activ-
ity at the GR compared with cortisone, it has no appreciable 
GLC effect at standard human doses. Its mineralocorticoid 
activity is 125-fold greater than cortisol and is used for miner-
alocorticoid replacement therapy.9 Fludrocortisone acetate is 
administered orally at 24- to 48-hour intervals for treatment 
of hypoadrenocorticism.

Desoxycorticosterone Pivalate
Desoxycorticosterone pivalate (DOCP) is an ester salt of a 
synthetic steroid hormone with mineralocorticoid (no GLC) 
activity. This form of desoxycorticosterone has a 20- to 30-day 
duration of action after intramuscular injection. Addisonian 

KEY POINT 30-11 The use of topical “soft” glucocorticoids 
for treatment of asthma or inflammatory bowel disease may 
reduce side effects in humans but not necessarily in dogs 
or cats.
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patients who have failed to completely respond to fludrocorti-
sone may respond to therapy with DOCP.

THERAPEUTICS

Unless GLCs are being administered for replacement ther-
apy in a deficiency state (i.e., hypoadrenocorticism), GLC 
therapy is not directed at the inciting agent. GLC therapy is 
intended to reduce the physiologic processes that are acti-
vated in response to the disease. Despite the adverse events 
associated with their use, GLCs continue to be heavily used 
in veterinary medicine, potentially at doses that exceed those 
recommended. Indeed, in human medicine the use of GLCs 
clearly exceeds that recommended in textbooks and review 
papers.20 The advantages of low versus high doses have been 
previously discussed and are addressed again in the section 
on adverse reactions. In general, an antiinflammatory dose is 
considered to be 10 times the physiologic dose, and immuno-
suppressive doses are twice the antiinflammatory dose. Shock 
doses of GLCs have been reported at 5 to 10 times the immu-
nosuppressive dose; however, the disadvantages of this high 
dose and the advantages of low-dose therapy in shock patients 
are discussed later. When treating a patient for an immediately 
life-threatening condition such as immune-mediated hemo-
lytic anemia, the clinician should institute aggressive therapy, 
with a minimum effective dose determined after response has 
been achieved. Because high doses of GLCs are often required 
to adequately treat immune-mediated diseases, adverse effects 
are likely to occur and should be anticipated. Tapering of doses 
not only helps prevent side effects associated with long-term 
therapy but may also prevent the antibody rebound that has 
been associated with abrupt withdrawal of GLCs in human 
patients treated for prevention of graft-versus-host transplant 
rejection. Dose reduction in patients with autoimmune dis-
eases should be conducted gradually. The reduced dose should 
be continued for at least 2 weeks before the next attempted 
dose reduction, and the actual dose should be decreased by 
no more than half. It is essential to assess the patient’s status 
frequently for recurrence of clinical signs. Concurrent admin-
istration of additional immunosuppressive (azathioprine, 
cyclophosphamide) or antiinflammatory drugs other than 
NSAIDs (antihistamines, omega fatty acids) may allow the 
GLC dose to be decreased (dose-sparing effect; see Chapters 
29 and 31).74 High-dose pulse therapy has been reported in 
human patients with acute relapse of chronic graft-versus-host 
disease. In an open-design study, patients receiving no immu-
nosuppressive therapy or patients that failed (a median of 
two failures) current therapy (mean prednisolone dose of 0.2 
mg/kg per day, range of 0 to 2.5 mg/kg per day) were treated 
with methylprednisolone at 10 mg/kg intravenously or orally 
for 4 days. The rationale behind the high dose is based on the 
lympholytic properties of this dose, thus causing destruc-
tion of lymphocytes that otherwise would cause irreversible 
organ damage. The high dose is assumed to target the (non-
genomic) metabolic processes necessary for sustained activity 
of lymphocytes, as opposed to the low (genomic) doses that 
target lymphocyte replication. Additionally, the high dose is 

considered to overcome GR saturation associated with GLC 
therapy, causing significant GLC downregulation. Induction 
of T lymphocyte apoptosis may also occur. Standard infec-
tion prophylactic therapy also was begun on day 1, consist-
ing of fluconazole, levofloxacin, and valacyclovir (days 1 to 
7) and a sulfadiazine–trimethoprim combination (continued 
until evidence of immunosuppression resolved). On day 5 a 
new immunosuppressive therapy (which varied with the hos-
pital) was started using standard doses of standard immuno-
suppressive drugs. With use of this protocol, 75% of patients 
responded (48% classified as major response, indicating 
resolution of unequivocal improvement). During a 2-year 
follow-up, patients tolerated the therapy well, with no major 
life-threatening effects occurring in the first three months after 
treatment. However, three patients developed infections after 
completion of the therapy, suggesting profound immunosup-
pression. Yet the median time to progression of disease was 
2 years after treatment, leading the authors to conclude that 
high-dose pulse steroid therapy is an effective and well-toler-
ated treatment for progressive graft-versus-host disease.24 The 
author (Boothe) has used this approach in a single case of lym-
phosarcoma in a dog whose sole treatment was GLC therapy. 
After the first relapse at 5 weeks, a high dose of dexamethasone 
(1 mg/kg intravenously) was followed by a second remission, 
with relapse occurring 3 weeks later. Should this approach be 
considered as a “rescue” scenario, antimicrobial (and possibly 
antifungal) treatment might be anticipated along with prophy-
lactic antiulcer therapy.

Long-term use should strive to identify the smallest dose of 
GLC that will achieve the desired effect, particularly for rela-
tively benign, chronic inflammatory conditions such as atopy 
or flea allergy dermatitis. Optimum doses (initial and main-
tenance) for the variety of syndromes responsive to GLCs are 
largely based on trial and error, with intermittent reevaluation. 
Eventually, anti-inflammatory GLCs with minimal metabolic 
effects will be associated with a lower risk. An every-other-day 
dosage regimen with a short- or intermediate-acting agent can 
achieve therapeutic effects without untoward effects in many 
patients. Agents that are ideal for alternate-day administra-
tion include prednisone, prednisolone, and methylpredniso-
lone. The duration of action of hydrocortisone and cortisone 
may be too short for effective alternate-day therapy. Although 
triamcinolone’s duration of action is similar to those of pred-
nisolone and methylprednisolone, its ability to suppress the 
hypothalamic–pituitary–adrenal axis is more typical of the 
long-acting agents such as dexamethasone and betametha-
sone. Side effects can occur if withdrawal of a GLC occurs 
too rapidly. In human patients receiving GLCs, the most fre-
quent problem encountered with rapid withdrawals is recru-
descence of the underlying condition for which the GLC was 
indicated.9 The most severe but rare complication, however, 
is acute adrenal insufficiency. Because of variability in GLC 
impact on the hypothalamic–pituitary–adrenal axis and vari-
ability within and between animals, predicting which animal 
is likely to develop insufficiency is difficult. In general, iatro-
genic Addison’s disease is not common, but even this risk can 
be minimized by gradual withdrawal of the GLC. In human 
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patients those who receive supraphysiologic doses for 2 weeks 
within the preceding year are considered to have some level of 
hypothalamic–pituitary–adrenal suppression.9

THERAPEUTIC INDICATIONS*

Dermatologic
GLCs are the cornerstone of therapy of many of the autoim-
mune diseases affecting the skin, including the pemphigus 
complex, systemic lupus erythematosus, and discoid lupus 
erythematosus. Optimal therapy for each of these diseases var-
ies, insofar as some may respond to GLCs alone and some may 
require a combination of GLCs and alternate immunosuppres-
sive drugs such as azathioprine or cyclophosphamide.

The long-term management of canine atopy (allergic inhal-
ant dermatitis) frequently requires the use of GLCs. If at all 
possible, hyposensitization and avoidance therapy should be 
attempted before medical management. Although GLCs are 
the most effective antiinflammatory–antipruritic medication 
currently available for the atopic patient, alternate forms of 
therapy, as previously noted (e.g., antihistamines, misopro-
stol, omega fatty acids, and combinations thereof), should 
be attempted before sentencing a patient to chronic GLC 
therapy. Initial treatment with prednisolone at an antiinflam-
matory induction dose of 0.5 to 1 mg/kg per day is recom-
mended. After resolution of clinical signs, the therapy should 
be switched to an alternate-day regimen. An effective alter-
nate-day dose can be achieved by taking the lowest effective 
daily dose and increasing it by 50%.75 Some dogs may require 
 medication every 3 to 4 days. The use of injectable repositol 
forms of GLCs is not recommended for treatment of canine 
atopy.

Atopy is also believed to exist in the cat. There is little infor-
mation regarding the efficacy of antihistamines and fatty acid 
supplements as antipruritics in the cat. GLCs are the ther-
apy of choice for treatment of atopic pruritis in the cat.76 As 
with dogs, short-acting to intermediate-acting compounds 
(prednisolone 1 to 2 mg/kg per day) are recommended, and  
alternate-day therapy should be the goal.

Otic
Otitis externa, often occurring as a component of atopy, is fre-
quently responsive to topical GLC therapy (see Chapters 8 and 
9 for discussion of antimicrobial drugs). Products usually con-
tain an antibiotic and antifungal in addition to the GLC, and 
these agents can help resolve secondary infections. It is impor-
tant to note that topically administered GLCs can be absorbed 
systemically.51 Efforts to remove or resolve the inciting factors 
should be made in cases of chronic otitis externa. More severe 

*Among the difficulties in identifying a scientific basis for the recom-
mended use of glucocorticoids in dogs or cats is the limited number 
of clinical trials. Further, many of the clinical trials base response on 
prednisone, rather than prednisolone. Caution is recommended in 
overinterpreting studies that fail to detect a response to prednisone 
(rather than prednisolone) because of evidence of poorer absorption 
of the former compared to the latter in both dogs and cats.59, 63

otitis externa, such as idiopathic hyperplastic otitis externa of 
Cocker Spaniels, may require systemic GLC treatment (pred-
nisolone at 0.5 to 1 mg/kg per day).77 Follow-up examinations, 
usually at 2-week intervals, should include otoscopic and 
cytologic examinations to identify potential complications 
(otitis media, secondary yeast or bacterial infection, parasites, 
and so forth). It should be stressed that GLC therapy is not a 
substitute for thorough cleaning and drying of the ear.

Respiratory
GLCs have a pivotal role in the treatment of selected respira-
tory conditions (see Chapter 20). Their efficacy as bronchodi-
lators (through their permissive effects on β2-receptors) and as 
antiinflammatory agents has been well documented in patients 
with asthma. Among clinically used antiinflammatory drugs, 
GLCs alone inhibit prostaglandins, leukotrienes, and platelet-
activating factor. Their effects on macrophage processing are 
well documented. These mediators have important roles in 
the pathophysiology of chronic bronchial disease. In human 
patients inhaled GLCs (beclomethasone, triamcinolone) tend 
to be first-line drugs. In cats suffering from bronchial asthma, 
GLCs are administered acutely and are the cornerstone of 
long-term therapy. Preference for the particular drug varies 
among clinicians. In patients suffering from status asthmati-
cus, water-soluble preparations of prednisolone tend to be 
used for their rapid effects, whereas dexamethasone may be 
preferred because it is more potent and provides a more pro-
longed effect. A combination of both products might be con-
sidered for immediate effects, followed by the more prolonged 
effects. Long-term therapy generally consists of oral forms of 
prednisolone, although some clinicians may prefer triamcino-
lone because of its enhanced potency. Alternate-day therapy 
may, however, be of no benefit for this intermediate- to long-
acting GLC. As with other conditions requiring prolonged 
therapy, a higher dose is administered initially, with tapering 
of the dose to a minimal acceptable level. Lifelong therapy 
may be necessary for some cats. The use of repositol steroid 
preparations is controversial. Although they are convenient, 
the lack of predictability regarding retreatment may preclude 
their effective use. In cases of relapse, intravenous administra-
tion of dexamethasone or nebulized steroid therapy may be 
of benefit. Greater discretion is indicated for long-term use of 
GLCs in chronic respiratory diseases in dogs. Noninfectious 
diseases associated with eosinophilic or macrophage infiltrates 
are indications for GLC therapy, usually in conjunction with 
bronchodilator therapy. Short-acting GLCs can be used on a 
short-term basis (<48 hours) to break a cough cycle in patients 
with upper respiratory syndromes associated with inflamma-
tion (i.e., tracheobronchitis).

The design of topically administered inhalant GLCs and 
their use is also discussed with regard to “soft steroids” and 
adverse events, as well as in Chapter 20.

Musculoskeletal
Understanding the implications of GLC use for the treatment 
of osteoarthritis requires appreciation of the pathophysiol-
ogy of osteoarthritis and the effects of GLCs on normal joint 
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physiology. GLCs have variable and opposite effects on joint 
physiology, depending on the dose used.78 Low concentrations 
appear to be chondroprotective, whereas higher concentra-
tions are chondrodestructive.

The term steroid arthropathy was coined to refer to the 
destructive condition that occurs in joints after multiple 
intraarticular injections of GLCs in human patients.78 In 
animal models (including dogs), the detrimental effects of 
GLCs can occur after administration of a single intraarticu-
lar injection or multiple systemic doses. In addition to the 
destruction induced by GLCs on cartilage, indirect damage 
may occur because of failure to rest an injured joint. Finally, 
GLCs negatively affect subchondral bone by inhibiting osteo-
blastic activity.

Despite the obvious role GLCs have in preventing cartilage 
catabolism and controlling inflammation, their use for the 
treatment of osteoarthritis is controversial. Although short-
term use is generally accepted for acute conditions or trauma, 
long-term use is less acceptable. Much of the controversy 
might be resolved if a physiologic dose could be defined. In a 
canine model of osteoarthritis, an oral dose of 0.2 to 0.25 mg/
kg per day of prednisone or an intraarticular dose of 5 mg per 
month of triamcinolone hexacetonide significantly reduced 
the incidence and severity of cartilage lesions and osteophyte 
formation79 The advantages of intraarticular administration 
include minimization (but not total elimination) of systemic 
effects. Disadvantages include the potential need for chemical 
restraint and the risk of sepsis.

Newer GLCs characterized by increased antiinflammatory 
potency yet decreased negative effects on cartilage may resolve 
the controversy regarding the use of GLCs in the treatment of 
osteoarthritis. Until these drugs are available or a physiologic 
dose has been established, the authors recommend reservation 
of GLCs in the treatment of osteoarthritis to animals that have 
failed to respond to chondroprotective agents or nonsteroidal 
antiinflammatory agents that are chondroprotective. Concur-
rent use of GLCs and nonsteroidal antiinflammatory agents 
enhances the risk for gastrointestinal ulceration and is not 
recommended. Finally, if GLCs are used, low doses (as noted 
previously) should be administered, and the simultaneous 
use of disease-modifying chondroprotective agents should be 
considered.

In humans suffering from osteoarthritis, intraarticu-
lar treatment with triamcinolone, methylprednisolone, and 
prednisolone are used to treat symptoms associated with 
osteoarthritis. Contraindications for such use include evi-
dence of infection (e.g., bacteremia, adjacent osteomyelitis, or 
overlying skin) and joint prostheses. In humans corticoste-
roid injections are considered relatively safe, with long-term 
concerns focusing on the risk of long-term joint damage or 
infection.80 The use of GLCs for treatment of osteoarthritis 
reduces the number of GRs in treated patients, leading to a 
decrease in responsiveness. Subsequent activation of metal-
loproteinases may contribute to joint degeneration, although 
long-term (>1 year) therapy was associated with a trend 
toward improvement in humans with osteoarthritis of the 
knee. However, because the long-term effects of GLC therapy 

are not clear, their use is generally limited to patients who 
have not responded to other therapies.

Central Nervous System
GLCs are used for treatment of both brain and spinal cord dis-
ease. Their beneficial effects include protection from free radi-
cals, reduction in intracranial pressure (decreased production 
of cerebrospinal fluid), and maintenance of normal microvas-
culature integrity. GLCs appear to be beneficial in reducing 
or preventing cerebral edema associated with neoplasia; how-
ever, cerebral edema caused by trauma is thought to be less 
responsive to GLC therapy.

There is increasing evidence that lipid peroxidation and 
resultant formation of oxygen-derived free radicals play an 
important role in tissue damage subsequent to brain or spi-
nal cord trauma. Several GLCs, including methylprednisolone 
(most potent), dexamethasone, and prednisolone, are capable 
of inhibiting lipid peroxidation.73 Their ability to inhibit phos-
pholipase A2 may also protect injured nervous tissue. For treat-
ment of acute CNS injury, the water-soluble salts should be 
used. Recommended dosage regimens for these agents in the 
treatment of CNS injury in dogs and cats are methylpredniso-
lone sodium succinate 30 mg/kg intravenously, followed by 15 
mg/kg 2 and 6 hours later, and then 2.5 mg/kg per hour for the 
first 48 hours; prednisolone sodium succinate 60 mg/kg intra-
venously, followed by 30 mg/kg 2 and 6 hours later, and then 
5 mg/kg per hour for the first 48 hours; and dexamethasone 
sodium phosphate 4 mg/kg intravenously every 6 hours for 
the first 48 hours.73 In studies involving cats with spinal cord 
injury, methylprednisolone sodium succinate–treated cats had 
significantly improved neurologic outcome, whereas the neu-
rologic outcome of cats treated with dexamethasone was not 
significantly different than that of cats receiving placebo.81,82

Noninfectious, or so-called steroid-responsive, meningitis 
and granulomatous meningoencephalitis are diseases that fre-
quently respond dramatically to GLC therapy. Prednisolone at 
a dose of 2 to 4 mg/kg per day has been recommended. The 
use of glucocorticoids for treatment of intervertebral disk dis-
ease is addressed in Chapter 28.

Inflammatory Bowel and Liver Disease
Inflammatory bowel disease in cats (especially those with 
lymphocytic–plasmacytic infiltrates) is frequently responsive 
to prednisolone at 2.2 mg/kg per day83 (see Chapter 19). For 
more severe cases, dexamethasone at 0.22 mg/kg per day plus 
metronidazole may be effective. In either case, the initial dose 
should be maintained for 2 weeks beyond the time that the 
cat’s clinical signs begin to resolve. Cats that respond immedi-
ately should receive the initial dose for at least 4 weeks before 
dose reduction is attempted.

Inflammatory bowel disease in dogs may be less responsive 
to GLC therapy than is the case in cats (canine patients with 
eosinophilic infiltrates are an exception). Initial treatment of 
lymphocytic–plasmacytic enteritis and colitis is with 2.2 mg/
kg of prednisolone per day. Frequently, additional therapy is 
necessary (metronidazole, azathioprine). In all cases dietary 
modification should accompany pharmacologic therapy. 
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Alimentary lymphosarcoma should be ruled out before ste-
roid therapy is initiated (especially in cats). The use of GLC 
for treatment of inflammatory bowel disease is also discussed 
in Chapter 19.

Corticosteroid therapy for liver disease remains somewhat 
controversial. Clinical studies in human medicine have shown 
that steroid therapy in chronic active hepatitis improves sur-
vival rates. Nonsuppurative cholangitis–cholangiohepatitis 
may respond to immunosuppressive GLC therapy.

Gingivitis and Stomatitis
The eosinophilic granuloma complex in cats is usually respon-
sive to high-dose GLC therapy such as methylprednisolone 
acetate 20 mg intramuscularly every 2 to 3 weeks for three 
treatments. Lymphocytic–plasmacytic gingivitis and stomati-
tis in cats may respond to GLC therapy (prednisone 2 to 4 mg/
kg orally every 24 hours).

Septic Shock and Functional Adrenocortical 
Deficiency
The antibacterial treatment of septic shock is addressed in 
Chapter 8, and the antiinflammatory component also is 
addressed in Chapter 29. A number of bacterial and viral 
infections activate the HPAA such that GLC release increases. 
The mechanism probably reflects cytokines or other inflam-
matory mediators.4 It is likely that activation reflects both a 
direct effect on the adrenal glands or the hypothalamus or 
pituitary. Other proteins (e.g., Staphylococus, Clostridium, 
Mycoplasma) can also stimulated the response. A number of 
viruses have similar capability. However, although both bac-
terial and viral infections affect the hypothalamic–pituitary–
adrenal axis such that GLC release is increased, other factors 
in the infected patient, such as pain, psychological stress, and 
the debilitating effects of infection, likewise activate the hypo-
thalamic–pituitary–adrenal axis4 and will modulate response 
to infection.

The use of GLCs in septic shock has been controversial, 
although their potential benefits were recognized as early as 
195184,85 (see Chapter 29). Evidence varies with experimental 
versus clinical studies. Earlier experimental models of septic 
shock showed GLCs to be beneficial if administered before or 
concurrently with endotoxin administration (i.e., within the 
first 2 hours). In canine models, severe mesenteric vasocon-
striction within the first 15 minutes can lead to irreversible 
shock. Thus GLCs are unlikely to provide beneficial effects if 
they are administered 30 to 60 minutes after administration 
of the endotoxin.86 One of the differences between results of 
experimental versus clinical (spontaneous) models of septic 
shock may be the choice of outcome measures. Survival rates 
in experimental models are often based on short-term analysis 
(i.e., survival for several hours). In addition, the likelihood of 
knowing the time of onset of endotoxemia or sepsis in a clini-
cal setting is extremely low.

The use of GLCs in human patients suffering from sep-
sis and septic shock was addressed in a large meta-analysis of 
human clinical trials.84 In this study 10 of 49 published reports 
investigating the effects of corticosteroids in human patients 

experiencing septic shock were considered to be superior on the 
basis of scientific design (e.g., controlled study, blinding tech-
niques). Even within these 10 studies, however, differences in 
experimental design, definition of septic shock, drugs, dosing 
regimens, timing of steroid administration, and other design 
considerations limited the number of conclusions that could be 
made. Mortality rates often were the basis of analysis; however, 
mortality was not determined at the same time in all 10 studies. 
Of the 10 studies examined, only one study offered a significant 
positive effect for patients receiving GLCs. Most studies show a 
beneficial effect of steroids during the first few hours after the 
initiation of shock. Patients with sepsis associated with gram-
negative infections demonstrated a slightly better outcome. The 
most common or severe side effects after steroid treatment was 
gastrointestinal bleeding (reported in five studies), generally 
associated with administration for 6 or more days or months. 
Superinfection (secondary infection) was reported in 7 of the 
10 studies. The authors made the following conclusions: (1) The 
broad use of corticosteroids in patients with sepsis or septic 
shock is not beneficial, and the authors went so far as to suggest 
that a new trial would not be indicated. (2) Short-term, high-
dose treatment did not increase the risk of complications. (3) 
Very early initiation (or prophylactic use) of steroid therapy in 
gram-negative infections might reduce the generalized inflam-
matory response to infection.84 The results of this and other 
studies led to a decline in the use of GLCs in septic shock in the 
early 1990s, only to be followed by a re-examination of the ques-
tion in the late ‘90s and early 2000s. Renewed interest reflected 
the recent recognition that sepsis and septic shock are aggra-
vated by transient adrenal failure and negative cardiovascular 
sequelae associated with adrenal insufficiency.2 Mortality rates 
are increased in acutely septic patients in which corticotropin 
stimulation is attenuated.87 In humans bilateral adrenal hemor-
rhage or necrosis is present in as many as 30% of patients dying 
as a result of septic shock, and peripheral ACTH resistance has 
been described in close to 20% of humans with septic shock. 
Predisposition to acute renal failure in septic shock may be 
facilitated by underlying pituitary or adrenal pathology, or co-
treatment of drugs that impair cortisol synthesis (e.g., ketocon-
azole) or increase cortisol metabolism (e.g., phenobarbital).2

In contrast to early studies that focused on high doses 
of GLCs for treatment of septic shock, the realization of the 
potential role of adrenal insufficiency led to a physiologic 
approach to adrenal hormone replacement. A recent meta-
analysis88 concluded that the dose of GLC used in the patient 
experiencing septic shock affected risks associated with 
increased mortality. Whereas clinical trials reported before 
1989 (n = 8) found decreased survival in patients treated with 
GLCs, analysis studies after 1997 (n = 5) consistently found 
beneficial effects on survival if physiologic doses were used, 
even if longer than 6 days. The mean total hydrocortisone 
equivalent reported in the later trials was 1209 mg, or 300 
mg per day (approximately 4 mg/kg/day), compared with a 
mean total dose of 20 times that amount in the earlier stud-
ies. The impact of secondary bacterial infections was consid-
ered a contributing factor to increased mortality rates in trials 
before 1989. Although the incidence of secondary bacterial 
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infections did not differ between the two time periods, the 
time to resolution of the secondary infection was shorter after 
1997, presumably because of less immunosuppression and 
fewer deaths associated with secondary infection. The authors 
concluded that whereas short courses of high-dose GLCs 
decreased sepsis survival, a 5- to 7-day course of physiologic 
hydrocortisone doses, with subsequent tapering of doses, 
increased survival. The impact of physiologic GLCs appears to 
reflect reversal of vasopressor-dependent septic shock, includ-
ing improved response to vasoactive drugs.88 Other investi-
gators have described decreased body temperature and heart 
rate when subjects are treated with low-dose GLCs. Improved 
survival rates in septic human patients treated with low-dose 
GLC therapy have led to the development of criteria intended 
to aid in the recognition of adrenal failure so that low-dose 
GLC therapy might be initiated. Basal cortisol concentration 
below 15 μg/dL are considered indicative of adrenal insuffi-
ciency in humans; for dogs, concentrations are < 2 μg/dL pre 
and post ACTH response (see also Chapter 21).2 Treatment 
for adrenal failure in humans focuses on replacement therapy 
with hydrocortisone (200 to 300 mg/kg per day [for a 70-kg 
patient]) combined with fludrocortisone (50 μg per day) for 
up to 7 days.

Septic shock is not the only acute illness for which func-
tional ACTH deficiency may occur. Deficiency associated 
with acute illnesses in humans has been reviewed.89 Acute 
situations such as severe infection, trauma, burns, and sur-
gery may cause up to a sixfold increase in cortisol secretion, 
with the increase proportional to the illness. Secretion may be 
impaired, however, for a variety of reasons, including preexist-
ing disease affecting the hypothalamic-pituitary-adrenal axis, 
drug-impaired synthesis (e.g., imidazole antifungals, etomi-
date), adrenal necrosis, or hemorrhage as might accompany 
coagulopathies, or iatrogenic suppression such as that which 
may occur with exogenous GLC therapy. Cytokines associated 
with systemic inflammation may cause tissue GLC resistance; 
indeed, human patients with the most severe illness may have 
the highest cortisol concentrations, making “spot checks” of 
cortisol less helpful in the diagnosis of these patients.89 The 
deficiency is generally transient but is difficult to diagnosis. 
In humans, hyponatremia, hyperkalemia, hypoglycemia, and 
eosinophilia may be present. A corticotropin stimulation test 
might be used to detect an incremental response. Deficiency, 
once diagnosed, is treated in humans differentially, depending 
on the severity of illness. No treatment is indicated for mild 
illness. A moderate illness or condition may be treated with 
approximately 0.2 mg/kg per day, with discontinuation (or 
return to predeficiency doses in those patients receiving GLCs) 
within 24 hours of resolution. Severe illness or major surgery is 
treated with approximately 0.7 mg/kg cortisone every 6 hours; 
on resolution, the dose is tapered 50% every day. Septic shock 
is treated similarly with the addition of 0.7 μg/mL of fludrocor-
tisone daily; treatment continues for 7 days.89

The final word on the role of GLCs in critical patients has 
yet to be determined. A meta-analysis of controlled clinical 
trials (n = 5) evaluating the efficacy of GLC therapy in patients 
experiencing septic shock. The analysis found that a short 

course of high-dose hydrocortisone decreased survival rates, 
whereas a longer course (5 to 7 days) of low-dose hydrocorti-
sone increased survival rates.88 However, a recent multicenter 
clinical trial in humans (n = 251) with persistent hypotension 
despite fluid and resuscitation therapy found no significant 
response to corticotropin in patients that received low-dose 
hydrocortisone (approximately 0.72 mg/kg; n = 251) com-
pared with saline placebo (n = 248) every 6 hours. Although 
time to reversal of shock was shorter in the treatment group, 
no difference in mortality rates was detected between groups 
or between responders and nonresponders within each treat-
ment group.90 Factors that may have led to the lack of differ-
ence, as opposed to other studies that have reported treatment 
success, included lack of fludrocortisone treatment, patients 
that were less severely ill compared with those in other stud-
ies, and continued therapy for up to 11 days (as opposed to 7 
or fewer days for other studies). The authors concluded that 
corticotropin response does not seem to be a viable test for 
predicting the need for steroid therapy. Interestingly, periop-
erative glucocorticoid supplementation in the surgical patient 
has been a point of controversy for more than half a century.90a 
The rationale is based on the recognition of surgery- associated 
adrenal insufficiency. The need for use and guidelines for 
administration were reviewed by Salem and coworkers in 
1994.  In 2008, Jung and Inder revisited the issue, recognizing 
that no consensus exist regarding dosing regimens or dura-
tion. However, high doses (>200 mg hydrocortisone equiva-
lent, or approximately 2.75 mg/kg a day) beyond 2 to 3 days 
clearly are to be avoided in the uncomplicated case.90b

Neoplasia
Prednisolone is often included in combination chemotherapy 
protocols for treatment of lymphoma and multiple myeloma 
for their cytotoxic actions. The impact of GLC treatment 
alone in patients with GLC-responsive cancer, before imple-
mentation of combination chemotherapy, is controversial. 
In general, use of GLCs before chemotherapy is generally 
discouraged because of the clinical perception that such use 
is associated with a decreased duration of survival, which 
presumably reflects rapidly developing resistance to GLCs. 
Indeed, Price and coworkers91 demonstrated a significant 
decrease in the median duration of remission in dogs receiv-
ing GLCs before chemotherapy (134 days) compared with that 
of dogs not receiving GLCs (267 days). Proposed mechanisms 
whereby this might occur include the advent of multidrug 
resistance (e.g., by way of P-glycoprotein or related proteins) 
or a decrease in GLCs receptors. The use of GLCs as a sin-
gle agent for treatment of lymphoma theoretically may rap-
idly induce multidrug resistance in neoplastic cells, causing 
the cell to be less responsive to not only GLCs but also other 
anticancer drugs, such as doxorubicin and vincristine. How-
ever, an in vitro study using canine cancer cells demonstrated 
dexamethasone resistance to cisplatin and methotrexate, but 
the resistance did not appear to reflect the multidrug resis-
tant genes studied.92 Because of the controversy surrounding 
 single-agent chemotherapy of lymphoma with prednisolone, 
this approach is generally not recommended except under 
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certain circumstances, such as in the presence of life-threaten-
ing or organ (kidney) hypercalcemia.

The impact of GLCs on drug–receptor interaction may be 
a more likely cause for the development of resistance. Failure 
has been correlated to receptor density, with cells (e.g., T lym-
phocytes) characterized by low density being less responsive 
to chemotherapeutic drugs in general.

GLCs are often used in patients with mast cell tumors to 
decrease the inflammatory response associated with mast 
cell degranulation. Additionally, GLCs may induce a partial 
or complete remission in some canine patients with mast cell 
tumors.93

Ophthalmic
Topical GLC therapy is efficacious for treatment of noninfec-
tious conjunctival, scleral, corneal, and anterior uveal inflam-
matory diseases.94 Before topical corticosteroid use, however, 
the corneal epithelium should be examined (using fluorescein 
dye) for signs of ulceration. The effects of glucocorticoids 
on corneal epithelial cells is biphasic, stimulating growth at 
low (physiologic) concentrations and inhibiting it at higher 
concentrations (supraphysiologic or pharmacologic).94a The 
presence of corneal ulceration precludes the use of topical cor-
ticosteroids. Prednisolone acetate penetrates the intact corneal 
epithelium and is therefore effective for treatment of intraocu-
lar inflammation.94 Systemic absorption of topical ophthalmic 
corticosteroids has been documented in dogs. Systemic GLC 
therapy is necessary for treatment of noninfectious posterior 
segment inflammatory conditions.

Hematopoietic
GLCs are the mainstay, first-line therapy for both immune-
mediated hemolytic anemia and thrombocytopenia. Some 
anecdotal evidence suggests that initial treatment with dexa-
methasone may be superior to prednisone therapy, but no con-
trolled studies have substantiated this claim. This may, reflect, 
however, poor bioavailability of prednisone. Prednisone  
(2 to 4 mg/kg per day) or dexamethasone (0.3 to 0.6 mg/kg 
per day) therapy should be continued until erythrocyte or 
platelet numbers steadily increase. Subsequently, the dose 
should be slowly (over 3 to 6 months) tapered. Addition of 
GLCs is also beneficial for treatment of immune-mediated 
neutropenia and for treatment and prevention of transfusion 
reactions.

Hypoadrenocorticism
Replacement corticosteroid therapy for treatment of hypo-
adrenocorticism is discussed in Chapter 21. An Addisonian 
crisis requires treatment with rapid-acting GLCs and miner-
alocorticoids. Not all synthetic GLCs are effective for replace-
ment of mineralocorticoid deficiency. Dexamethasone, 
methylprednisolone, triamcinolone, and betamethasone are 
virtually devoid of mineralocorticoid activity. For treatment 
of acute hypoadrenocorticism, if a mineralocorticoid such as 
fludrocortisone (Florinef) or DOCP is unavailable, predniso-
lone or cortisone may provide adequate mineralocorticoid 
activity.

ADVERSE EFFECTS

Adverse reactions resulting from GLC therapy can occur 
through either cessation of therapy or prolonged use. Acute 
adrenal insufficiency results from rapid withdrawal of GLCs 
after prolonged treatment (see earlier discussion of clinical 
use). Termination of GLC therapy in a chronically treated 
patient should be performed gradually over several months. 
Complete recovery of the hypothalamic–pituitary–adrenal 
axis may require 9 months. During this time, patients may 
need supplemental GLCs during “stressful” situations (e.g., 
surgery).

Complications of GLCs related to prolonged therapy are 
described later. In general, dogs are more susceptible to these 
complications than are cats. The incidence of adverse effects 
resulting from GLC administration is frequently related to the 
dose and duration of treatment. Alternate-day therapy with 
short-acting preparations can significantly reduce the inci-
dence of adverse reactions.

The avoidance of GLC side effects is a focus of intense 
research in human medicine. The critical role that GLCs play 
in human asthma has directed much research in the design 
and development of the ideal GLC: one that combines marked 
efficacy and long-term safety, a convenient delivery device, and 
a reasonable price. Among the current methods by which risks 
are reduced is the design of drugs that target transrepression 
and through manipulation of the pharmacokinetic properties 
of GLC. This includes the administration of “soft” GLCs (pre-
viously discussed).18 Another mechanism by which systemic 
effects of GLC might be reduced is activation of a prodrug at 
the site of action. For example, ciclesonide is a novel, inhaled 
corticosteroid approved or treatment of asthma. The drug 
is activated in the lungs to the potent drug desisobutyryl– 
ciclesonide (des-CIC) in the lungs. The metabolite exhibits 
100-fold affinity for GR in the lungs compared with the parent 
compound, and thus is comparable to fluticasone in potency. 
Further, the drug is characterized by low bioavailability, in 
part because of its high first-pass metabolism.95

The use of low rather than high doses may prevent some 
undesirable side effects, although the impact varies with the 
adverse event in human medicine.20 Osteoporosis persists, 
whereas osteonecrosis might be reduced. Myopathy is rare 
with low doses, whereas endocrinopathies, including glucose 
intolerance, fat redistribution, and weight gain, remain pres-
ent with low doses; however, diabetes mellitus rarely occurs 
with low doses. Cardiovascular adverse events (e.g., athero-
sclerosis, sodium and water retention) tend to be minimized 
at low doses, whereas dermatologic events consistent with 
iatrogenic Cushing’s syndrome persist, albeit at a lower level. 
Psychologic disturbances, including steroid psychosis, are 
largely absent at low doses. Ophthalmic events such as glau-
coma and cataracts are largely reduced with low doses, as are 
gastrointestinal events, including gastroduodenal ulceration 
(generally associated with concomitant use of nonsteroidal 
antiinflammatory drugs) and pancreatitis. Immunosuppres-
sion resulting in increased susceptibility to infectious disease 
also is largely reduced but still remains for some pathogens 
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(e.g., Pneumocystis carinii) at low doses. The impact of dose 
dependency on the use of GLCs for treatment of septic shock 
was previously discussed.

Steffan and coworkers96 compared adverse events associ-
ated with cyclosporine A (n = 119; 5 mg/kg per day induc-
tion followed by tapering doses) versus methylprednisolone 
(n = 59; 0.5 to 1 mg/kg per day for 1 week, then every other 
day for 3 weeks, then tapered) in dogs with atopic dermatitis. 
The incidence of adverse events was similar between groups. 
The incidence of vomiting was significantly less in the meth-
ylprednisolone-treated group compared with the cyclosporine 
A–treated group (vomiting, 37% versus 5%). Whereas infec-
tions occurred with similar frequency in the two treatment 
groups, they were more likely to be classified as severe or 
very severe in the methylprednisolone-treated group, leading 
to more dropouts. Polyuria and polydipsia were more com-
mon in the methylprednisolone-treated group (25%) versus 
the cyclosporine A–treated group (4.3%); increased appetite 
and weight gain were also greater in the methylprednisolone-
treated group (12% versus 3%). Serum chemistries indicative 
of renal function did not change from baseline levels. Potas-
sium decreased approximately 0.7 mg/dL (and increased in the 
cyclosporine A–treated group) but was within normal values.

Levine and coworkers97 retrospectively compared the 
adverse events associated with dexamethasone (n = 49) com-
pared with no treatment (n = 80) and other GLC therapy 
(primarily methylprednisolone sodium succinate) for treat-
ment of acute thoracolumbar intervertebral disk herniation 
in dogs. The mean dose was 2.25 mg ± 4.28 m/kg (range 1 
to 30 mg/kg). Adversities that were greater in the dexametha-
sone-treated group included vomiting, diarrhea, and anemia. 
Urinary tract infections also were more frequent in the dexa-
methasone-treated patients, although not all patients were 
tested for infection.

Central Nervous System
GLCs act as centrally active appetite stimulants to induce 
polyphagia in dogs and, to a lesser degree, in cats. This may 
contribute to the development of obesity in some patients, 
but it also may stimulate the appetite of an anorexic patient. 
Changes in mood or behavior have been noted in human 
patients treated with GLCs. Although these are more difficult 
to document in veterinary patients, most clinicians have noted 
positive attitude changes in patients being treated with GLCs.

Musculoskeletal
Muscle weakness and muscle atrophy are commonly observed 
in dogs with hyperadrenocorticism and dogs receiving large 
doses of GLCs (see previous discussion). These effects in part 
reflect muscle wasting that may result from the catabolic glu-
coneogenic effects of GLCs.

GLCs are associated with osteoporosis and vertebral 
compression in 30% to 50% of human patients receiving the 
drugs chronically. Mechanisms include direct inhibition of 
osteoblasts (decreased bone formation); inhibition of cal-
cium absorption from the intestines; increased parathormone 
secretion, which in turn increases osteoclast-mediated bone 

resorption; and increased calcium excretion.9 Osteoporosis is 
not a clinically recognized entity in small animals receiving 
GLCs, in part because of differences in body posture as well 
as duration of therapy. Prudence is indicated, however, when 
GLCs are used in the face of conditions that facilitate or are 
facilitated by the negative sequelae of GLCs on bone forma-
tion. Aseptic necrosis has been reported in human patients 
after a short course of high doses of GLCs.9

Gastrointestinal and Liver
The likelihood of GLCs causing gastrointestinal ulceration is 
controversial. In general, patients that develop ulceration are 
predisposed to ulceration because of stress or are receiving 
other drugs that contribute to gastrointestinal damage, most 
notably nonsteroidal antiinflammatory drugs. In stressed 
animals peripheral effects of centrally or peripherally medi-
ated norepinephrine may be important to the manifestation 
of gastrointestinal ulceration mediated by GLCs.98 Colonic 
perforation in dogs with spinal cord injuries has been associ-
ated with the use of dexamethasone, perhaps in part because 
of modulation of local blood flow. Pancreatitis has been asso-
ciated with the use of GLCs alone and in combination with 
azathioprine. GLCs can induce hepatocellular swelling as a 
result of fat, perivascular glycogen, or water accumulation. 
Centrilobular vacuolization is common, and focal necrosis 
occasionally occurs. Clinically, these changes are seen as hepa-
tomegaly and elevated liver enzyme activity. In dogs induction 
of a steroid-induced alkaline phosphatase isoenzyme occurs 
in patients receiving GLCs. The effects of GLCs on the liver 
are slowly reversible, persisting 1 to 1.5 months after therapy 
is discontinued.

Metabolic
Glucose intolerance, insulin resistance, overt diabetes mel-
litus, and hyperlipidemia can be induced in canine patients 
receiving GLC therapy.

Hepatic
GLCs consistently cause diffuse to centrilobular vacuolization 
and perivascular glycogen accumulation in hepatocytes.99,100 
Focal necrosis has been occasionally described in clinical 
cases. Similar lesions result with hyperadrenocorticism. In 
addition to serum biochemical changes consistent with liver 
disease, GLCs also cause elevations in a steroid-specific alka-
line phosphatase isoenzyme, which can be discerned with the 
levamisole test. This increase (induction) is not considered 
indicative of liver disease if other indicators of liver disease 
are absent. The pathologic changes associated with GLCs are 
slowly reversible over 1 to 1.5 months after discontinuation of 
therapy.

Endocrine
Exogenous administration of GLCs suppresses the hypotha-
lamic–pituitary–adrenal axis through feedback inhibition on 
the anterior pituitary and the hypothalamus. Chronic suppres-
sion of the axis can result in iatrogenic hypoadrenocorticism 
on discontinuation of exogenous GLCs.
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GLCs cause a decrease in plasma concentrations of total tri-
iodothyronine, thyroxine, and thyroid-stimulating hormone, 
with a normal free triiodothyronine and thyroxine concentra-
tion.101 Therefore, when assessing thyroid function in animals 
receiving GLCs, the clinician should keep in mind their influ-
ence on total thyroid hormone concentrations. GLC admin-
istration does not result in clinical hypothyroidism because 
the free hormone concentration is minimally affected. GLCs 
increase parathormone secretion.

Renal
Polyuria and polydipsia are classically associated with exces-
sive GLC (either endogenous or exogenous). Several factors 
probably contribute to this effect, including increased glomer-
ular filtration rate resulting from increased vascular volume, 
increased renal calcium excretion, inhibitory actions on anti-
diuretic hormone, and direct actions decreasing permeability 
of the distal tubule. Glucocorticoids may increase the risk of 
azotemia in patients with renal disease because of their cata-
bolic effects, particularly in the presence of metabolic acidosis.

Cardiovascular
Many human patients receiving GLCs develop hypertension 
as a result of sodium retention. Hypertension occurs in dogs 
with hyperadrenocorticism and presumably could also occur 
in veterinary patients receiving exogenous GLCs. Postulated 
mechanisms for hypertension in canine hyperadrenocorti-
cism include increased activation of angiotensin I, increased 
vascular responsiveness to catecholamines, and reduction of 
vasodilator prostaglandins.

Immune Function
Although the intent of GLC therapy generally reflects suppres-
sion of some facet of immune function, such use generally is 
associated with an increased risk of bacterial, viral, and fungal 
infection, although this effect is dose dependent, as was previ-
ously discussed with regard to treatment of septic shock. It is 
generally recognized that a single dose of a short- to interme-
diate-acting GLC is unlikely to significantly suppress immune 
function, but caution with this approach is prudent, particu-
larly for infectious diseases. Chronic administration of GLCs 
can result in recurrent cystitis, septicemia, and endocarditis. 
Causes for these effects are multiple, including immune sup-
pression and, potentially, upregulation of P-glycoprotein (see 
the discussion of neoplasia). Ihrke and coworkers102 demon-
strated as early as 1985 that close to 40% of dogs receiving 
immunosuppressive GLC therapy (mean of 0.8 mg/kg) also 
had a urinary tract infection. In a study of close to 200 dogs 
with pruritic skin disease, those receiving GLCs (either pred-
nisone [70%] or methylprednisolone [30%]) for longer than 6 
months had a higher incidence of urinary tract infections com-
pared with dogs that did not receive GLCs.103 Doses ranged 
from 0.12 to 1 mg/kg, with a mean of 0.28 ± 0.14, generally 
administered every 48 hours. The overall incidence was lower 
than that of the earlier study, at 12% for treated dogs compared 
with 0% for untreated dogs, when based on the first urine sam-
ple collected for each dog. However, the number increased to 

23% when subsequent samples were included in the analysis, 
indicating the need for repetitive culturing in animals receiv-
ing GLCs. This study provided evidence that clinicians should 
perform routine cultures for patients with hyperadrenocorti-
cism rather than rely on clinical signs or urinalysis. No dog 
with bacteriuria manifested clinical signs of urinary tract 
infection. Whereas the presence of bacteriuria and pyuria con-
sistently indicated the presence of a urinary tract infection, 
the absence of bacteruria did not rule out urinary tract infec-
tion: Bacteriuria was not detected in 24% of urine samples that 
subsequently yielded bacterial growth. Female, but not male, 
dogs receiving GLCs were predisposed to infection, although 
this finding may have been biased by the limited number of 
male dogs treated with GLCs. Although E. coli was the most 
common organism isolated (14 of 34), a total of 10 different 
organisms were isolated. This study might be interpreted as 
justification of the routine use of antimicrobials. However, only 
6 of 52 urine samples collected in patients receiving antibiotics 
were positive on culture. Particularly problematic was the fact 
that isolates cultured in dogs receiving cephalexin were resis-
tant to the drug. Indeed, 51% of all isolates were resistant to 
cephalexin (a pattern typical of E. coli in general) and 22% were 
resistant to enrofloxacin, emphasizing the need for selection 
of an antimicrobial on the basis of susceptibility testing (see 
Chapter 8). Presumably, achieving bactericidal concentrations 
of a drug at the site of the urinary tract infection is paramount, 
should the decision be made to treat the infection. Dogs with 
intervertebral disk disease have an increased risk of UTI when 
treated with glucocorticoids (see Chapter 27). 

Wound Healing 
The impact of glucocorticoids on wound healing has been 
generally recognized for decades.103a The impact of exog-
enous glucocorticoids largely reflects their antiinflammatory 
effects and down regulation of pro-inflammatory cytokines (as 
reviewed by Grose et al, 2002).103a However, these effects occur 
at supraphysiologic (i.e., pharmacologic) doses. The effects of 
endogenous glucocorticoids (physiologic concentrations) also 
appear to be suppressive, but these latter effects may actually 
be beneficial in the control of late would healing.103a

Immune Reactions
Paradoxically, despite their immunomodulatory effects, GLCs 
have been associated with allergic reactions in humans, albeit 
rarely. Types I, III, and IV reactions have been reported, with 
reactions more common in patients treated chronically (e.g., 
asthmatics, transplant recipients) and patients receiving either 
hydrocortisone or methylprednisolone intravenously.49,104 In 
addition to the active ingredient, reaction to (sulfate) excipi-
ents or to succinate salts has also been suspected. Vasculitis 
reactions have been reported after oral administration of either 
prednisone or prednisolone. Nakamura and coworkers105 
reported anaphylaxis that occurred after intravenous admin-
istration of succinate-containing GLCs (hydrocortisone or 
methylprednisolone) in severely atopic asthmatic humans. In 
this retrospective study, phosphate-containing drugs appeared 
to be safe. The authors recommended slow intravenous drip 
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administration in patients with severe allergic disease who 
have been previously exposed to GLCs. Erdmann and cowork-
ers106 reported an anaphylactic reaction in an atopic person 
receiving oral prednisone; skin testing revealed reaction to 
prednisolone, prednisolone hydrogen succinate, prednisone, 
and betamethasone but not methylprednisolone or dexameth-
asone. Accordingly, anaphylaxis should be suspected with any 
GLC if clinical signs are supportive. Allergic reactions may not 
be limited to type 1. Finally, reactions may not be limited to 
active drug but may involve vehicles or salt forms. One case of 
anaphylaxis has been reported in a dog receiving dexametha-
sone.107 The dog had been previously treated with dexametha-
sone in propylene glycol as well as oral prednisone therapy for 
immune-mediated hemolytic anemia. The vehicle contained 
methylparaben and propylparaben as well as benzyl alcohol. 
No occurrences of anaphylaxis or anaphylactoid reactions were 
cited in a review of adversities associated with dexamethasone 
treatment in dogs with thoracolumbar disease (n = 161).97 
In a review of the literature, Schaer and coworkers107 noted 
that anaphylactoid reactions also have been reported.

Respiratory
Pulmonary thromboembolism is a potential complication of 
hyperadrenocorticism and presumably also can occur with 
excessive exogenous GLC. The exact pathophysiologic mecha-
nism is unknown but may be a result of obesity, hypertension, 
increased hematocrit level, or hypercoagulability. In addition, 
because of the myopathic effect of GLCs, muscles of respi-
ratory function may be weakened in animals receiving high 
doses of GLCs.9

Growth Retardation
The administration of small doses of GLCs to children has been 
associated with retardation of growth. The mechanism may 
reflect changes in collagen synthesis but is likely to be much 
more complex. Prepartum exposure to GLCs can predispose 
experimental animals to malformations (e.g., cleft palate).

CONTRAINDICATIONS

GLCs produce profound actions on virtually all systems of 
the body. Many of these effects can be tolerated by a healthy 
animal, but in certain disease states the use of GLCs may be 
deleterious. Diseases and conditions that the authors consider 
to be major, moderate, and minor contraindications to GLC 
therapy are mentioned in the subsequent sections.

Infectious Disease
Infectious diseases are a major contraindication. GLCs can 
exacerbate viral, bacterial, and fungal infections because of their 
immunosuppressive properties (although a single antiinflam-
matory dose of a short-acting agent is unlikely to be harmful).

Diabetes Mellitus
Diabetes mellitus is a major contraindication. GLC-mediated 
gluconeogenesis and general anti-insulin effects make regulat-
ing diabetic patients difficult.

Renal Failure
Renal failure is a moderate contraindication. Increased pro-
tein catabolism induced by GLCs results in increased quanti-
ties of nitrogenous waste products to be excreted. Additionally, 
patients with renal failure are already immunocompromised. 
Further immunosuppression would greatly increase their risk 
of developing pyelonephritis.

Corneal Ulceration
Corneal ulceration is a major contraindication. Topically 
administered GLCs delay healing of the cornea and may lead 
to corneal perforation.

Pancreatitis
Pancreatitis is a moderate contraindication. GLCs are believed 
to aggravate pancreatitis by increasing fatty acid circulation.

Gastrointestinal Ulceration
Gastrointestinal ulceration is a moderate contraindication. GLCs 
promote progression of ulcerative disease by delaying healing, 
increasing acid and pepsin secretion, and reducing the rate of 
mucosal cell proliferation in the gastrointestinal tract. Patients 
with eosinophilic enteritis, lymphocytic–plasmacytic enteritis, 
and certain ulcerative and granulomatous enteritides are poten-
tial exceptions. Colonic ulceration is a significant risk in animals 
with spinal trauma that are receiving dexamethasone. Concur-
rent administration of a nonsteroidal antiinflammatory drug 
greatly increases the likelihood of gastrointestinal ulceration and 
is not recommended. Misoprostol, a prostaglandin E2 analog, 
may provide protection against GLC-induced gastric ulceration.

Pregnancy
Pregnancy is a moderate contraindication. GLC administra-
tion has been associated with abortion and cleft palate in the 
dog. Additionally, GLC administration to a bitch within 24 
hours of parturition reduces neonatal intestinal permeability of 
immunoglobulins, thereby reducing colostrum absorption.108

Epilepsy
Epilepsy is a moderate contraindication. Endogenous GLCs 
suppress neuronal excitability, perhaps by potentiating the 
inhibitory effects of the neurotransmitter γ-aminobutyric acid. 
Chronic GLC use has been reported to be associated with low-
ering the seizure threshold. The mechanism for this possible 
effect is not clear. Exogenous GLCs may; however, downregulate 
steroid receptors, resulting in increased neuronal excitability.
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THE IMMUNE RESPONSE

Immunomodulators, or biological response modifiers, are 
agents or drugs that act to regulate or modify the host’s 
immune response to a microbe, neoplasm, or inflammatory 
response. It is beyond the scope of this chapter to provide a 
comprehensive review of the immune system. The following is 
a general review only. Cytokine biology can also be reviewed 
elsewhere,1,2 as can interferon (IFN) biology.3

Immune Defenses
Immune defenses are composed of the innate and adaptive 
systems. The innate systems are nonspecific in their response 
and are best exemplified by barriers provided by the integu-
ment; the gastrointestinal environment (acid pH, mucosal 
and epithelial barriers, microbiota); the mucociliary tract 
of the respiratory system; and the intimate vasculature of 

selected organs such as the placenta, brain, and prostate. 
Other nonspecific defense mechanisms are exemplified fever 
and the antimicrobial actions of many secretions. White 
blood cells also represent innate immunity. These include 
neutrophils, eosinophils, basophils, macrophages, and den-
dritic cells, and unconventional T-cell subsets bearing T-cell 
receptors (TCR), natural killer (NK; CD1d) cells and gamma/
delta (γδ) T-cells. Natural killer (NK) cells are innate (non 
conventional) cytotoxic T cells that work in concert with the 
adaptive arm of immunity, targeting compromised host cells 
such as tumor or virally infected cells. Released in the vicinity 
of a cell slated for destruction, it is stimulated by macrophage 
cytokines. They recognize targeted cells which containing 
abnormally low concentrations of major histocompatibility 
complex [MHC] class I antigen (“missing self ”). Materials 
that induce apoptosis enter the target cell through the pores, 
thus avoiding cellular lysis, which is of benefit in the pres-
ence of virally-infected cells that might release viral materials 
causing host re-infection. NK cells exhibiting the FrC recep-
tor interact with the humoral arm of adaptive immunity, 
causing antibody-dependent cell cytotoxicity. Gamma-delta 
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T cells contain characteristics of both the innate and adaptive 
systems.

The adaptive immune system provides the host an ability 
to recognize and, with subsequent presentation, remember 
specific pathogens (B and T memory cells), and increasingly 
stronger responses each time the pathogen is presented. These 
capabilities reflect both hypermutability and irreversible 
genetic recombination in cells that are carried forward in sub-
sequent progeny. The system is composed of two major arms, 
cell-mediated immunity and humoral immunity, each accom-
panied by a variable number of cells and their chemical media-
tors. Some of the nonspecific components are also part of the 
innate immune system, including phagocytic circulating leu-
kocytes and tissue macrophages, and secretions or body fluids 
such as IFN, complement, and leukocyte substances such as 
lysozyme. The adaptive arm of the immune system provides 
the primary targets of pharmacologic manipulation. The adap-
tive response recognizes both non-self and missing-self anti-
gens. As such, MHC plays a major role in the adaptive arm 
of the immune system. This large gene complex encodes pro-
teins unique to the individual. Expression on the cell surface 
allows recognition of self by relevant cell types. At least two 
subgroups of MHC are important in adaptive immunity. All 
cells, save non-nucleated cells, generally express MHC class I 
peptides on the cell surface. They are derived from the cytosol 
and contain other cytosolic proteins. Abnormalities in MHC 
class I expression that initiate an adaptive response generally 
result in interactions exclusively with CD8+ cells, inducing 
apoptosis. The MHC class II complexes are located on antigen-
presenting cells, including dendritic, macrophage, activated T 
cells, and B cells. These peptides generally are associated with 
presentation of extracellular pathogens, and presentation that 
results in an adaptive response generally reflects interactions 
only with CD4+ cells (T helper or Th cells).

Both cell-mediated and humoral immune mechanisms 
are characterized by specificity toward antigenic epitopes 
expressed as molecular components of infectious organisms, 
foreign (transplanted) cells, or transformed (malignant) cells. 
Cytokines, including soluble growth and activation factors 
(Table 31-1), are a vital component of the adaptive response 
and are released and subsequently mediate the response of 
the various cell populations involved in both cell-mediated 
and humoral immunity.4 In addition to cytokines, a number 
of other molecules (e.g., adhesion or accessory molecules) are 
necessary as “second signals” for antigen processing, recogni-
tion, or response.4

Effectors
The following is a brief synopsis of the events following infec-
tion to implementation of the immune response (Figure 31-1). 
The antigen is exposed to an antigen-processing or presenting 

cell (APC), which includes dendritic cells (the principle APC), 
macrophages, and activated B cells.4 The antigen is identified 
by the APC as foreign and is subsequently phagocytized by 
the APC. The APC “processes” the antigen and “exhibits” it 
on the cell surface in a groove made by the MHC molecule. 
Peptides derived from endogenous cytosolic proteins synthe-
sized within the cell complex (including those synthesized 
in response to viral stimuli) are expressed with class II MHC 
molecules on the cell surface, whereas exogenous  intracellular 
proteins are expressed bound to a class I MHC groove for 
presentation.4

A single APC surface may have tens of thousands of MHC 
molecules, each containing a different peptide; a single animal 
may have more than 108 APCs. The APC migrates to the T 
cell area of a lymph node and presents the antigen to naïve 
CD4 T cells. If the APC comes into contact with a CD4 T cell 
with a TCR that recognizes the antigen associated with the 
MHC, it becomes activated. The release of adhesion molecules 
causes the two cells to stick together, which facilitates interac-
tion between the APC and the CD4. Cytokines move between 
the two cells, and production of interleukin-1 (IL-1) by the 
APC and interleukin-2 (IL-2) from the activated CD4 cell 
itself amplifies the sequelae of CD4 activation. The activated 
CD4 cell differentiates, proliferates, and produces a number 
of cytokines (see Table 31-1), which results in recruitment of 
other leukocytes, initiation of B cell production of immuno-
globulins (Igs), and formation of other T cell colonies, includ-
ing “memory” cells (see Figure 31-1).4,5

Cellular Components
Efficient pathogen elimination depends on the adaptive 
immune response. Two classes of lymphocytes are responsible 
for adaptive immunity (see Figure 31-1). B lymphocytes must 
be programmed to respond to antigen exposure and, after 
 activation to plasma cells, are responsible for the production 
of specific Igs (humoral response). T lymphocytes provide the 
primary regulation of the immune response. T cell activity 
begins with specific antigen recognition by a receptor on the 
surface of the cell.4 T cells are further subdivided into several 
populations of cells depending on their role in immunoregula-
tion (see Figure 31-1). Helper cell (CD4 T cells; Th cells) recep-
tors recognize and bind to the peptide–MHC class II complex 
of APC cells. In response to IL-1, CD4 cells consequently 
 proliferate and become primed as either Th1 or Th2 CD4 cells, 
which modulate further responses in both the cell-mediated 
and humoral arms (see Figure 31-1). Migration of activated 
lymphocytes from lymph nodes to tissues is facilitated by 
adhesion molecules expressed by endothelial cells in tissues. 
Whether a T cell becomes Th1 or Th2 reflects the  stimulating 
cytokine: IL-12 activates signal transducer and activator of 
transcription 4 (STAT-4), which regulates Th1 differentiation, 
whereas IL-4 activates STAT-6 and Th2 differentiation.5

KEY POINT 31-1 The primary targets of pharmacologic 
manipulation of the immune system are the adaptive arms 
of the immune system.

KEY POINT 31-2 T lymphocytes provide the primary regula-
tion of the immune response, whereas B lymphocytes must 
be programmed to respond to antigen exposure.
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The Th1 subsets of CD4 produce primarily proinflamma-
tory cytokines such as IFN-γ (IFN-γ) and tumor necrosis fac-
tor-alpha (TNF-α) (cachexin; see Figure 31-1). As such, Th1 
cells regulate signals that promote cell-mediated immunity and 
control intracellular pathogens. Th1 response is paramount to 
successful resistance to most microbial pathogens, including 
bacteria, intracellular protozoa, and fungal organisms. Addi-
tionally, Th1 cells mediate organ-specific autoimmunity and as 

such are crucial to the pathogenesis of autoimmune diseases. 
The cell-mediated response occurs when activated CD4 (Th1) 
cells attract other cells (polymorphonuclear leukocytes, eosin-
ophils, and monocytes) to support cellular killing; the result 
is referred to as delayed hypersensitivity. Activated CD4 cells 
also yield, in response to IL-2, helper T cells that contain the 
glycoprotein CD8 and are responsible for the T cell–mediated 
cytotoxic response. Receptors of the CD8 T cells recognize 

Table 31-1  Immune Modulatory Functions of Cytokines
Chemokine Produced by Target Cells Effect
GM-CSF Macrophages Myeloid stem cells Differentiation to granulocytes and monocytes
IFN-alpha Leukocytes Normal cells Antiviral, MHC I expression
IFN-β Fibroblasts Multiple Antiviral, MHC I expression
IFN-γ Th1 Multiple Antiviral, MHC I expression

Tc Macrophages MHC expression, elimination of pathogen; possible  
Th2 antiproliferation

NK Th2 Antiproliferation
Activated B cells Switch to IgG2a

IL-1 Monocytes Th Activation; fever (endogenous pyrogen)
Aβ precursors) T B cells Maturation, expansion

B cells NK cells Activation
IL-2 Th1 Activated T, B, NK cells Induce proliferation, activation
IL-3 Th1 Stem Suppress IL-1 production

NK Mast cells Proliferation, degranulation
B (antigen primed) Activation, differentiation, IgG and IgE synthesis

IL-4* Th2 B (activated) Proliferation
Macrophages Class switching (MHC class II)
T cells Proliferation

IL-5 Th2, most cells Activated B cells Differentiation, IgA synthesis
Eosinophils Colony-stimulating factor

IL-6 Th2 Proliferating B cells Differentiation to plasma cells
Monocytes Plasma cells Antibody secretion
Macrophages Myeloid stem cells Differentiation
Stromal cells Myeloid stem cells Differentiation

Various Acute phase response
IL-7 Marrow stroma Stem cells Differentiation into T, B progenitor

Thymus stroma
IL-8 Connective tissue T Chemoattractant

Macrophage PMN
IL-9* T cells Hemopoietic cells Cell proliferation, apoptosis
IL-10* Th2 Macrophages (lymphocytes) Suppress IL-1 production, suppress TNF-α

B cells Survival, activation, antibody production
IL-12 Macrophages Activated Tc Differentiation to Tc; production of TNF-α, IFN-γ

B cells Th1 Proliferation
IL-13* Overlap with IL-4
MIP1-alpha Macrophages Monocytes, T cells Chemoattractant
MIP1β Lymphocytes T cells, monocytes, macrophages Chemoattractant
TGF-β* T cells, monocytes Macrophages, monocytes, activated B cells Differentiation to granulocytes and monocytes
TNF-alpha Macrophages, NK Tumor cells Cytotoxic
TNF-β Th1, B Tumor cells Cytotoxic
C3a, C5a Mast cells Chemoattractant

GM-CSF, Granulocyte-macrophage colony stimulating factor; IFN, interferon; MHC, major histocompatibility complex; Th1, 2, helper T cells (CD4); Ig, immunoglobulin; NK, natural killer 
cells (a subset of cytotoxic T cells); PMN, polymorphonuclear leukocytes; TNF, tumor necrosis factor; Tc, killer T cells, cytotoxic (CD8); MIP, macrophage inflammatory factor; TGF, 
transforming growth factor; C, complement.
*Antiinflammatory signals included in actions.
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peptide–MHC class I complexes (generally associated with 
endogenous peptides present on all nucleated cells) on APCs. 
Recognition of the CD8 receptor and subsequent interaction 
with CD4 cells result in the generation of cytolytic (CTL) or 
cytotoxic T cells (TC; killer T cells). Cytotoxic T cells are capa-
ble of directly (without further interaction with CD4 cells) 
causing lysis of cells expressing the targeted specific peptide–
MHC complex.4 This includes normal but otherwise damaged 
(include virally infected or cells damaged by TNF-β or lym-
photoxin) cells. CD8 cells release several different cytotoxins 
which cause pores in the target cell membrane. Cytotoxic T 
cells also undergo clonal expansion, resulting in prepared 
effector cells. In contrast to Th1 cells, Th2 cells secrete antiin-
flammatory cytokines (IL-4, IL-9, IL-10, IL-13) (in additional 
to pro-inflammatory cytokines) and support the humoral 
immune response, including host defense against intestinal 
helminths. Because of their antiinflammatory effects, Th2 
cytokines can decrease autoimmune diseases associated with 
cell-mediated immunity; however, an imbalance toward Th2 

cells have been implicated in the pathogenesis of asthma and 
allergy (see below).5 Dysregulation of the influence of STAT-4 
and STAT-6—which have contrary effects—has been associ-
ated with immune-mediated diseases. For example, each STAT 
is reported to be involved in systemic lupus erythematosus: 
STAT-6 contributes to the development of glomerulosclerosis 
and antibody production, which is exacerbated in the absence 
of STAT-4.5

In contrast to immune-mediated diseases, in which Th1 
cells play key roles, key effector cells in all chronic allergic 
diseases include eosinophils, basophils, and Th2 cells.6 Their 
involvement occurs through release of preformed, or formed 
in situ, granule proteins and cytokines.7 A focus on  eosinophil 
regulation may offer targeted therapy for chronic allergic 
 diseases. Cysteinyl leukotrienes appear to have an  important 
role in the regulation of human eosinophil hematopoiesis, 
recruitment, and activation.7 Eosinophils are generated from 
CD34+ progenitors in the bone marrow upon stimulation 
by cytokines such as IL- 5. A single dose of IL-5 antibody 

(Th2)

(Th1)
Th

MHC-II
Antigen recognition

Antigen

Antigen processing

Antigen-presenting cell

Macrophage
dendritic cell

IL-1

T cell

Thymus

Lymphoid
precursor

Pre-B cell

Antigen presented
in MHC-II groove

CD4 cell

Antigen
presentation

IL-1

APCs

CD8 cell

IL-2

Primed CD4
helper cell

IL-1
IL-4
IL-5
IL-6

B cell

Cytotoxic (Tc)
CD8 cell

Suppressor
CD8 cell

Immune
CD4 cell

Memory cell

Plasma cell
(antibodies)

Memory cell

Figure 31-1 Overview of the immune response to antigen presentation. The antigen is presented to an antigen-presenting cell 
(APC), which processes the antigen and expresses its peptides in a groove located on the major histocompatibility complex 
(MHC) molecule. When presented to naïve CD4 T cells with appropriate receptors, the helper cell becomes primed to form CD8 
cells, capable of directly killing cells presently containing the antigen; Th1 cells, which result in the formation of memory T cells 
and T cells that attract other leukocytes (type IV hypersensitivity); or Th2 cells, which stimulate B cell production of antibodies. 
A number of interleukins signal the activities; adhesion molecules (not shown) facilitate communication between cells as well as 
movement from lymph nodes through vascular endothelial cells into tissues. IL, Interleukin; Th, T helper cell.
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profoundly inhibited circulating eosinophils and allergen-
induced sputum eosinophils but not airway hyperreactivity in 
humans. In a follow-up study, eosinophil numbers in blood 
and bronchoalveolar lavage were reduced 80% or more after 
3 months of anti–IL-5 therapy numbers in bone marrow and 
bronchial biopsies were reduced 50% to 60%. This suggests 
that IL-5 antibody therapy effectively reduces circulating and 
airway luminal eosinophils, but less so bone marrow and lung 
parenchymal eosinophils.8 Cys- leukotrienes (LTs) may also 
play a role in eosinophil regulation.Circulating eosinophil 
counts in humans decrease by almost 20% after treatment 
with cyst-LT-receptor antagonists. These effects may reflect 
actions at the level of the bone marrow. Eosinophil–basophil 
colony-forming units increase in number, adhesion, and func-
tion, including production of IL-4 when exposed in vitro in 
the presence of LTD4. These responses are blocked by the 
 presence of cysLT1 antagonists.

Activation of the humoral system occurs when naïve B 
lymphocytes with appropriate receptors (Igs) recognize an 
epitope in the intact foreign antigen. The antigen binds to the 
Ig, is ingested, and is processed such that it is expressed on 
the surface of the B cell in association with the same MHC 
(class I or II) that presented the antigen initially.4 Binding of 
the Ig receptor with the peptide and subsequent interaction 
with a CD4 cell that recognizes the antigen in its MHC com-
plex stimulates proliferation of B cells, their differentiation 
into plasma cells, and the secretion of antibodies able to bind 
the epitope. Ig production is stimulated by IL-1, IL-4, IL-5, 
and IL-6 in B lymphocytes. The complete sequence occurs 
over 8 to 14 days and results in an anamnestic, or secondary, 
response. Generation of “memory” B and T cells provides 
a long-term mechanism for a rapid immune response on  
reexposure to the epitope (antigen).4

Soluble Components
Soluble components of the immune response include the cyto-
kines previously described, Igs described later, and the com-
plement cascade.

Cytokines
More than 13 chemokine receptors are associated with rheu-
matoid arthritis, and at least 16 chemokines interact with 
these receptors.9 Both constitutive (responsible for physiologic 
trafficking and homing of the adaptive immune response) and 
inducible (responsible for effector white blood cell recruit-
ment, including lymphocytes) responses are involved. A 
 number of the chemicals also are responsible for angiogenesis. 

The inappropriate production of chemokines is associated 
with formation of an ectopic germinal center, which con-
tributes to an uncontrolled immune response. Consequently, 
drugs directed toward chemokine receptors offer a therapeutic 
approach to control.

TNFα induces a broad spectrum of activity. Cytotoxicity of 
multiple cell types, including tumors, reflects both  apoptosis 
and necrosis. A large number of proteins are targeted, along 
with other central mediators of the inflammatory process 
and immune activation. Examples include nuclear factors 
(e.g., NFκB), nitric oxide synthetase (NOS), cell-surface 
molecules, MHC classes I and II, and secreted proteins such 
as IL (e.g., -l, -6, -8), IFN, granulocyte-macrophage colony-
stimulating factor, platelet-derived growth factor, urokinase 
plasminogen activator, and TNF-α itself. When adminis-
tered exogenously, high concentrations of TNFα causes a 
toxic syndrome similar to septic shock. Bacterial lipopoly-
saccharide is the most potent stimulator of macrophage 
TNFα production. TNFα appears to mediate ischemia–
reperfusion injury after transplantation of the liver, kidney, 
intestine, heart, lung, and pancreas and is a marker cytokine 
during organ rejection. Inhibitors have proved useful in 
human medicine for treatment of a number of autoimmune 
diseases, including Crohn’s disease, rheumatoid arthritis, 
psoriasis, and ankylosing spondylitis. Indications included  
corticosteroid-resistant graft-versus-host disease after bone 
marrow transplantation.10

Not surprisingly, the pervasive role of TNFα has led to 
the development of drugs that inhibit its actions. Included 
are glucocorticoids, pentoxifylline, and monoclonal immu-
noglobulin G (IgG) antibodies (e.g, infliximab, etanercept 
and the “humanized” adalimumab) etanercept, a humanized 
soluble TNFα receptor (TNFR) construct, and onercept, a 
TNFα–binding protein.10 A variety of other drugs targeting 
TNFα or its receptors are currently under investigation, as 
well as metalloproteinase inhibitors such as TNFα-converting 
enzyme (TACE). The use of these drugs, not surprisingly, is 
associated with a number of side effects. These include immu-
nosuppresion, acute infusion reactions, delayed-type hyper-
sensitivity reactions, autoimmune diseases, cardiovascular 
and neurologic adverse events, malignancies and lymphomas, 
and infectious complications.

Complement
The complement cascade is a major effector mechanism of 
the immune response. The cascade results in highly amplified 
events that interact with other physiologic cascades, including 
the coagulation pathway, kinin formation, and fibrinolysis.11 
Consequences of complement activation include opsoniza-
tion, the release of biologically vasoactive peptides, and 

KEY POINT 31-3 The Th1 subsets of CD4 produce primarily 
proinflammatory cytokines such as interferon-γ (IFN-γ) and 
tumor necrosis factor-alpha (TNF-α).

KEY POINT 31-4 In contrast to Th1 cells, Th2 cells secrete 
antiinflammatory cytokines and support the humoral 
immune response, including host defense against intestinal 
helminths.

KEY POINT 31-5 TNFα plays a pervasive role in the inflamma-
tory response, interacting with a number of other cytokines 
and other mediators and has been identified as a major 
role player in the “cytokine storm” associated with some 
syndromes.
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cellular lysis. Cell-mediated cytotoxicity is implemented by 
cytotoxic T lymphocytes, NK cells and antibody-dependent 
cell-mediated cytotoxicity (ADCC), mediated by a variety of 
cells that express surface Fc receptors. Effector cells of ADCC 
include monocytes, neutrophils, eosinophils, selected cyto-
toxic T cells, and NK cells.

Immunoglobulins
Five classes of Igs are recognized in animals. IgM is the 
 largest, forming up to 15% of the total Ig present. IgM exists 
as a monomer or a large polymeric form. IgM is responsible 
for the primary Ig response; in animals, for some infections, 
it is the only defense.11 The availability of five binding sites 
renders IgM efficient at antigen binding and agglutination, 
virus neutralization, and opsonization. IgM also is a potent 
activator of complement. Because it is such a large molecule, 
unless vascular permeability is altered, most IgM stays in 
circulation.

IgG (with multiple subclasses) makes up the majority of 
total Ig. It is the most soluble of the Igs and thus is able to 
reach extravascular spaces. Its primary biological functions 
are to facilitate the removal of microorganisms; neutralize 
toxins; and bind to microorganisms or infected cells, initiat-
ing effector mechanisms. IgG activates complement or initi-
ates Fc-bearing effector cells (ADCC) and promotes removal 
of Ig-coated cells by ADCC.

IgE has a major role in the response to parasites and in the 
pathogenesis of allergic diseases in part because of its unique 
ability to bind by way of the Fc portion of the IgE molecule to 
specific receptors on mast cells and basophils. Cross-linkage 
of two IgE molecules results in calcium-mediated mast cell 
degranulation and the release of a number of preformed (e.g., 
histamine and serotonin) and synthesized (e.g., metabolites of 
arachidonic acid) mediators.

IgA is produced in submucosal lymphoid tissues and 
regional lymph nodes. After secretion outside of the cell, it 
travels to epithelial cells, where the secretory component of 
the IgA acts as a receptor, binding to IgA and stimulating its 
endocytosis. The two components are eventually exocytosed 
and attach to the mucosal surface, where they provide a pro-
tective component, neutralize toxins, adhere to bacteria and 
viruses, and interact with parasites.11

Each Ig molecule monomer comprises two heavy chains 
and two light chains attached by covalent bonds. The number 
of bonds varies with the Ig; the number of dimers varies with 
the class. A number of fragments (generated by enzymatic 
cleavage) can be described, including Fab, the antigen-com-
bining fragment, and Fc, the crystallizable fragment, which 
binds to Fc receptors found on cells of the innatue immune 
system (e.g., NK cells, macrophages, neutrophils and mast 
cells).11

Mucosal Immunity
The common mucosal immune system (CIMS) has evolved 
as a system separate from the general systemic immune 
system. It includes the mucosa-associated lymphoid tis-
sue (MALT), a complex network of tissues, lymphoid- and 

mucous membrane–associated cells and their effector mol-
ecules. Components include gut-associated lymphoid tis-
sue (GALT) or nasal-associated lymphoid tissue (NALT), 
the mucosa of the genitourinary tract, the mammary and 
salivary glands, and draining lymph nodes. MALT differs 
from systemic lymphoid tissues in its characteristic lym-
phoid architecture, an epithelium that is unique in its uptake 
of antigen, and unique APCs (e.g., dendritic cells). Most  
notable among the differences is the predominance of IgA 
and the return of immune effector cells to either the origi-
nating mucosal sites or distant mucosal sites. Innate compo-
nents of the CIMS include epithelial cells and antimicrobial 
peptides (AMP; see later discussion), the latter being exem-
plified by defensins; lactoferrin; lysozyme; the lactoperoxi-
dase, secretory phospholipase A2, and cathelin-associated 
peptides. Adaptive components include IgA antibody and 
CD4+ T cell responses, and mechanisms that impart muco-
sal (oral) tolerance.

Effective mucosal immunity depends on induction of effec-
tive mucosal immune responses. Oral tolerance refers to the 
prevention of unwanted immune reactions to food or environ-
mental antigens; such tolerance also can be induced nasally. 
Integral to mucosal tolerance are Toll-like receptors (TRC). 
Key molecules of the innate immune system, these receptors 
recognize conserved microbial molecules, alerting the system 
to their presence when physical barriers are breeched. The 
term “toll” refers to effect that toll gene mutations have on the 
physical appearance of Drisophila flies (making them appear 
“toll”, the German translation meaning “wild”). Toll receptors 
are a type of pattern recognition receptor, able to distinquish 
host from microbial pathogen associated molecular patterns 
(PAMPS).

Induction of nasal mucosal tolerance can be manipu-
lated, leading to mucosally induced immune therapy against 
selected infectious diseases (e.g, in Escherichia coli in human 
medicine). Mucosal tolerance has the advantage of inducing 
local and thus targeted Th1- or Th2- type immune responses, 
thus avoiding the negative sequelae of systemic cytokine 
injection. Mucosal adjuvants co-administered with antigens 
include cytokines (e.g., IL-1 and IL-12), or chemokines which 
promote specific CD4+ T helper cell cytokine responses (e.g., 
RANTES, lymphotactin, macrophage inhibitory protein–1 
[MIP-1]). Therapeutic modulation of mucosal immunity 
generally targets unique Th cells and cytokine responses. 
For example, inflammatory bowel diseases (IBDs) appear to 
reflect failure of oral tolerance to luminal antigens, resulting in 
an imbalance of regulatory cytokines involving both Th1 and 
Th2 cell–mediated inflammation.12 Differences exist between 
orally and nasally induced immune responses. For example, 
aging more negatively influences GALT compared to NALT 
immunity. Nasal vaccines are more effective than oral vaccines 
in the promotion of protective immunity in the genitourinary 
tract. That these differences exist suggests that pharmacologic 
therapies might also be manipulated to locally target systemic 
effects or to limit therapy to local effects only, thus increasing 
benefits versus risks of treatment and that these therapies are 
likely to differentials, affect the different CIMS.
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Antimicrobial and Host Defense Peptides
Antimicrobial peptides (AMPs, also called host defense pep-
tides;) are evolutionarily ancient yet essential small cationic 
molecules found in animals, plants, and bacteria. Because they 
exhibit antimicrobial activity against a wide range of  bacteria, 
fungi, and viruses, they are considered part of  mucosal 
immunity. AMPs primarily act as cations, interacting with 
the anionic structure of and thus disrupting microbial mem-
branes.13 Phosphatidylcholine in eukaryotic cell membranes 
is thought to be more positive compared to that in prokary-
otic membranes, thus decreasing attraction to (or repelling) 
positively charged AMPs. However, in addition to antimicro-
bial actions, AMPs also serve as multifunctional mediators of 
immunity, inflammation, and wound repair. The importance 
of AMP or HDP in veterinary medicine has been reviewed by 
Linde and coworkers.14

Three major classes of antimicrobial molecules have been 
described: defensins, cathelicidins, and the four-disulfide 
core proteins, secretory leukocyte proteinase inhibitor (SLPI) 
and elafin. Cathelicidins are produced and stored inactive 
yet capable of exhibiting broad-spectrum killing activity. The 
number of cathelicidins among species ranges from mul-
tiple (pigs and cows) to one (humans and mice). The SLPI 
and elafin exhibit antimicrobial activity toward a number of 
bacteria (e.g., E. coli, Pseudomonas aeruginosa, Staphylococ-
cus aureus, Staphylococcus epidermis, and group A Streptococ-
cus); fungi (e.g., Aspergillus fumigatus and Candida albicans); 
and selected viruses (e.g., human immunodeficiency virus). 
In addition to their antimicrobial properties, SLPI and ela-
fin are potent antiproteases, neutralizing potentially harm-
ful proteases (e.g, human neutrophil elastase) and inhibiting 
proinflammatory microbial products (e.g., lipopolysaccha-
ride). Many are chemotactic for white blood cells, including 
T lymphocytes. Other activities include, but are not limited 
to stimulation of angiogenesis or inhibition of signals which 
activate B cells (e.g., NFκB).

The AMPs are extensively integrated into other defense sys-
tems. They are stimulated by a number of signals (e.g, macro-
phage cytokines such as IL-β and TNF-α). In contrast, microbes 
may protect themselves by downregulating AMP expression.
Microorganisms have other protective mechanisms, including 
changes in cell wall or membrane composition, secretion of 
factors that block AMP action, or manipulation of host cells 
such that AMP activity is decreased.

It is likely that the ability of AMP to modulate inflamma-
tion, immunity, and tissue repair processes contributes to 
a central role in numerous essential host defenses. Pharma-
cologic modulation of AMP is a focus of investigation for a 
treatment and prevention measures for a variety of disease, 
including as adjuvants for tumor or infectious vaccines.

Hypersensitivity Reactions and Cytokine Storm
An imbalance in the activities of CD4 Th1 and Th2 subsets 
may be responsible for the onset or exacerbation of immune- 
mediated diseases. Increased concentrations of Th1 (and 
decreased Th2) are associated with response to viral and fun-
gal infections, whereas increased concentrations of Th2 (and 
decreased Th1) are associated with increased production of 
IgE and IgA antibodies. Autoimmune diseases are associated 
with a predominance (reflecting an imbalance) of Th1. Imbal-
ances also have been associated with resistance to infectious 
disease and malignancy.15 In contrast, allergic inflammatory 
diseases (eg., atopy, inflammatory bowel disease, asthma) may 
reflect an imbalance that favors Th2.

Multiple novel mechanisms have been identified for their 
underlying role in the pathogenesis of immune- mediated 
diseases. Most, if not all, involve transcription factors, each 
providing potential current of future opportunities for 
manipulation. Among the prominent immune-mediated 
diseases being intensely studied in an attempt to understand 
the molecular mechanisms of immune mediated diseases are 
diabetes type 1, rheumatoid arthritis, multiple sclerosis, IBDs, 
psoriasis, and systemic lupus erythematosus (SLE).16

Four types of reactions result from activation of immuno-
logic pathways. Type I hypersensitivity results from antigen–
IgE interaction (Figure 31-2). IgE that has previously interacted 
with the antigen binds to the surface of a basophil or mast cell. 
Subsequent interaction with the same antigen causes mast cell 
degranulation and the release of a number of mediators asso-
ciated with immediate hypersensitivity. Mediator release can 
be instantaneous (e.g., anaphylaxis); delayed for 2 to 4 hours; 
or biphasic, with both an immediate and a delayed reaction. 
Systemic release of mediator results in systemic anaphylaxis; 
localized mediator release limits reaction to the site of release 
(eg, swelling, redness, pain). Atopy is an inherited predisposi-
tion to develop IgE antibodies to environmental antigens and 
is characterized by constant high levels of IgE. An anaphylac-
toid reaction may be similar to anaphylaxis in presentation but 
reflects nonimmune-mediated mast cell degranulation (e.g., 
cationic drug-induced) (see Chapter 4).

Type II hypersensitivity occurs when ADCC occurs after 
antibody binds to a cell or to an exogenous antigen associated 
with a cell surface or a basement membrane. Complement may 
be activated and contribute to the damage. Examples of type II 
hypersensitivity include drug hypersensitivities, autoimmune 
hemolytic anemia, immune-mediated thrombocytopenia, 
immune-mediated endocrinopathies, and immune-mediated 
dermatologic disorders such as bullous pemphigus.11

Type III hypersensitivity results from the formation of 
antigen–antibody or immune complexes that either circu-
late or are deposited as microprecipitates in vascular beds or 

KEY POINT 31-6 Antimicrobial peptides are an ancient evo-
lutionary arm of the mucosal immune system that act to 
disrupt microbial membranes.

KEY POINT 31-7 An imbalance in the activities of CD4 Th1 
and Th2 subsets may be responsible for the onset or exac-
erbation of immune-mediated diseases.
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Figure 31-2 The shared pathophysiology of chronic allergic inflammatory disease begins with antigen processing at the tissue 
(e.g., skin, airways, gastrointestinal tract). Presentation and subsequent Th2 helper cell acitivity results in signaling to basophils 
and eosinophils. Their release of inflammatory mediators at the site may perpetuate the response by increasing tissue perme-
ability, allowing access of the antigen to deeper tissues. The chemotactant cytokine eotaxin and its interaction with interleukin-5 
plays a major role in stimulating local responses as well as bone marrow production of eosinophils; leukotrienes may serve as 
signals for these interactions. Ultimately, cells released from the bone marrow perpetuate the response at the tissue. Accordingly, 
therapy might target not only the affected tissue (including adjuvant therapy) but also the bone marrow itself. Inset: Diagram-
matic representation of a type I hypersensitivity reaction involving antigen bound to immunoglobulin E and calcium-mediated 
degranulation. Degranulation results in the release of both preformed mediators and mediators formed in situ (e.g., from arachi-
donic acid). Stimulation of muscarinic (M3) receptors supports exocytosis, which is inhibited by stimulation of beta2-adrenergic 
receptors. cAMP, Cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; DAG, diacylglycerol; IP3, inosi-
tol triphosphate; PAF, platelet-aggregating factor; PDE, phosphodiesterase; PIP2, phosphatidylinositol; PKC, protein kinase C; 
PLA2, phospholipase A2; PLC, phospholipase C.
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basement membranes. The Arthus reaction occurs 2 to 4 hours 
after IgG interacts with an antigen in the vessel wall. Serum 
sickness occurs when circulating immune complexes develop 
as a result of intravascular injection of the antigen. Micropre-
cipitates in circulation deposit in basement membranes and 
the vascular endothelium, resulting in immune complex dis-
eases. The risk of serum sickness increases with the persistence 
of antigen. The size of the immune complex also determines 
the degree of damage because larger complexes are more likely 
to deposit and initiate inflammation. Complement both con-
tributes to and protects against damage caused by immune 
complex disease.11

Type IV hypersensitivity involves sensitized T cells that ini-
tiate a cell-mediated reaction on interaction with the appropri-
ate class II MHC antigen. Lymphocyte and macrophage influx 
to the site occurs over a 24- to 72-hour period. Allergic contact 
dermatitis is an example of a type IV hypersensitivity.11

The term cytokine storm, or hypercytokinemia, has been 
used to describe the inappropriate systemic reaction result-
ing from the release of cytokines (more than 150) from a 
healthy and reactive immune system. Its importance emerged 
in response to the impact that swine flu to have in some, but 
not all afflicted human patients.17 The immune system appears 
to lose the control normally provided through a system of 
checks and balances involving both inflammatory signals  
(e.g., TNFα, IL-1, and IL-6) and antiinflammatory signals (e.g., 
IL-10), as well as coagulation factors, and oxygen free radicals. 
The impact of these signals on body tissues and organs can be 
profound and is exemplified by acute respiratory distress syn-
drome (particularly that associated with influenza or flu), sep-
sis, and systemic inflammatory response syndrome. Inhibiting 
T cell response has been proposed as a potential mechanism 
of treatment or prevention. Drugs that alter production or the 
impact of TNFα are among those studied for possible efficacy.

Regulation of the Immune Response 
Transcription Factors
Regulation of the immune response reflects a balance of the 
integrated actions of proinflammatory and antiinflammatory 
cytokines that act to trigger signaling pathways. The pathways, 
in turn, modulate gene expression program in the cells. Tran-
scription factors targeted by cytokines include NFκB (proin-
flammatory),18 activator protein 1 (AP-1), SMAD proteins 
(responsible for transfer of extracellular signals from trans-
forming growth factor to intracelluar nuclear TGF-ß gene tran-
scription), glucocorticoid receptors (antiinflammatory)19, 20 
(see Chapter 30), and members of the STAT protein family 
(proinflammatory and antiinflammatory).5

NFκB is a transcription factor that, upon induction by a 
number of inflammatory agents, participates in the expression 
of a large number of target genes, many of which regulate both 
innate and adaptive immunity. Because a number of the target 
genes activate NFκB, signal amplification may occur at very 
low concentrations of the inciting antigen, causing profound 
effects. Regulatory failure has been associated with a num-
ber of autoimmune diseases, including IBDs such as Crohn’s 
disease and ulcerative colitis.18 NFκB appears to play a key 

role in rheumatoid arthritis in humans. Metalloproteinase-1 
(MMP-1) and TNF-α are among the molecules it regulates.16 
The NFκB system is vital to survival, but regulatory activ-
ity is very complex, and undirected inhibition may result in 
undesirable immune suppression. For example, pharmaco-
logic interference with a potentially therapeutic aspect (e.g., 
inactivation in enterocytes such that a systemic inflammatory 
response is avoided) often is accompanied by potentially lethal 
parallel effects (e.g., severe apoptotic damage to the reperfused 
intestinal mucosa). Pharmacologic manipulation is most likely 
to succeed only when tissue- or organ-targeted inhibition is 
possible. Another major role player is activator protein 1 (AP-
1), a transcription factor with major proinflammatory effects. 
It regulates gene expression stimulated by cytokines, growth 
factors, stress, and bacterial and viral infections, thus controls 
diverse cellular processes such as differentiation, proliferation, 
and apoptosis.

Patients with glucocorticoid-sensitive versus glucocorti-
coid-resistant chronic inflammatory disease exhibit different 
cellular activation of NFκB, and AP-1 and upstream kinases; 
activation occurs in macrophages of the lamina propria in ste-
roid-responsive patients but predominantly in epithelial cells 
of steroid resistant patients. Thus directed therapy for steroid-
resistant patients might focus on inhibition of NFκB activa-
tion in epithelial cells.18

The Janus kinase (JAK)–STAT pathway is a major signal-
ing pathway by which cytokine signals lead to the expression 
of genes that regulate immune cell proliferation and differ-
entiation. The JAK–STAT signaling pathway is activated in 
response to cytokines (e.g., ILs and IFNs) as well as certain 
peptide hormones. The binding of the signaling molecules 
to the receptors causes activation (phosphorylation) of JAKs 
(e.g., JAK-1 through -3), which provide docking sites on the 
JAK protein for STAT proteins. The STAT proteins are then 
activated (phosphorylation) and translocated to the nucleus, 
where they bind to their response elements in the promoter 
of target genes. Transactivation cannot occur without co- 
activation by proteins such as acetyl transferase binding protein 
(e.g., CREB, a cyclic adenosine monophosphate [cAMP]–
responsive element binding protein that increases MMP  
production in the synoviocytes of patients with rheumatoid 
arthritis).16

Cytokines that promote immune and inflammatory 
responses (e.g., IL-6, IFN-γ, IL-12, and IL-18) as well as those 
that suppress the immune response (e.g., IL-4, IL-10, IL-13) 
mediate cellular responses through the JAK–STAT signaling 
pathway. Up to seven STAT (including STAT-1 through -4, 5a 
and 5b, and STAT-6) proteins have been identified in mam-
mals, each with a specific function in the immune response 
that modulates either proinflammatory or antiinflammatory 
responses. For example, STAT-3, originally discovered as an 

KEY POINT 31-8 Nuclear factor kappa B (NFκB), a transcrip-
tion factor induced by a number of inflammatory signals, 
is involved in the expression of genes that regulate both 
innate and adaptive immunity.
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acute-phase response factor activated by IL-6, is also acti-
vated by many other cytokines and appears to be a constitu-
tive protein that influences chronic inflammation. However, 
its embryonic deletion is lethal.5

Immunomodulatory Effects of Opioids
The potential of opioids to influence the immune system 
was first recognized close to 100 years ago when the effects 
of opium on phagocytic function were observed.21 Heroin 
addicts are more susceptible to infection. Rodent studies indi-
cate increased mortality and morbidity rates when opioid-
treated animals are exposed to infectious agents. The presence 
of opioid receptors on cells of the immune system has been 
recognized since the late 1970s.21,22 Although further studies 
are needed to fully elucidate the effect of opioids on immune 
function, thus far both the cellular and humoral immune reac-
tions are believed to be affected.

Effects of opioids on the immune system are variable but 
are directed centrally, rather than peripherally, and involve 
primarily, but not exclusively, supraspinal mu receptors. 
Effects (inhibitory versus stimulatory) are dose dependent but 
occur at clinically relevant doses in animal models. Multiple 
central opioid receptors and endogenous opioids appear to be 
involved in complex immune responses. NK cytolytic activ-
ity and mitogen-stimulated T-cell proliferation are reduced 
by centrally administered morphine by way of mu receptors, 
whereas antibody production is both increased and decreased 
by met-enkephalin, which probably reflects interaction with 
multiple receptors. Effects can occur with single or multiple 
administration of exogenous opioids. Both the neuroendo-
crine system and the autonomic nervous system may serve as 
the efferent mechanisms mediating central opioid modulation 
of the immune system.21 Tolerance appears to develop to some 
of the immunomodulatory effects, but this remains controver-
sial. The clinical implications regarding the role of opioids in 
modulating the immune response are not clear.

Immunomodulatory Effects of Vitamin D
Increasingly, vitamin D (1,25, dihydroxyvitamin D3) is 
 recognized to have a noncalcemic role. Among the proposed 
activities is support of the immune system, particularly T cell–
mediated immunity.23 Both T lymphocytes and macrophages 
are characterized by a high density of vitamin D receptors, 
particularly in immature immune cells and mature CD8 cells. 
Vitamin D compounds have been demonstrated in animal 
models to selectively immunosuppress, effectively prevent-
ing or modulating autoimmune diseases, including systemic 
lupus erythematosus, encephalomyelitis, rheumatoid arthri-
tis, and IBD. Suppression or prevention of transplant rejec-
tion has been demonstrated in animal models. Mechanisms 
may include stimulation of the antiinflammatory mediators 
 transforming growth factor beta 1 (TGF-β 1) and IL-4. These 
effects appear to occur without negatively affecting normal 
immune defense mechanisms. Therapeutic use may be  limited 
by the advent of hypercalcemia, leading to investigations of 
noncalcemic analogs; indeed, some suggestion exists that 
hypercalcemia may be required for immunosuppression.

CLASSIFICATION OF 
IMMUNOMODULATORY DRUGS

Immunomodulators often are classified according to their 
source: microbial, animal, or synthetic. Immunomodulators 
can also be classified by either an inhibitory or a stimulatory 
effect on the immune system. Prohost agents augment the cel-
lular immune response either by facilitating a normal response 
in the face of immunosuppression (immunorestoratives) or 
by stimulating the immune response (immunostimulants). 
Immunostimulants can be used either before antigenic chal-
lenge to protect immunocompromised patients at risk or after 
exposure to potentially virulent agents has occurred. Immu-
nosuppressant agents are used to manage hypersensitivity 
reactions, including autoimmune diseases, and as anticancer 
drugs. Many immunomodulatory drugs are target specific in 
their effects. However, many also have nonspecific effects that 
affect several to many arms of the immune response. Immu-
nostimulants may in fact inhibit components of the immune 
response in some instances. Care should be taken when select-
ing an immunomodualtory drug, particularly if all the effects 
of the drug are not known or anticipated. For example, selec-
tive depression of some virally induced immune reactions is 
beneficial if the host’s immune response to the infecting virus 
threatens the host’s survival. Drugs that inhibit B lymphocyte 
activity (e.g., cyclophosphamide) often lower the mortal-
ity risk associated with some human influenza viruses and 
 presumably should prove beneficial in the treatment of feline 
viral diseases associated with poorly controlled Ig production  
(i.e., feline infectious peritonitis).

The major indications for pharmacologic modulation of 
the immune system in animals are treatment of autoimmune 
diseases; prevention or treatment of infections, particularly in 
immunocompromised hosts; and prevention and therapy of 
malignancies. A less common but increasingly growing use 
of immunomodulators in small animals is treatment of graft-
versus-host reactions after organ transplantation.

IMMUNOMODULATION IN VIRAL 
AND NEOPLASTIC DISEASES

Biologica l response modifiers are discussed in  Chapter 32. 
Their primary indications are for treatment of viral or 
 neoplastic disease or (generally their antagonism) for 
 treatment of immune-mediated disease.

Viral Diseases
Biological response modifiers potentially offer a logical and 
unique approach to the treatment of viral diseases because 
(1) viruses are capable of immunosuppression and (2) the 
immune response is an important determinant in the host’s 
ability to overcome viral infection.24,25 Resistance against and 
recovery from viral infections in mammals depend on three 
components of the immune system. The mononuclear phago-
cytic (reticuloendothelial) system represents the first barrier 
to viral infections, but it is nonspecific and not always effi-
cient. Sensitized T lymphocytes provide specific cell-mediated 
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immunity, which is followed later by humoral events, either 
narrowly specific (antibodies) or nonspecific (IFN). Mul-
tiple interactions occur among these systems. Unfortunately, 
several systems also contribute to the pathogenesis of viral 
disease. Viruses may cause immunosuppression by several 
mechanisms: They may directly injure or impair all classes of 
lymphocytes; cause the production of soluble immunosup-
pressing chemicals (e.g., IFN, p15[E] of feline leukemia virus 
[FeLV]) damage all three cell systems by infection, or cause an 
imbalance in immunoregulation, thus leading to overactivity 
of suppressor T cells.

Neoplastic Diseases
Many tumors have surface antigens toward which specific anti-
bodies can be directed. Biological response modifiers can alter 
response to tumor antigen at one or several of these points, 
depending on the drug. Some biological response modifiers 
augment or restore normal host effector mechanisms by acting 
as either a mediator or an effector of the antitumor response. 
Transformation of tumor cells may be decreased or matura-
tion of tumor cells may be increased by biological response 
modifiers. Host tolerance of damage caused by cytotoxic 
chemotherapeutic drugs also may be increased by biologi-
cal response modifiers. Finally, biological response modifiers 
have been used to alter patient response to FeLV viremia and 
thus the subsequent associated neoplasms.26,27

IMMUNOMODIFYING DRUGS

The sequelae of immunomodulation are not always beneficial; 
alteration of the immune response can impair many aspects of 
the host’s normal defense system. The use of immunomodula-
tors remains in its early stages despite advances; this remains 
particularly true for veterinary medical applications. Because 
of the many facets of the immune system susceptible to regu-
lation, the dose, timing, and route of administration of these 
drugs are important if undesired effects are to be avoided 
(Table 31-2). In addition, host effects such as age and nutri-
tional status and the nature of the disease may be important 
determinants in the patient’s response to these drugs.

Marked advances have been made in the use of drugs that 
target the adaptive immune response. For the purposes of this 
text, drugs used to modify the immune response will include 
drugs whose actions are relatively nonspecific in their immu-
nomoldulatory effect and those products of biological (animal) 
origin that target specific mediators of the immune response 
or their receptors, the latter is the focus of Chapter 32.

The role of P-glycoprotein in drug-induced immunomodula-
tion is an emerging area of interest.28 The protein is expressed on 
peripheral blood mononuclear cells. It influences the secretion 
of cytokines secreted from antigen-presenting cells and selected 
T cells, and it has been shown to influence lymphocyte survival 
and antigen-presenting cell differentiation. These actions appear 
to contribute to the immunomodulatory actions of selected 
drugs capable of inhibiting P-glycoprotein (e.g., verapamil, 
progesterone, tamoxifen) and may account for the therapeutic 
immunomodulatory functions of these drugs. Eventually, these 

effects might be redirected for therapeutic benefit in allograft 
rejection and cell-mediated autoimmune disorders.

Immunosuppressant Drugs
Four major classes of immunosuppressive drugs are described 
in human medicine: glucocorticoids (discussed in Chapter 
30), calcineurin inhibitors, antiproliferative–antimetabolic 
drugs, and biological agents.4 The latter includes biological 
response modifiers (Chapter 32).

Several principles should guide use of immunosuppressant 
drugs.4 First, suppression of the primary immune response is 
more easily accomplished than is suppression of the secondary 
(amnestic) response. Second, successful inhibition or suppres-
sion is easier if therapy begins before exposure to the inciting 
immunogen (antigen). Third, immunosuppressive drugs do 
not cause the same effect on all aspects of the immune system. 
Often, opposite effects are concentration dependent. Thus fail-
ure to achieve the desired response should not necessarily lead 
to an increase in dose. Finally, patients often require lifelong 
therapy, which increases the risk of adverse effects.

Two major limitations characterize immunosuppressive ther-
apy. Patients receiving immunosuppressive therapy are predis-
posed to infections of any type. In addition, the risk of  lymphomas 
and related malignancies is increased. This latter risk is more 
problematic in human patients because, in part, of their longer 
life span, but has proven a risk in dogs or cats receiving cyclospo-
rine. Events that immunosuppressive drugs tend to target include 
 antigen recognition, stimulation of IL-1, synthesis and release 
of IL-2 or other cytokines, and lymphocyte proliferation and 
differentiation.4 Secondary signal molecules are also becoming 
increasingly important as targets of immunosuppressive therapy.

Immunosuppressive drugs are used to treat immune-
mediated disease, which in this chapter include autoimmune 
diseases (e.g., immune-mediated anemias or thrombocy-
topenias) as well as chronic allergic inflammatory diseases 
(e.g., atopic dermatitis and asthma, IBD). A third, less com-
mon indication in veterinary medicine is prevention of organ 
rejection in renal transplant patients. Autoimmune diseases 
are characterized by sensitization to endogenous proteins 
that are perceived to be foreign. Both cell-mediated and 
humoral responses can be directed toward the protein. Many 
immune-mediated disorders afflicting dogs and cats respond 
sufficiently well to glucocorticoids (discussed in Chapter 30) 
and, when necessary (in severe cases), cytotoxic drugs. These 
include immune-mediated autoimmune hemolytic anemia or 
thrombocytopenia, acute glomerulopathies, and many derma-
tologic disorders with an immune-mediated basis. However, 
the approval of cyclosporine (CsA) for chronic allergic derma-
titis has increased its use for autoimmune diseases, providing 
an alternative to cytotoxic drugs as a second tier.

Calcineurin Inhibitors
Calcineurin is a protein phosphatase that dephosphorylates 
and thus activates the transcription factor nuclear factor of 
activated T cell (NFATc). Upon activation, NFATc translocates 
to the nucleus and upregulates IL-2 expression of regulatory 
proteins.
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Table 31-2  Dosing Regimens of Immunomodulating Drugs
Drug Dose Route Interval
Acemannan 2 mg Intratumorally Weekly for 6 weeks

1 mg/kg Intraperitoneally Weekly for 6 weeks
Aurothioglucose

Test dose 1 mg < than 10 kg, 5 mg ≥ 10 kg IM Twice, 1 week apart
1 mg/kg (D) IM Weekly until remission;  

then alternate weeks
With prednisolone 1 to 2 mg/kg PO 12 to 48 hr

0.5 to 1 mg/kg (C) IM 7 days
Auranofin 0.1 to 0.2 mg/kg PO 12 hr
Azathioprine (dog) 2 mg/kg PO 24 hr

With prednisolone 1 mg/kg PO 12 hr
Chlorambucil 0.1 to 0.2 mg/kg PO 48 hr
Cyclophosphamide 100 to 250 mg/m2 IV bolus Once

50 mg/m2 PO 48 hr
With prednisolone 1 mg/kg PO 12 hr

Cyclosporine 4 to 6 mg/kg IV infusion Over 4 hr
Perianal fistulae 5 to 10 mg/kg PO 12 hr
Renal allografts 7.5 mg/kg PO 12 hr
With prednisolone 0.125-0.25 mg/kg PO 12 hr

Danazol 2-5 mg/kg PO 24 hr
Dexamethasone 0.1 to 0.2 mg/kg IV
Dimercaprol 4 mg/kg IM 4 hr
Fibronectin 0.5 to 2.0 mg/kg IV 24 hr
Human gammaglobulin 0.5 to 1.5 g/kg IV infusion Over 12 hr
Leflunomide (dog) 3 to 8 mg/kg PO 24
Levamisole 2.5-5 mg/kg PO 3 times weekly
Megestrol acetate

Induction 2.5 to 5 mg/cat PO 48 hr, every other day
Maintenance 2.5 mg/cat PO 7 to 14 days

Methylprednisolone acetate 2 mg/kg, minimum of 20 mg Intralesional 14 days
Niacin 5 to 12 mg/kg PO 8 hr
Pentoxifylline 30 mg/kg (D) PO 8 to 12 hr
Prednisolone, prednisone

Immunosuppressive 1 to 3 mg/kg IV, SC, PO 12 hr
Alternate-day target 0.25-0.5 mg/kg IV, SC, PO 48 hr

Promodulin 50 mg/kg up to 200 mg IV 24 × 5days
Tetracycline 5 to 12 mg/kg PO 8 hr
Vitamin E acetate or succinate 400 IU PO 12 hr; 2 hr before or after  

a meal
Vinblastine 0.1 to 0.4 mg/kg IV 7 to 14 days

2 mg/m2 (C) IV 7 to 14 days
1 to 3 mg/m2 (D) IV 7 days (in a protocol)

Vincristine 0.010 to 0.025 mg/kg (D) IV 7 to 10 days
Immune-mediated  

thrombocytopenia
Neoplasia 0.5 to 0.75 mg/m2 IV 7 to 14 days

IM, Intramuscularly; D, dog; PO, by mouth; C, cat; IV, intravenous; SC, subcutaneous.
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Cyclosporine A
Chemistry–Structure Relationship
Cyclosporin A (CsA), now known as cyclosporine, is the most 
important immunosuppressive drug for human transplanta-
tion and the treatment of selective autoimmune disorders.4,30 
CsA is one of nine cyclosporins (A through I), each a cyclic 
peptide drug (Figure 31-3) isolated from the fungi Cylindro-
carpon lucidum and Trichoderma polysporum. An M des-
ignation, when present, indicates a metabolite. The drug is 
both very lipophilic (hydrophobic) and must be solubilized 
before administration.4 The oral preparation is a soft gelatin 
capsule (Sandimmune) or a (newer) microemulsion formu-
lation (Neoral). The intravenous preparation is an ethanol– 
polyoxyethylated castor oil mixture. Historically, CsA has been 
formulated in peanut oil (for treatment of ophthalmic ocular 
disorders in dogs); however, an approved product formulated 
for topical use is now available.

Mechanism of Action
CsA is a unique immunosuppressant in that it specifically 
inhibits Th cells (both Th1 and Th2) early in their immune 
response to antigenic and regulatory stimuli4 without affect-
ing suppressor cells. Suppression occurs as CsA binds to 
cyclophilin, a cytoplasmic receptor protein, forming a het-
erodimeric complex. This complex then binds to calcineurin. 
Binding of calcineurin inhibits calcium-stimulated phospha-
tase that dephosphorylates the regulatory protein. As such, CsA 
prevents transcription of T cell genes enhanced in response 
to T cell activation. Transcription mediated by IL-2, certain 
proto-oncogenes, and selected cytokine receptors are particu-
larly affected.4 IL-2 production (and thus T cell proliferation 
and antigen-specific cytotoxic T lymphocyte generation) also 
is attenuated because the expression of TGF-β, a potent inhibi-
tor of IL-2, is increased.4 B cells are not affected. The drug is 
most effective when administered before T cell proliferation 
has occurred. In addition to these immunomodulatory effects, 

CsA also affects other inflammatory cells. CsA inhibits skin 
mast cell numbers, survival, and response (secretory and his-
tamine release) as well as secretion of IL-3, IL-4, IL-5, IL-8, 
and TNFα. Similarly, eosinophile response (release of granules 
and cytokines) and recruitment to allergic sites is impaired. 
CsA prevents TNFα-mediated late phase reactions, thus 
inhibiting IgE and mast cell–dependent cellular infiltration in 
the skin and bronchial mucosa. However, CsA does not inhibit 
IgA secretion or IgG and IgM formation in dogs and has no 
apparent effect on serum allergen-specific IgE levels, intrader-
mal tests, or vaccination.

Surprisingly little information is available regarding immu-
nomodulatory effects of CsA in dogs or cats. Using dermal 
microdialysis, Brazis and coworkers31 demonstrated that CsA 
at 5 mg/kg per day for 15 and 30 days decreased histamine, but 
not prostaglandin D2, release in sensitized Beagles challenged 
with Ascaris suum.

Preparations
CsA is available in a variety of preparations, two of which are 
approved in the United States for use in animals. CsA was 
first formulated for oral use in humans as vegetable oil. Oral 
absorption in this preparation depends on emulsification by 
bile acids. Poor oral bioavailability led to the formulation of 
a microemulsion preparation (modified CsA, ME), which, on 
contact with gastrointestinal fluids, disperses into a homo-
geneous monophasic microemulsion that mimics the mixed 
micellar phase of the standard formulation. In dogs the ME 
formulation offers a 35% bioavailability (Novartis Animal 
Health data on file).
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Figure 31-3 The chemical structure of selected immunomodulating drugs.

KEY POINT 31-9 Cyclosporine A specifically inhibitits T helper 
cells; however, little information is available regarding its 
impact on immune response in dogs or cats.
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Atopica is the veterinary-approved microemulstion prepa-
ration of CsA intended for systemic use in both capsules and 
solutions. A 0.2% ophthalmic ointment (Optimmune) is also 
available. A number of human-approved drugs are available, 
including an injectable solution, an oral solution (100 mg/mL), 
an ophthalmic emulsion (0.05%), and a variety of capsule sizes 
for the standard and the microemulsion-modified preparation. 
Included are a number of generic-modified CsA products. 
However, the therapeutic equivalence that has been estab-
lished for these products in humans should not be assumed 
to be therapeutically equivalent to Atopica in animals. Indeed, 
one preparation made by IVAX Pharmaceuticals and sold by 
selected chain pharmacies appears to result in much higher 
concentrations in dogs compared with other preparations on 
the basis of samples submitted through the author’s laboratory. 
Monitoring should be the basis for assessing the appropriate 
dose–concentration relationship for oral human CsA products 
used in dogs or cats; owners might need to be aware if and 
when a pharmacy switches from one human generic to another 
such that prophylactic monitoring might be implemented.

Clinical Pharmacology
The pharmacokinetic behavior of CsA is complex, resulting in 
marked variability in the relationship between dose and blood 
concentrations.32 Variability reflects not only differences in 
both hepatic and intestinal metabolism (by CYP3A4) but also 
differences in P-glycoprotein among various tissues.32 The dis-
position of CsA has been well reviewed in the dog.33 Absorp-
tion after oral administration is slow and incomplete. The 
complex lipid nature of CsA complicates absorption by being 
dependent on bile acids, which generate a microemulsion. In 
humans oral bioavailability of the capsule ranges from 20% to 
50% but is improved by 10% to 20% in the microemulsion form 
which is not dependent on bile acids.4,34 Peak concentrations 
occur 1 to 4 hours after oral administration in human beings. 
When the capsule—but not the microemulsion—is adminis-
tered with a fatty meal, absorption is slowed. Studies suggest 
that decreased bioavailability of CsA after oral administration 
may reflect activity of drug-metabolizing enzymes of the intes-
tinal epithelium35 or P-glycoprotein–mediated drug efflux.

The oral bioavailability of microemulsion in dogs is 35% 
compared with the 20% of the oral preparation.33 Bioavailability 
of orally administered CsA is approximately 25% to 30% after 
multiple oral administration in cats (n = 6). Food may impair 
the absorption of CsA; peak concentrations in fasted dogs were 
20% higher than in nonfasted dogs in one study, although time 
to peak (approximately 1.5 hours) was the same.33 The drug is 
not predictably absorbed topically after transdermal adminis-
tration (unpublished data, Boothe 2007). CsA is widely distrib-
uted, characterized by a large volume of distribution (13 L/kg 
in humans). The drug accumulates in erythrocytes (account-
ing for 50% or more of the drug in humans), and leukocytes 
(accounting for 10% to 20% of circulating drug in humans).4 

Consequently, monitoring of whole blood rather than plasma 
or serum is recommended. Remaining circulating drug is 
bound to plasma lipoproteins. Further, concentrations in skin 
are up to tenfold higher than in blood, although this is based 
on homogenate data (as reviewed by Guaguère and cowork-
ers33). In contrast, largely because of the influence of adenosine 
triphosphate–binding transporters P- glycoproteins, especially 
the ABCB1 cassette (P-glycoprotein, MDR1 gene product), 
little CsA crosses the blood–brain barrier.

CsA is metabolized to a large number of metabolites pre-
dominantly by the liver, although sufficient metabolism occurs 
by intestinal enterocytes that oral bioavailability is affected. 
Microflorae also may contribute to metabolism.37 CYP3A4 
(commonly associated with P-glycoprotein or other efflux 
pumps) plays a major role in metabolism; many of the drug 
interactions involving CsA also involve CYP3A4 or associated 
glycoprotein. More than 25 to 30 metabolites have been docu-
mented in humans and dogs.32,38,39 Metabolism is targeted pri-
marily toward the side chains rather than the ring structure and 
reflects hydroxylation, demethylation, sulfation, and cyclization. 
The major hydroxylated metabolites (AM1 and AM9) are fur-
ther metabolized, contributing to the complex metabolic profile. 
Both AM1 and AM9 may contribute 10 to 20% of CsA activ-
ity, with AM1 contributing 27% of trough activity.40 In humans 
AM1 accumulates with chronic dosing and ultimately may sur-
pass CsA, and monitoring assays might ideally detect the active 
compounds.39 They are detected to variable degrees by selected 
immunoassays based on a monoclonal antibody (e.g., Abbott 
TdX, Architect systems, Seimens Dimension).41,42 Selected labo-
ratories may also offer a high-performance liquid chromatogra-
phy (HPLC)–based system that, may or may not (generally not) 
quantitate the metabolites.39 Ultimately metabolism continues 
until the drug is totally inactivate the drug, although this has not 
been proved conclusively.4 Metabolites are excreted in bile and 
feces, with less than 2% of unchanged drug eliminated in the 
kidneys of dogs. CYP3A4 is largely responsible for metabolism.

The half-life of CsA in dogs is quite variable, depending on 
the investigator and assay. In blood the half-life ranges from a 
low of 5 hours (HPLC) to a high of 18 hours (using fluorescent 
polarized immunoassay [FPIA]); 29 hours was reported for 
serum.43 That reported for Atopica, the product approved for 
use in dogs, is 4.5 hours, a length more consistent with that mea-
sured in the author’s therapeutic drug monitoring  laboratory 
using FPIA. In a manufacturer-sponsored affinity colony- 
mediated immunoassay (ACMIA) study, Steffan and cowork-
ers44 reported the disposition of CsA (5 mg/kg) after  single-dose 
oral administration of either capsules or solution in fasting or 
fed conditions using a randomized crossover design with a 
1-week washout between studies (Table 31-3); food decreased 
peak concentrations and area under the curve by 22%.

KEY POINT 31-10 The kinetics of cyclosporine A are compli-
cated by its large, liphophilic molecular structure.

KEY POINT 31-11 In addition to its chemistry, the oral absorp-
tion of cyclosporine A is affected by a number of factors, 
resulting in marked variability. Differences in absorption of 
human generic or compounded preparations should be 
anticipated.



1164
D

rugs Targeting Inflam
m

ation or Im
m

unom
od

ulation 
S

E
C

T
IO

N
 5

Table 31-3  Disposition of Cyclosporine Reported By Various Investigators
Species (n) Dose mg/kg Route Preparation Sample Method CsA ng/mL* Timing (Tmax in hr) Tmax (hr) T 1/2 (hr) DUR State
Cat (n=5)(1)56 4 IV Not provided WB HPLC 1410± 188 Peak (B) 10.7±0.86 SI HN

26,000 AUC (ng*hr/mL)
Cat (n=6)(2)45 1 IV Sandimmune WB HPLC 474± 112 Peak (B) SI HN

7413±4268 AUC (ng*hr/mL) 9.7±5
Cat (n=6) 45 3 PO Neoral WB HPLC 480±147 Cmax (peak) 1±0.62 8.2±3.3 M (14 d) HN

301±250 Cmin (12 hr trough)
6243±2746 AUC (ng*hr/mL)

Cat104 1 IV 7413 Cmax (peak) SI HN
3 PO 480 Cmax (peak) SI
3 PO 740 Cmax (peak) M
3 PO 321 Cmin (trough) M
3 PO 450-1088 SI
3 OU 288-648 SI

Dog (n=8)77 5 PO Atopica WB FIPA 699±326 Peak 1.50±0.5 5.6±1.2 SI Severe IBD
34±26 Cmin (24-hr trough)
4,770±2,672 AUC(0-24)

Dog (n=16)77 5 PO WB FIPA 878±131 Peak 1.6±0.4 7.8± 1.1 SI H, N
50±22 Cmin (24-hr trough)

AUC(0-24)
Beagle (n=8)44 5 PO, C,F WB FIPA 1059±207 Peak 1.3±0.5 SI H, N

6386±2079 AUC(0-24)
PO, C, N WB FIPA 845±582 Peak 1.36±2.9 SI H, N

5453±1905 AUC(0-24)
PO, S,F WB 1287±180 Peak 1 SI H, N

75233±17 AUC(0-24)
PO, S,N WB 949±725 Peak 0.65±0.26 SI H, N

5396±2615 AUC(0-24)
Beagle (n=16)44 5 Atopica WB HPLC 577±128 Peak 1.4±0.3 9.4±1.2 14 d H, N

34±12 Trough
3997±1108 AUC (infinity)

WB FIPA 878±131 Peak 1.6±0.4 7.8±1.1 14 d
50± 22 Trough
6729±1587 AUC (infinity)

CsA, Cyclosporine A; DUR, duration; IV, intravenous; WB, whole blood, HPLC, high-performance (pressure) liquid chromatography; S, solution; H, healthy; N, normal; AUC, area under the curve; SI: single dose; M, Multiple dose; PO, by mouth; OU, 
both eyes FPIA, polarized immunofluorescence assay; IBD, inflammatory bowel disease; C, capsule, F, fasted C, capsule; N, fed;
(1)  Volume of distribution 2.06±0.14 L/kg; clearance 2.71+0.3 (ml*min/kg)
(2)  Volume of distribution 1.71±0.3L/kg; clearance 0.20+0.154 L/kg*hr
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In cats elimination half-life of CsA is 8 hours, which was 
similar to that after intravenous administration. Liver disease 
will decrease clearance of CsA substantially. However, for the 
nonmicroemulsion form, decreased oral absorption in the 
face of decreased bile may balance decreased clearance. Moni-
toring is recommended in the presence of hepatic or gastroin-
testinal disease.

Mehl and coworkers45 reported the disposition of CsA in 
cats (n = 6 male) after single-dose intravenous (1 mg/kg) and 
multiple-dose (14 days; 3 mg/kg twice daily) as Neoral (see 
Table 31-3). Variability in plasma drug concentrations among 
cats and across time underlines the importance of monitoring 
if treating life-threatening conditions. After multiple-day (7 to 
14 days) oral administration (3 mg/kg), mean (peak) plasma 
concentrations at 2 hours were 740 ± 326 (7 days) and 655 ± 
285 ng/mL (14 days), whereas trough concentrations were 332 
± 237 and 301.5 ± 250 ng/mL, respectively. Oral bioavailability 
was only 25% to 29%.

Because cats may find the oral preparation unpalatable, the 
oral solution can be given diluted in olive oil. The intravenous 
preparation (4 to 6 mg/kg as a 4-hour intravenous infusion) 
can be given to animals for which oral administration is not  
possible.46 Ocular administration might serve as an alternative 
route for systemic delivery of CsA in cats.47 After  ocular admin-
istration of either an oral preparation or an ocular preparation 
of CsA in olive oil, (5 mg/kg in each eye as a 10% solution) peak 
concentrations of 450 to 1033 ng/mL (oral preparation) and 288 
to 648 ng/mL (ocular) were achieved, with an  absorption lag 
time ranging from 0 to 1.34 hours for the oral solution and 0.27 
to 1.2 hours for ocular preparation. The elimination half-life 
ranged from 2.41 to 10.04 hours (oral), and 3.09 to 15.75 hours 
(ocular), respectively. Blood concentrations were sufficient to 
inhibit lymphocyte activity as measured in vitro, leading the 
authors to conclude that ocular administration of CsA in an 
olive oil vehicle might be a reasonable alternative to oral, or 
even intravenous, administration in cats intolerant to the latter.

Drug Interactions
Novartis48 provides a transplant drug interactions monograph 
that cites more than 600 references and delineates cyclospo-
rine interactions involving more than 300 drugs. The list of 
drugs that might interact with CsA is extensive. The manual is 
available on the Novartis website at no charge and should be 
consulted when treating patients receiving additional drugs. 
Selected interactions can be found in Table 31-4. This review 
will focus on some of the more common interactions, includ-
ing those used intentionally.

The enzyme that metabolizes CsA (CYP3A4) is responsible 
(in humans) for approximately 30% of all drug metabolism; 
many of CsA drug interactions occur with this enzyme. Fur-
ther, CsA is a target of P-glycoprotein, another site character-
ized by a substantial number of CsA–drug interactions.4,49 The 

risk of drug interactions is another indication of the need for 
therapeutic drug monitoring as a guide to proper dosing regi-
mens. CsA elimination is accelerated, probably in part because 
of the induction of drug-metabolizing enzymes, by phenytoin, 
phenobarbital, rifampin, and sulfamethoxazole–trimethoprim 
combinations, and others. Dexamethasone also is an inducer 
of CsA.32 Its elimination is decreased by amphotericin B, eryth-
romycin, and ketoconazole.4 CsA also appears to alter the oral 
absorption of other drugs.35 CsA use with other immunosup-
pressive drugs may benefit from these interactions, including 
glucocorticoids.4

The inhibitory effect of ketoconazole on intestinal epithelial 
and hepatic drug metabolism and on P-glycoprotein efflux may 
be of therapeutic benefit in patients receiving CsA by decreas-
ing hepatic clearance and increasing oral bioavailability.35,50-53 
Ketoconazole may also decrease the lipoprotein that binds 
CsA, resulting in higher concentrations of free CsA.51 Stud-
ies with ketoconazole in humans found the dose of CsA to be 
reduced by approximately 70% to 85%.54 The use of ketocon-
azole in conjunction with CsA as a means of decreasing drug 
cost has been well accepted in human transplant patients.51 
The two drugs have been used safely for up to 47 months in 
one study reducing the CsA dose as much as 88%.51 Although 
the effects emerge rapidly, with 62% of the effect is apparent by 
day 7, the maximum inhibitory effect may not be present for 
12 months. This has implications regarding monitoring and 
supports the need for collection of peak and trough samples 
such that the impact of ketoconazole on drug elimination half-
life might be determined.

The effect of combining ketoconazole with CsA has been 
studied in dogs.55 Ketoconazole was studied at doses ranging 
from 1.25 to 20 mg/kg per day, with the magnitude of inhibi-
tion increasing with the dose of ketoconazole above but not 
below 2.5 mg/kg.55 Clearance was reduced by 85% at 10 mg/
kg per day. Differences in clearance did not result in significant 
differences in oral bioavailability. In their review, McNaulty 
and Lensmeyer56 indicated that in dogs, CsA half-life will 
increase over twofold and decrease the concentration of active 
metabolites in response to 2.5 to 10 mg/kg ketoconazole. Up 
to 75% of the CsA dose could be reduced experimentally in 
Beagles concurrently receiving a dose of ketoconazole of 
13.6 mg/kg per day.57 In a study in dogs with perianal fistu-
lae, Mouatt58 examined the impact of ketoconazole (10 mg/
kg once daily) on CsA concentrations (1 mg/kg twice daily). 
Samples were collected 12 hours after the last dose (duration 
not clear). Data were not provided on all dogs, but the author 
noted that at 1.1 mg/kg twice daily of CsA, all dogs exceeded 
200 ng/mL at through (12 hours); nine dogs exceeded 900 ng/
mL, and two dogs exceeded 1500 ng/mL. Concentrations var-
ied by 10% to 40% in the same dog despite no dose change. 
This may have reflected variability in time to steady state, 
which took 2 to 4 weeks. A trough concentration of 200 ng/
mL was targeted. Although 8 dogs maintained concentrations 
of 220 to 520 ng/mL with CsA doses as little as 0.35 to 0.55 mg/
kg twice daily, one dog required only 0.16 mg/kg twice daily 
to maintain 159 to 225 ng/mL, whereas three others required 
0.95 to 1.1 mg/kg twice daily to maintain 120 to 235 ng/mL. 

KEY POINT 31-12 Cyclosporine A is involved with a large 
number of drug interactions that might cause higher or 
lower than anticipated plasma drug concentrations.
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This marked variability in response to ketaconozole appears 
to occur in clinical patients as is suggested by samples sub-
mitted to the author’s therapeutic drug monitoring laboratory. 
Marked variability occurs not only in concentrations, but in 
the time to steady-state, which in turn determines when moni-
toring should be implemented. For example, the author’s labo-
ratory has demonstrated prolongation of the half-life of CsA 
in a patient from 4 hours (as reported in normal dogs) to over 

150 hour. Steady state was not achieved in this patient until 
approximately 4 weeks, causing CsA concentrations to con-
tinue to increase despite a decrease in dose that was based on 
monitoring at 1 week. Yet, in other patients, half-life has been 
less than 12 hours, despite ketoconazole therapy. Detecting 
these diffrences requires collection of peak and trough sam-
ples such that half-life and time to steady-state can be deter-
mined in each patient.

Table 31-4  Cyclosporine Drug Interactions
Drug Impact
ACE inhibitors Increased nephrotoxicity
Acyclovir Falsely increased CsA
Allopurinol Increased toxicity
Aluminum Increased nephrotoxicity and CsA bio-

availability
Aminoglycosides Increased nephrotoxicity
Amlodipine Increased gingival hyperplasia
Antacids Increased aluminum toxicity
Azithromycin Increased gingival hyperplasia

Increased CsA
Bile acids Increased bioavailability
Chloramphenicol Decreaesed clearance, increased CsA
Cimetidine Delayed absorption

No effect (?) on metabolism or absorption
Ciprofloxacin Antagonizes CsA immunosuppression
Cisapride Increased absorption
Clarithromycin Decreased clearance, increased CsA
Cyclophosphamide Increased hepatotoxiciy
Danazol Decreasd metabolism, increased absorp-

tion
Dexamethasole Increased CsA metabolism; synergistic 

immunosuppression
Digoxin Increased digoxin toxicity
Diltiazem Increased gingival hyperplasia, increased 

CsA
Erythromycin Increased hepatotoxicity (decreased 

metabolism?)
Famotidine Decreased clearance, increased CsA
Fluconazole Oral: increased bioavailability
Fluoxetine Decreased clearance, increased CsA
Furosemide Decreased nephrotoxicity
Glucocorticoids Increased metabolism, decreased CsA
Itraconazole Decreased clearance, increased CsA

Increased absorption(?)
Ivermectin Increased neurotoxicity
Ketamine Combined proconvulsant effects
Ketaconazole Decreased clearance, increased CsA

Increased absorption
Increased toxicity

Leflunomide Synergistic immunosuppression

Drug Impact
Loperamide Altered absorption
Methotrexate Decreased clearance, increased CsA

Increased methotrexate toxicity
Metoclopramide Increased absorption, increased CsA
Metoprolol Beneficial hemodynamics
Mitoxantrone Increased mitoxantrone concentrations
Mycophenolic acid Synergistic immunosuppression
Norfloxacin Decreased CsA clearance?
Omeprazole Delayed CsA absorption, decreased CsA 

clearance?
Pancuronium Prolonged duration of pancuronium effect
Pentoxifylline Synergistic inhibition of TNF and other 

immunosuppression
Phenobarbital Increased CsA clearance, decreased CsA
Phenytoin Increased CsA clearance, decreased CsA
Prazosine Increased afterload
Prednisone Increased risk of hepatotoxicity, hyperlip-

idemia
Primidone Increased CsA clearance, decreased CsA
Propranolol Antagonism of CsA immunosuppression

Decreased propranolol clearance
Ranitidine Increased risk of hepatotoxicity, thrombo-

cytopenia
Rifampin Increased CsA clearance, decreased CsA
Sirolimus Synergistic immunosuppression

Synergistic risk of toxicity
Spironolactone Hyperkalemia
Sucralfate Increased aluminum
Sulfadiazines Interference with HPLC assay results in 

increased CsA
Tacrolimus Decreased CsA clearance, increased CsA
Terbinafine Inceased CsA metabolism
Ticlopidine Altered CsA metabolism
Trimethoprim Increased CsA clearance, decreased CsA
Ursodeoxycholic acid Decreased Tmax

Vasopressin Enhanced vasopressin effects
Verapamil Gingival hyperplasia, synergistic immuno-

suppression
Vitamin D3 Additive suppressive effects
Voriconazole Decreased metabolism?

ACE, angiotensin-converting enzyme; CsA, cyclosporine A.
From Neoral and Sandimmune Drug Interactions, Novartis package insert, 2007
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The simultaneous administration of ketoconazole with 
CsA also has been studied in cats. McNaulty and Lensmeyer56 
prospectively studied the impact of a two doses of ketocon-
azole (10 mg/kg at 24 and 0.5 hr) before a single dose of CsA  
(4 mg/kg intravenously) in cats (n = 5) using a randomized 
crossover design with a 14-day washout. Concentrations of 
CsA were detected using HPLC. Clearance was reduced from 
2.73 ± 0.3 to 1.22 ± 0.18 mL*kg/min, resulting in an elimina-
tion half-life prolongation from 10 ± 0.9 to 21 ± 3 hours.

Several studies have examined the impact of cimetidine, 
an inhibitor of CYP3A4, CYP2D6, and CYP1A2 on CsA con-
centrations. Cimetidine also is a substrate for P-glycoprotein. 
The results of the studies are contradictory, perhaps reflecting 
differences in duration of therapy and species. D’Souza and 
coworkers59 found that 5 days of cimetidine therapy signifi-
cantly decreased CsA clearance, increased volume of distri-
bution (perhaps by impacting P-glycoprotein in distribution 
tissues) and prolonged elimination half-life in rabbits, whereas 
Bar-Meir and coworkers60 found that short-term administra-
tion of cimetidine had no effect on CsA metabolism in rats. 
Shaefer and coworkers61 found that 7 days of dosing with 
cimetidine or famotidine did not affect CsA pharmacokinet-
ics in healthy men. Daigle62 explored the impact of cimetidine 
(15 mg/kg orally every 8 hours for 8 days) on the disposition 
of CsA (5 mg/kg orally per day; the last 3 days of cimetidine 
administration) in dogs using a randomized crossover design 
with a 14-day washout. Significant differences could not be 
demonstrated for Cmax or area under the curve the power to 
detect a significant change was not addressed. The author’s 
therapeutic drug monitoring laboratory has identified some 
patients for which a cimetidine–CsA interaction may be pres-
ent, but, other patients for which no effect could be measured.

Among the other drugs that impair CsA elimination or 
compete with efflux pumps include itraconazole, the calcium 
channel blockers such as diltiazem, and the macrolide anti-
bacterial erythromycin.50 In humans, diltiazem decreases the 
CsA dose by approximately 30% to 50%.54 Other drugs that 
influence CYP activity should be expected to potentially affect 
CsA. For example, in the author’s laboratory, a cat receiving 
azithromycin (5 mg/kg once daily) along with CsA (5 mg/
kg twice daily), exhibited peak concentrations exceeded 4500  
ng/mL, presumably in part resulting from an elimination half-
life that exceeded 150 hours. Azithromycin also competes 
for P-glycoprotein. Other drugs that induce P-glycoprotein 
might decrease CsA concentrations. For example, P-glyco-
protein is upregulated in the duodenum of dogs receiving 
glucocorticoids.62a

Side Effects
CsA is characterized by a narrow therapeutic index in human 
patients, with renal toxicity the primary adverse effect. Renal 
tubular cells develop hyperuricemia (worsened by diuretics) 

and hyperkalemia (a renal tubular and erythrocyte ion chan-
nel effect).63 Hepatic injury also occurs. Although less com-
mon than renal dysfunction, the risk of severe hepatic damage 
is markedly increased when CsA is used in combination with 
cytotoxic drugs. CsA also increases the incidence of gallstones 
in human patients. However, in contrast to humans, renal 
and hepatic toxicities do not appear to be in dogs and cats. 
Risk factors, such as concurrent administration of nephroac-
tive or nephrotoxic drugs, or renal transplantation have not 
been addressed in dogs or cats. Hyperlipidemia also has been a 
reported side effect in humans, particularly in patients receiv-
ing glucocorticoids. Other side effects reported in humans 
include neurotoxicity, gastrointestinal upset, and hyperten-
sion.4 Development of B cell lymphoma also has been reported 
in humans; an incidence 10% has been reported in cats under-
going renal transplantation, with mean time to onset of 9 
months. 63a Side effects in dogs include gastrointestinal upset 
and dermatologic or mucosal abnormalities. Vomiting may 
occur in up to 40% of dogs, although it may be intermittent 
and short in duration. Diarrhea occurs less commonly (16% 
to 18%).Vomiting may be more likely when CsA is combined 
with ketoconazole, but this may reflect higher CsA concentra-
tions. Dermatologic abnormalities reported in dogs include 
hair loss (possibly reflecting hair growth and pushing of hair 
from follicles), gingival hyperplasia, and gingivitis in up to 
33% of dogs.58 In one study,58 hair loss resolved by 7 weeks, 
although hairy coats were thinner at study end (see Therapeu-
tic Use). Hyperplasia may reflect an imbalance of fibroblast 
formation and collagen degradation by collagenase, although 
stimulation of TGF-β also has been suggested.33 Stimulation 
of TGF-β also stimulates extracellular matrix and decreases 
degrading proteases. Treatment with antimicrobials (metroni-
dazole, spiramycin) may be useful for treating hyperplasia.58 
Skin healing might be supported rather than inhibited, as 
occurs with glucocorticoids.67

At the doses used to treat atopy, risk of infection does not 
appear to be increased in dogs. However, the risk apparently 
has not been assessed at the higher doses used to treat immuno-
suppressive diseases. A report of central nervous system (CNS) 
toxoplasmosis has been reported in two cats receiving CsA 
(3 mg/kg twice daily for approximately 5 weeks and 6 mg/kg  
twice daily for approximately 8 weeks, respectively); present-
ing signs were respiratory in nature. Both had have previously 
been treated with glucocorticoids for a substantial time before 
diagnosis. A fatal case of toxoplasmosis was reported in a cat 
afflicted with eosinophilic granuloma complex receiving CsA 
at 5 mg/kg per day for a month, which was reduced because 
of anorexia to every other day. After 6 months of therapy, the 
patient developed fatal acute hepatic failure when the dose was 
increased to once daily. Toxoplasmosis was detected histologi-
cally in a number of tissues.67 CsA apparently inhibits insulin 
secretion in a dose-dependent manner in humans.33 Although 
this does not appear to be true in dogs, prudence dictates close 
monitoring of insulin needs in diabetic animals receiving CsA. 
63b In rare cases neurotoxocity, characterized by reversible cor-
tical blindness, has been reported in human patients receiving 
CsA after bone marrow transplantation.64

KEY POINT 31-13 Drugs intended to increase cyclosporine 
A concentrations are likely to differentially affect animals; 
both peak and trough concentrations should be measured 
to determine the full impact.
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Mouatt58 reported that 11 of 16 dogs receiving ketocon-
azole with CsA (Neoral solution) developed hair loss mani-
fested as excessive shedding; five animals also developed 
metronidazole-responsive gingivitis with hyperplasia. Stef-
fan65 compared adverse events associated with CsA (n = 119; 
5 mg/kg per day induction followed by tapering doses) versus 
methylprednisolone (n = 59; 0.5 to 1 mg/kg/day for 1 week, 
then every other day for 3 weeks, then tapered) in dogs with 
atopic dermatitis. The incidence of selected adverse events 
differed between groups. The most common in the CsA group 
were gastrointestinal, for a total of 55%. Among these, the 
most common was vomiting at 37%, which was significantly 
more than the methylprednisolone group (5%), followed 
by soft stools and diarrhea (18%). Infections occurred with 
similar frequency between groups but were more likely to be 
classified as severe or very severe in the methylprednisolone-
treated group and led to more dropouts in that group. Polyuria, 
polydipsia, and increased appetite were more common in the 
methylprednisolone-treated group. Gingival hyperplasia was 
reported in 3% of CsA patients (none in the methylprednis-
olone-treated group). Serum chemistries indicative of renal 
function did not change from baseline. Potassium increased 
by approximately 0.6 mg/dL in the CsA-treated group (and 
decreased in the methylprednisolone-treated group) but was 
within normal values.

In their meta-anlysis of clinical trials evaluating the efficacy 
of CsA for treatment of atopic dermatitis in dogs (10 trials, 672 
dogs treated with CsA for a duration of 0.5 to 6 months), Stef-
fan66 and coworkers reported that vomiting occurred in 25% 
of animals and soft stools or diarrhea in 15%. Remaining side 
effects occurred in less than 3% of the patients. The incidence 
of infection was not any greater for CsA-treatment groups and 
may have decreased in the skin and ear.

The commercial form of CsA intended for intravenous use 
has been associated with anaphylactoid reactions in the dog. 
The reactions appear to reflect the solubilizing agent. The vehi-
cle of the intravenous preparation is very irritating and must 
not extravasate.

Monitoring
Monitoring of CsA concentrations can be an important tool to 
guide effective yet safe CsA regimens. The intent of monitor-
ing should be to establish and maintain the therapeutic range 
for the patient, and to avoid toxicity or therapeutic failure, 
including that associated with drug interactions (see Chapter 
5). Several points of controversy exist regarding monitoring. 
Reasons for monitoring in humans include, but are not nec-
essarily limited to, avoiding nephrotoxicity; minimizing the 
risk of infection; and avoiding therapeutic failure, for which 
host-versus-graft rejection is the most important. In vet-
erinary medicine monitoring might be implemented for the 
same reasons, but the need to avoid toxicity might take second 
stage to the need to assure effective concentrations in the face 

of marked variability in blood concentrations versus dose rela-
tionships. Identifying the intent of monitoring may influence 
down timing.

Peak, trough, or midinterval samples are variably col-
lected by veterinarians using the author’s laboratory. Yet, the 
elimination half-life of CsA is short (approximately 5 to 8 
hours). Accordingly, the drug generally does not accumulate 
or only minimally accumulates with multiple dosing. There-
fore in most patients, no single sample can accurately predict 
the concentration throughout the dosing interval to which 
the patient is exposed. As such, the more critical the main-
tenance of effective doses throughout a dosing interval, the 
more helpful both a peak and trough sample might be. Detect-
ing variability in absorption is best accomplished with peak 
concentrations whereas trough concentrations are influenced 
by both variability in absorption and elimination. Peak con-
centrations might be targeted if toxicity is of concern; trough 
concentrations might be targeted if a minimum effective dose 
must be maintained. However, trough concentrations run the 
risk of being nondetectable and failing to predict the marked 
variability that characterizes CsA absorption particularly with 
once daily dosing. The least useful sample is that collected 
mid-interval unless the patient is known to have a very long 
half-life. Note that if concentrations are to be compared across 
time (for example, to confirm that a dose increase resulted in 
higher concentrations), then care must be taken to collect sub-
sequent samples at the same time point in the dosing interval. 
A difference of two hours can cause concentrations to fluctu-
ate by 25% or more. The farther apart subsequent samples are 
and the shorter the elimination half-life of CsA in the patient, 
the less relevant are comparisons between samples collected 
across time.

Among the important determinants of whether a peak or 
trough sample is collected is knowing which concentration 
most accurately predicts response: peak (generally collected at 
2 hrs to assure absorption and distribution have been largely 
completed), trough (just before the next dose, indicating the 
lowest concentration to which the patient is exposed during an 
interval) or area under the curve. Timing of sample collection 
(peak versus trough) is an area of investigation in human med-
icine. Monitoring traditionally has focused on trough concen-
trations (discussed later). However, trough (C0, indicating the 
lowest concentration) correlates poorly to both graft rejection 
and acute nephrotoxicity.68 Thus peak concentrations (C2, 
indicating the highest concentrations anticipated at 2 hours) 

KEY POINT 31-14 Cyclosporine A is much safer in dogs and 
other animals than in humans.

KEY POINT 31-15 The laboratory that will provide monitor-
ing should be consulted regarding their therapeutic range. 
Therapeutic ranges should not be extrapolated from one 
laboratory to another.

KEY POINT 31-16 In addition to toxicity and efficacy, moni-
toring should be used to monitor drug interactions and to 
determine a patient’s therapeutic range once a response 
has been realized.
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increasingly are becoming more relevant in humans, not only 
to predict efficacy but also to avoid toxic effects.69 Because 
toxicity is a lesser concern in animals, trough concentrations 
might reasonably be preferred to ensure that drug concentra-
tions stay above a minimum effective range throughout the 
dosing interval. Indeed most animal-based recommendations 
are based on trough concentrations (see later discussion). 
However, with the short half-life which characterizes most 
patients, reaching target concentrations will be easier if a peak 
sample is consistently collected. This is particularly true if a 24 
hour dosing interval is used, for example, when treating atopy.  
Yet, a half-life of less than 8 hours often results in 24-hour 
concentrations that are minimally or not detectable. As such, 
although dose labeled for chronic allergic inflammation (e.g., 
atopy, asthma), it should not be assumed to be appropriate 
for autoimmune disorders or graft versus host rejection. For 
animals in which the CsA half-life is longer than 24 hours, 
concentrations may not be at steady state. If so, monitoring 
to establish baseline clearly must be withheld until steady-
state concentrations are achieved; monitoring both a peak and 
trough, however, may be necessary to establish when steady 
state will occur (see previous discussion).

The impact of drug interactions is another reason for CsA 
monitoring. If altered clearance is anticipated, elimination 
half-life is the most likely outcome measure to be impacted 
that can be monitored. In such instances both a peak and a 
trough concentration are recommended; if a drug interaction 
is anticipated (e.g., the addition of ketoconazole), monitoring 
ideally will occur prior to and approximately 1 week after the 
inhibiting drug is administered. If a peak and trough concen-
tration cannot be collected, then consistent timing (either a 
peak or a trough) should be targeted, with a sample before and 
1 week after the other drug is changed. Note, however, that if 
the impact of the drug is to prolong the elimination half-life 
more than 48 hours, concentrations may not be at steady state 
at 1 week. The only means by which the duration of time that 
must elapse before steady state is reached (and thus baseline 
can be established) is determination of half-life (i.e., both a 
peak and trough sample). Monitoring should be implemented 
each time a drug that might alter the disposition of CsA is 
added or subtracted from the drug armamentarium for the 
patient.

A second point of concern is the length of time after CsA 
therapy has begun that monitoring should be implemented. 
In general, the half-life of CsA is short enough that monitor-
ing can be determined in 3 to 5 days. However, response to 
CsA may not occur that rapidly. Accordingly, if the goal of 
monitoring is to establish a therapeutic range in a responding 
animal, then monitoring is best implemented once a clinical 
response has been realized This is particularly relevant in the 

absence of concentration-response data in dogs or cats. The 
time to response (not resolution) is less clear, but several days 
to 2 weeks might be reasonable for most targets of therapy. 
However, some disease may require a longer period for maxi-
mum response (e.g., 4 months for perianal fistulae).

Among the limitations in CsA use in dogs and cats is evi-
dence for the the actual concentration to be targeted, which 
in turn is closely related to timing of sample collection as well 
as the method used to detect CsA and the sample submitted. 
Guidelines offered in human medicine have served as tar-
gets for veterinary patients,63 although the appropriateness of 
extrapolation has not been addressed. The impact of the assay 
reflects the presence of active metabolites (AM1, AM9) which 
may contribute up to 10 to 20% of activity in humans (more at 
trough concentrations); the concentration may be even greater 
if the metabolites accumulate. Several methods are available 
for measuring CsA concentrations, including HPLC, which 
generally detects only the parent compound. However, the 
contribution of active (and potentially toxic) metabolites has 
led to methods that detect both parent and metabolites.39 The 
more common methods are immunoassays based on antibod-
ies directed toward the parent (monoclonal) or parent and 
metabolites (polyclonal). These include radioimmunoassays 
(RIAs) and polarized immunofluorescence, which detect par-
ent drug and metabolites. Immunoassays that are monoclo-
nal (e.g., FPIA by Abbott TDx or ACMIA by Seimens) are less 
likely to detect in activemetabolites compared with polyclonal 
antibody-based assays. Either type of assay (HPLC versus anti-
body based) is acceptable; the choice might depend on cost 
or availability. The advantages of antibody-based assays are 
enhanced quality assurance and rapidity of turnaround time. 
The cost also should be lower. Each assay appears to be clini-
cally useful. However, the target concentrations will vary with 
the methodology as well as the timing of the sample (i.e., peak 
or trough) and the sample collected (e.g., whole blood, plasma, 
or serum). Antibody-based assays will be accompanied by 
higher concentrations, with polyclonal concentrations higher 
than monoclonal. For example, in dogs blood concentrations 
measured by TDx assay are 1.5 to 1.8 times higher than those 
measured with HPLC assay.33,44 However, this increase reflects, 
in part, detection of active metabolites; as such, monoclonal 
antibody-based assays that detect the metabolites might be the 
preferred type. Assays based on HPLC that determine the par-
ent only will have the lowest therapeutic range; HPLC assays 
that include the metabolites will be higher. A disadvantage 
of HPLC assays is variability in results among laboratories. 
Even if similar methods are applied, variability in conditions 
can result in different concentrations. Thus the importance of 
using external quality-control programs will be particularly 
important for laboratories that use HPLC methods.

The sample submitted for CsA quantitation will also influ-
ence the concentrations and the therapeutic range. Most CsA 
in whole blood is located in red blood cells. Accordingly, 
whole blood is generally the preferred sample. Concentra-
tions based on whole blood will be higher than those mea-
sured in plasma or serum. The most important point to be 
made regarding recommended therapeutic ranges is that they 

KEY POINT 31-17 Recommendations for cyclosporine A 
concentrations are generally based on either a 2-hour peak 
or 12-hour trough; mid-interval samples are least helpful. 
Timing of sample collection should be consistent across 
time for the patient.



1170 Drugs Targeting Inflammation or Immunomodulation SECTION 5

are laboratory specific, varying with sample timing, tissue col-
lection, and assay method. If the laboratory is using an auto-
mated system, then the therapeutic ranges of that laboratory 
will be those established for the instrument. If the laboratory 
is using HPLC, then the ranges may be specific for that labora-
tory and only that laboratory. As an example of what might be 
expected, in humans recommended trough (before next dose) 
CsA concentrations (ng/mL) are as follows: for HPLC 100 to 
300 (whole blood); RIA, monoclonal antibody methodology 
150 to 400 (whole blood) or 50 to 125 (plasma or serum); 
RIA, polyclonal antibody methodology 200 to 800; fluores-
cent polarized immunoassay 250 to 1000. These numbers are 
offered as examples of therapeutic ranges. However, therapeu-
tic ranges might also vary with the disease being targeted. A 
longitudinal replicate study examining differences between 
laboratories found marked variability within laboratories,70 
suggesting that intralaboratory variability is a major contribu-
tor to overall variability. Because of these reasons, care should 
be taken not to extrapolate results based on the methodology 
unless the laboratory fails to do so. However, the most impor-
tant point to be made regarding therapeutic ranges is that this 
population statistic is a guide only. Monitoring should be used 
to determine the patient’s therapeutic range. Once response 
has been realized, a sample should be collected, the concentra-
tion identified, and subsequent samples collected at that same 
time during the dosing interval.

Monitoring is generally based on 12 hour dosing. The dos-
ing regimen recommended for treatment of atopy71 should not 
be assumed to be effective for treatment of immune-mediated 
diseases. In humans, for which CsA is usually administered 
by mouth every 12 hours, estimates of drug exposure using 
the area under the time concentration curve appear to be the 
most accurate pharmacokinetic measure on which to based 
dosing in human patients subject to acute rejection episodes. 
However, the description of area under the curve requires 
multiple sample collection, which is not only inconvenient 
but also costly. Two established therapeutic drug-monitoring 
protocols have been used in humans: the traditional approach, 
based on trough blood concentrations (C0), and the newer 
strategy, based on a sample taken 2 hours after oral admin-
istration (C2). Because the greatest contributor to interindi-
vidual variability in CsA area under the curve in humans is 
absorption, monitoring that focuses on peak concentrations is 
evolving as more predictive for CsA. As was noted previously, 
the risk of graft-versus-host rejection was markedly reduced 
when CsA dosing was based on peak rather than trough con-
centrations in humans. However, the use of this parameter 
as a predictor of CsA exposure is based on a 12-hour dosing 
interval.72 These recommendations are made regardless of the 
method of CsA detection (mRIA, EMIT, AxSym, CEDIA, or 
TDx/Architect) (Abbott FPIA). Mehl and coworkers45 investi-
gated the relationship between peak and trough plasma drug 
concentrations and area under the curve in cats receiving CsA. 
After 14 days of dosing, 2-hour peak concentrations correlated 
better than the 12-hour trough concentration with area under 
the curve during that same time period, which suggests that a 
2-hour peak sample is the preferred sample for monitoring.45 

However, this study was based on predicting blood CsA con-
centrations and not predicting response.

A plethora of literature is dedicated to determining the 
best peak or trough target concentrations in humans receiv-
ing CsA, primarily for transplant patients but also for those 
with certain chronic allergic inflammatory disorders. For 
example, 12-hour concentrations, which probably do not 
accurately predict either rejection or toxicity but are reason-
able for maintenance, range from 500 to 800, depending on 
the author. A review of the literature reveals that the range 
might also vary during the stage of disease, with initial con-
centrations for immune-mediated diseases being substantially 
higher, whereas lower concentrations are acceptable as targets 
for maintenance once response has been realized. Most rec-
ommendations in humans are based on monoclonal antibody 
assays.72

The consensus among most investigators is that area under 
the concentration versus time curve is the best predictor of 
acute or chronic graft rejection and toxicity.69 Mahalati and 
coworkers68 demonstrated that the initial area under the 
 concentration-time curve (C0 and C4 ; or AUC0-4) was a useful 
tool: ranges between 4400 and 5500 ng/mL per hour for the 
first 4 hours of dosing significantly reduced the risk of acute 
rejection and nephrotoxicity in humans. This parameter is 
more useful with newer microemulsion products because CsA 
disposition is more predictable with these products. For this 
study samples were collected at 0 (just before the next dose), 
1,2, 3, and 4 hours. A similar approach might be considered for 
animals during the early, critical stages of immune-mediated 
disease, with sample collection at 0 and 4 hours. However, col-
lection of sufficient samples to describe the curve completely is 
generally not practical in either human or veterinary patients. 
For single point prediction, 2-hour posttreatment (C2) collec-
tion has repeatedly been demonstrated to be the most accu-
rate predictor of area under the curve in humans, although 
even this time point is controversial. However, Einecke and 
coworkers69 demonstrated that C2 concentrations were not 
helpful in identifying patients at risk for rejection, but ranges 
between 500 and 600 ng/mL (whole blood, CEDIA antibody-
based assay) were useful to maintain patients for long periods 
and avoid toxicity. This study suggests that the target range 
should vary as treatment moves from the induction to the 
maintenance mode.

Studies correlating CsA concentrations with efficacy are 
limited in animals. Perhaps the most supportive is with regard 
to perianal fistulae. Mouatt58 found that dogs with perianal 
fistulae (n = 14) responded more rapidly if trough concentra-
tions exceeded 600 ng/mL, but time to resolution (generally  
4 weeks) could not be predicted by concentrations in this 
small group of dogs.

Use of monitoring for atopic dermatitis is less clear. In a 
manufacturer-sponsored study, Steffan44 and coworkers inves-
tigated the relationship between CsA concentrations and 
response in dogs (n = 97) with atopic dermatitis. Concentra-
tions were measured between 2 and 24 hours of the last dose 
at 28 days, and this single point concentration was used to pre-
dict the time course of CsA, based on a model generated from 
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normal dogs (n = 16). Patients were then grouped into one of 
five categories of CsA exposure, ranging from very low to very 
high CsA. Clinical response to therapy was based on scoring 
of skin lesions (canine atopic dermatitis extent and severity 
index [CADESI]) and pruritis. Response to therapy (CADESI 
and pruritis scores) was then compared (not correlated) 
among groups. The study could not demonstrate a differenc in 
response among the groups, leading the authors to conclude 
that concentrations did not correlate with response and moni-
toring was not indicated. However, this study should not neces-
sary be considered evidence against monitoring in dogs with 
atopic dermatitis. First, a single time point of CsA was used to 
predict 24-hour exposure of CsA for clinical patients. Second, 
the model used to predict CsA was based on normal Beagles, 
of which only eight had received multiple dosing of CsA. Third, 
variability in the clinical patients was greater than in normal 
animals, and the predicted model differed from the observed. 
The variability in peak CsA, in particular, found in this study 
is profound, and its impact on therapeutic success should be 
examined. Variability also occurred in pruritis scores, being 
equal or greater than the median, which may have impacted the 
power to detect a significant difference was likely low. Because 
peak concentrations appear to occur in most animals between 
1 and 2 hours, a study that correlates actual peak concentra-
tions with scores might be prudent before the use of CsA moni-
toring for anticipating response of atopic animals to therapy is 
set aside. Studies are indicated to determine the best sampling 
time for dogs receiving CsA. Because concentrations are so low 
at 24 hours and often undetectable, it is likely that some other 
sampling period is appropriate for 24-hour dosing intervals.

It is important to emphasize that studies that fail to corre-
late CsA concentrations with therapeutic response do not prove 
the lack of or preclude the usefulness of monitoring. In ability 
to demonstrate a significant difference does not equate to “no 
treatment” effect. Studies may fail to find a connection because 
of limitations in study design. In the event that a sufficiently 
well-designed study (or several studies) should fail to find a 
correlation, the clinician must remember that the most impor-
tant reason for monitoring is to establish a therapeutic range for 
the patient. Once the patient has responded, monitoring might 
be most useful to maintain that concentration in the patient.

In summary, our laboratory offers the following recom-
mendations for monitoring of patients treated every 12-hours: 
a 2-hr peak and just before the next dose trough sample is rec-
ommended within 3 to 5 days of initiating therapy; the more 
life threating the target disease, the more important a peak and 
trough sample may be. For less serious situations, or as treat-
ment shifts from induction to maintenance, a singe 2-hr peak 
sample or, assuming bid dosing, a single 12 hour trough con-
centration may be sufficient for establishing and maintaining 
a target. If therapy is initiated such that CsA disposition might 
change (whether intentional, such as the addition of ketocon-
azole, or inadvertent, such as co-treatment with diltiazem or 
azithromycin or others), a peak and trough sample prior to 
and 1 week after therapy is initiated is suggested. In situations 
in which alternatve generic preparations are initiated, a sin-
gle 2-hr peak concentration before and 3 to 5 days after the 

switch is recommended. For atopy (24 hr and beyond dosing), 
a single peak sample should be collected. Likewise, if toxicity 
is a concern, a single peak sample is indicated. However, in 
patients with a long half-life, both a peak and trough sample 
may be necessary to fully assess the risk of toxicity. Monitoring 
is recommended weekly to biweekly in critical patients, then 
monthly for the first several months of therapy or until concen-
trations are stable. For long-term maintenance, the frequency 
of samply may vary with the stability of the patient but should 
range from 3 to 6 months. Target concentrations vary with the 
condition but generally, based on a 12-hr dosing interval using 
a monoclonal antibody-based assay (i.e., as in the author’s lab-
oratory),  a peak concentration of 800 to 1400 ng/mL and a 
trough concentration of 400 to 600 ng/mL (monoclonal based 
assay) is recommended for immune mediated diseases. For 
renal transplantation, trough concentrations of 750 ng/mL  
are suggested for the first month and 350 to 400 ng/mL, 
thereafter. For chronic allergic inflammatory disorders, lower 
concentrations are recommended: 250 ng/mL trough concen-
trations for chronic inflammatory bowel disorders, and for 
perianal fistulae, 12 hour trough concentrations at 100 to 600 
ng/mL (the higher for induction, the lower for maintenance).

Therapeutic Use
Chronic Allergic Inflammatory Disorders
Atopy and other dermatologic conditions. The use of CsA 

for treatment of veterinary dermatologic syndromes has been 
reviewed.73 Olivry and Mueller74 reviewed treatment of atopic 
dermatitis in dogs in general and found good evidence for effi-
cacy of glucocorticoids and CsA compared with fair evidence 
for topical triamcinolone, topical tacrolimus, oral pentoxifyl-
line, and oral misoprostol. In the manufacturer-sponsored 
study, Steffan and coworkers65 prospectively compared the effi-
cacy of CsA (n = 119) and methylprednisolone (n = 59) in dogs 
with atopic dermatitis using a randomized, blinded (investi-
gators but not owners) parallel study. Dosing began with an 
induction phase for both drugs, followed by a tapering phase, 
with the dose determined by CADESI scores. Dosing for CsA 
was 5 mg/kg once daily for 4 weeks, then tapered on the basis 
of the CADESI score, and for methylprednisolone, 0.5 to 1 mg/
kg daily for 1 week, followed by every other day for 3 weeks, 
and then tapered on the basis of the CADESI score. Washouts 
were required for drugs that might influence response. At the 
end of the 4-month study period, the percentage of reduction 
in CADESI scores was approximately 45% in both groups. 
The proportion of responders (CADESI scores reduced by ≥ 
50%) was approximatey 58% for methylprednisolone and 66% 
for CsA; a significant difference could not be demonstrated. 
Scores worsened in approximately 15% of both groups.

More recently, Steffan and coworkers66 reviewed clinical 
trials evaluating the efficacy of CsA for treatment of atopic 
dermatitis in dogs. Ten trials met their standards; 799 dogs 
were treated with either CsA (n = 672 for a duration of 0.5 to 
6 months), placebo (n = 160), oral glucocorticoids (n = 74), 
or antihistamines (n = 23). Further, safety data were avail-
able for 660 dogs. Among the concerns the authors addressed 
well was publication bias (the study was sponsored by the 
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manufacturer). Treatment success was defined as a 50% or 
higher reduction in lesion scores after the 4- to 6-week induc-
tion period (denoted as high responders). Compared with 
placebo, but not oral glucocorticoids, the effects of CsA were 
highly significant. Dosing intervals generally could be pro-
longed to 48 hours in 40% to 50% of responders after 4 weeks 
and to twice weekly in 20% to 26% of dogs after 12 to 16 weeks. 
Predictors of success could not be identified, although initial 
response was predictive of long-term response. Feeding, age, 
and body weight did not appear to affect success; the influ-
ence of breed could not be assessed. The dose ranged from 
2.5 mg/kg twice daily to 5 mg/kg twice weekly. Doses gen-
erally begin at 5 mg/kg once daily. The treatment induction 
period was considered 4 to 6 weeks, although not all studies 
reviewed treated for that time period. The authors identified 
those aspects of the meta-analysis that were relevant for clini-
cal practice. They concluded that the severity of skin lesions 
can be expected to decrease by at least 40% during the initial 4 
to 6 weeks of induction therapy at 5 mg/kg. The benefits may 
be less pronounced in dogs that previously received glucocor-
ticoids. The dose can be reduced, generally by prolonging the 
interval, after this reduction period if a response has been real-
ized. If clinical signs worsen, the previous dose should be re-
instituted. A further reduction in clinical signs may be realized 
after the 4- to 6-week induction period, with a plateau of 50% 
to 70% reduction occurring at 2 to 4 months. Unacceptable 
adverse events (most notably vomiting) should respond to 
dose reduction if related to the drug. What was not resolved by 
this meta-analysis is the impact of long-term therapy, as well 
as the sequelae of discontinuing therapy; response in animals 
that have not responded to glucocorticoids; and the impact of 
combination therapies, including topical agents.

Radowica and Power71 retrospectively studied the effi-
cacy of CsA (5 mg/kg per day) when used for a minimum of 
6 (range 6 to 30) months for treatment of atopic dermatitis 
in dogs (n = 51). Continued therapy was necessary to control 
clinical signs in at least 55% of dogs, with most of these ani-
mals receiving the drug 2 to 5 times weekly, but one out of five 
requiring daily therapy. Therapy could be discontinued in 24% 
of animals after 6 to 24 months as a result of clinical response. 
Adverse events occurred in 22% of animals, including oral 
growths or gingival hyperplasia and hirsutism.

Other dermatologic indications for CsA include, but are 
not limited to, perianal fistulae, atopy, and eosinophilic granu-
loma complex. Mathews and coworkers75 found that CsA was 
effective in eradicating or markedly reducing the size or num-
ber of perianal fistulae in 10 of 10 dogs. Initial dosing began 
at 10 mg/kg orally every 12 hours but was reduced to 5 to 7.5 
mg/kg after 1 week because of excessive trough concentra-
tions. Doses were adjusted to a trough measurement of 400 to 
600 ng/mL. Duration of therapy ranged from 8 to 12 weeks; 
remission required another 4- to 6-week trial of therapy in 3 
dogs. Remission was persistent in all dogs for at least 6 months 
and up to 18 months at the time the report was published. A 
follow-up study of a randomized controlled trial in 20 dogs76 
found that fistulae recurred in 7 of 17 dogs treated with CsA 
and required subsequent treatment or surgical excision. CsA 

was, however, beneficial presurgically to reduce the extent of 
excision. The investigators also found that trough CsA con-
centrations between 100 and 300 ng/mL (HPLC) were effec-
tive for treatment of perianal fistulae. The most frequently 
reported side effect in this study was shedding of hair, which 
was noticeable by 16 weeks. Older hair coats tended to be 
replaced with a softer coat.

Dogs (16) with perianal fistulae were prospectively evalu-
ated for the efficacy of CsA (1 mg/kg orally twice daily; 
administered as Neoral liquid administered in a gelatin cap-
sule) when combined with ketoconazole (10 mg/kg orally 
once daily); blood concentrations of CsA (based on HPLC) 
were monitored to maintain trough concentrations above 200 
ng/mL (FPIA 300 ng/mL). All dogs showed clinical signs of 
improvement within 2 weeks of therapy; animals whose con-
centrations were above 600 ng/mL responded more rapidly, 
but efficacy did not seem to differ, although the power of the 
study to detect a relationship between cure rates and drug 
concentrations was not addressed. Lesions resolved in 93% of 
the animals within the 16-week treatment period, with 50% of 
the animals remaining cured at 12 months. Recurrence in the 
remaining dogs occurred within 1 month (21%) or between  
8 and 12 months (21%). Although both medications appeared 
to be well tolerated, 67% of dogs exhibited excessive hair 
loss that started at 2 weeks but stopped at 7 weeks; hair coats 
thinned but were normal by study end. Further, 31% of the 
dogs developed gingival hyperplasia and gingivitis, which 
responded to metronidazole and spiramycin.58

Inflammatory bowel disease. Allenspach and coworkers77 
studied the efficacy of CsA (Atopica; 5 mg/kg once daily for 
10 weeks) for treatment of canine IBD (n = 14) refractory to 
steroid therapy (prednisolone, the majority receiving 2 mg/kg  
orally per day for 6 to 14 weeks or more). CsA concentra-
tions were measured in eight dogs with severe disease dur-
ing a 24-hour period after the first dose; CsA was detected in 
whole blood using FPIA; a cohort of healthy dogs was avail-
able from a previous study (see Table 31-3). Animals were 
scored (canine IBD activity index [CIBDAI] criteria) on the 
basis of clinical signs and histopathologic lesions. Of the 14 
dogs studied, eight completely responded within 4 weeks 
and three partially responded (posttreatment score of 2 to 4). 
Two failed to respond. Five of the 14 dogs with protein-losing 
enteropathy partially responded (posttreatment median score 
of 5). Although body weight increased, histopathologic lesions 
(nine dogs had repeated biopsies) did not. Overall, CsA was 
considered effective in 78% of the animals. Concentrations of 
CsA varied more in the diseased dogs (peak occurring at 1-2 
hours of 699 ± 326 ng/mL compared ot 878 ± 131 ng/mL in 
healthy dogs), leading the authors to speculate on the role of 
previous glucocorticoid therapy, which may have increased 
P-glycoprotein, thus decreasing absorption. Elimination half-
life in the respective diseased versus healthy populations was 
5.6 ± 1.2 and 7.8 ± 1.1 hr, respectively. However, the authors 
did not describe the CsA concentrations in all nonresponders, 
although one of them had the highest peak and trough con-
centrations measured in the study. Adverse events not evi-
dent before initiation of therapy were vomiting, anorexia 
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(improved by administering with food), gingival ulceration 
(one dog; resolved after 7 weeks), and alopecia followed by 
hypertrichosis (full replacement of the hair coat) in the first 2 
weeks of therapy.

CsA appeared to act synergistically with dexamethasone for 
the treatment of IBD in human patients. Each drug appears to 
target through different mechanisms the chemokines respon-
sible for migration of white blood cells to the site of inflamma-
tion.78 In humans a 12-hour trough concentrations of 150 to 250 
ng/mL has been recommended for CsA when treating IBD. 79

Asthma. Other potential indications for CsA warrant fur-
ther investigation. Cats suffering from A. suum–induced 
airway reactivity had decreased reactivity and remodeling 
after receiving CsA; differences were noted with 24 hours of 
 therapy.80

CNS Disorders. Adamo and O’Brien84 reported on the suc-
cessful use of CsA for treatment of granulomatous menin-
goencephalitis (GME) in a series of three cases. The initial 
dose of 3 mg/kg twice daily was increased to 6 mg/kg twice 
daily. Concentrations of CsA (ng/mL) were 235, 337, and 592 
(unfortunately, sample timing not provided); variability was 
assumed to reflect, in part, differences in sampling times, 
which were not provided. In one dog, the initial dose of 3 mg/
kg twice daily yielded CsA of 82 ng/mL (timing not provided); 
the dose was increased to 10 mg/kg twice daily. This dog did 
not sufficiently respond, developed azotemia and an E. coli 
urinary tract infection; on necropsy, disseminated GME was 
diagnosed. A different dog also was initiated at 3 mg/kg twice 
daily; CsA was 117 ng/mL, and the dose was increased to 6 
mg/kg twice daily, which was subsequently decreased back to 
3 mg/kg after 7 months, resulting in CsA at 215 ng/mL. The 
dose was tapered to 3 mg/kg once daily, yielding CsA at 63 
ng/mL. Several attempts to detect CsA in cerebrospinal fluid 
revealed no detectable drug; however, its large size and the 
presence of P-glycoprotein is likely to preclude CNS penetra-
tion by CsA. However, efficacy of CsA is not likely to depend 
on penetration of the CNS. On the basis of this series, 6 mg/kg 
twice daily might be considered until animals with GME are 
in remission, with the dose tapered to 3 mg/kg twice daily on 
response. In humans, CsA has proven useful for treatment of 
chronic inflammatory demyelinated polyradiculoneuropathy; 
concentrations were not provided.84a

Immune-Mediated Disease
Systemic use of CsA increasingly is being used for treatment 
of autoimmune disorders, particularly in those that have not 
responded to traditional immunosuppressive therapy. How-
ever, the labeled doses for atopy should not be assumed to 
be relevant for other immune-mediated diseases, including 
dermatologic.

Noli and Toma81 reported the successful use of CsA for 
treatment of immune-mediated adnexal skin disease in a 
series of cases (n = 3; two cats, one dog). In each case response 
occurred within 1 month of administration at 5 mg/kg once 
daily, CsA therapy was successful in treating aplastic anemia 
in three of four dogs82 when dosed at 5 to 10 mg/kg every 12 
hours (unfortunately, CsA concentrations were not provided).

Font and coworkers83 reported a single case of cutane-
ous lupus erythematosus that was successfully treated with 
4 mg/kg CsA once daily along with ketoconazole (4 mg/kg) 
once daily. Prednisone therapy was continued at 0.2 mg/kg 
for 10 days. Lesions resolved in 2.5 months of CsA therapy. 
Concentrations of CsA associated with response at 10 days 
was 139 ng/mL; the timing of sample collection was not indi-
cated, although it is possible in the presence of ketoconazole, 
that this concentration did not vary substantially during the 
dosing interval. Concentrations were 279 ng/mL at the time 
ketoconazole was stopped. The dog remained in remission 
at the end of the 18-month report period, receiving 2 mg/
kg daily. The use of glucocorticoids, ketoconazole, and lack 
of information regarding the collection of samples compli-
cates correlating concentratiosn to response. A randomized 
placebo-controlled study on the use of CsA for treatment of 
spontaneous glomerulonephritis in dogs46 failed to document 
a a significant improvement in treatment groups; the power of 
the study was not addressed. Packed cell volume was lower in 
the CsA-treated group; in addition, clinical signs compatible 
with decreasing renal function appeared to be more severe in 
animals receiving CsA.

With the availability of renal transplantation at several 
facilities, CsA is increasingly being used to prevent graft- 
versus-host rejections. Cats respond better than dogs, with 
renal allografts being maintained at 7.5 mg/kg every 12 hours 
coupled with prednisolone (0.125 to 0.25 mg/kg every 12 
hours).46 Trough concentrations of whole blood should be 
maintained at 500 ng/mL (HPLC; approximately 750 ng/mL 
should be expected for FPIA) the first month after transplan-
tation but can be reduced to 250 (375 to 400 FPIA ng/mL) 
thereafter.

Topical CsA has been used with some success for localized 
immune-mediated diseases, including pemphigus foliaceus. 
An ophthalmic preparation is approved for use in dogs to treat 
keratitis sicca..85 Benefits include both immunomodulation 
and an increase in tear production. A 0.2% CsA compound 
in a petrolatum–corn oil ointment is commercially available 
(Schering-Plough) for keratitis sicca in dogs. Application of 
one drop of the commercial preparation twice daily should be 
effective in up to 80% of dogs. The frequency of administra-
tion can be decreased to every other day for most dogs.

When compared with dexamethasone and indometha-
cin, topical CsA was equal in suppressing arachidonic acid–
induced inflammation,86 and studies are under way to evaluate 
its use in canine dermatologic diseases.

Tacrolimus and Related Drugs
Tacrolimus, like CsA, is a macrolide antibiotic, produced by 
Streptomyces. Like CsA, it inhibits T cell activation, but rather 
than binding to cyclophilin, it binds to and inhibits an alterna-
tive cytosolic protein, FKPB12. Calcineurin-dependent activa-
tion of lymphokine expression, apoptosis, and degranulation is 
inhibited.4 The intracellular receptors for tacrolimus are distinct 
from those for CsA and it is 500 fold more potent than CsA in 
its effects. This may reflect, in part, a 3-fold greater uptake in 
lymphocytes for tacrolimus compared to CsA (however CsA 
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uptake in RBC is 10-fold higher than tacroliumus).86a The drug 
is available for both oral and intravenous systemic administra-
tion. Toxicities are similar to those of CsA in humans, although 
gingival hyperplasia may be less prevalent. The drug may be 
more toxic than CsA in dogs, and its systemic use has not been 
recommended.87 Tacrolimus disposition has been reported in 
male Beagle dogs receiving 1 to 4 mg/kg.87a Peak and trough 
concentrations (ng/mL), respectively, ranged from 0.8 to 1.8 ng/
mL (at 1 mg/kg) to 3.2 to 5.3 ng/mL (2 mg/kg) and 0.25 to 0.8 
ng/mL (1 mg/kg) to 0.2 to 2.3 ng/mL (2 mg/kg). For tacrolimus 
and sirolimus, trough (before the next 12-hour dose) rather 
than peak concentrations more effectively predict area under 
the curve.72 Tacrolimus is also available as a topical ointment. 
The 0.1% preparation has been used in dogs to treat localized 
lesions associated with discoid lupus erythematosus as well as 
two cases of pemphigus erythematosus either as a sole therapy 
or adjunctive treatment.88 No side effects were reported, and 
all animals improved after 8 weeks of topical application, with 
adjuvant therapy being discontinued in the majority of animals. 
Tacrolimus ointment also has been used effectively for the treat-
ment of canine atopy.89 Using a double-blinded, placebo con-
trolled, cross-over study, dogs (n = 12) were treated with topical 
0.1% tacrolimus (maximum dose of 0.1% mL/kg/day) applied 
topically at sites considered most pruritic for 4 weeks. Follow-
ing a 2-week washout (based on a 9-hr half-life of tacrolimus in 
dogs), animals were switched to the alternative treatment. The 
randomization procedure was not robust (alternating treat-
ment assignments). The mean clinical score improved in both 
the placebo and the treatment group at 4 weeks compared to 
baseline, but response was significant for the tacrolimus group. 
Tacrolimus was detectable in patients (peak concentration at 4 
weeks of 1.4 ± 0.2 ng/mL). However, peak concentration of 0.6 
ng/mL was also detected at week 4 in the placebo group call-
ing into question the credibility of the report. Tacrolimus may 
impact intradermal skin testing in dogs, with an effect on the 
late phase, but not the immediate response. 89a

Griffies and coworkers88 reported on the successful use of 
tacrolimus (0.1%) topically in a series of cases in dogs. The 
drug was used as either sole agent or as an adjuvant topically 
for treatment of localized lesions associated with discoid lupus 
erythematosus or pemphigus erythematosus. Improvement 
required approximately 8 weeks of therapy, and adjuvant ther-
apy could be discontinued in some dogs.

In contrast to tacrolimus, sirolimus and its derivative, 
everolimus, do not inhibit calcineurin; rather, they interact 
downstream from IL-2, targeting the immunophilin with 
FKBP12. This complex then inhibits mTOR (mammalian tar-
get of rapamycin), which prevents progression from the G1 to 
S phase transaction in the cell cycle, in a manner that prevents 
cytokine receptors from activating the cell cycle and subse-
quent signaling.90 Its use is primarily replacement of CsA to 
protect renal function in humans.

Mycophenolate Mofetil
Mycophenolate mofetil (MMF) is the morpholinoethyl ester 
prodrug of mycophenolic acid (MPA), which is a prod-
uct of several Penicillium species that possess antibacterial, 

antifungal, antiviral, antitumor, and immunosuppressive 
properties. MPA is a potent, selective, noncompetitive, revers-
ible inhibitor of inosine monophosphate dehydrogenase 
(IMPDH). This enzyme is critical for the production of the 
guanine triphosphate precursor guanine monophosphate, 
which in turn is necessary for the de novo synthesis of purine 
nucleotides. As such, the drug is an antimetabolite. Two 
isoforms of human IMPDH exist. Type I is constitutively 
expressed in normal, nonreplicating cells, and type II is upreg-
ulated in replicating (including neoplastic) cells to the point 
that it is the predominanting isoform. As IMPDH is inhibited, 
guanine triphosphate is depleted; failure to make mRNA pre-
cludes synthesis of proteins, including cytokines, necessary 
for cell proliferation. Unlike other anticancer antimetabolites, 
MMF and its active metabolite MPA are relatively selective for 
lymphocytes because they are solely dependent on de novo 
synthesis of purines for DNA synthesis.91,92 MMF is the first 
drug since CsA to be approved in the United States for preven-
tion of renal allograft rejection; it has proved useful for treat-
ment of steroid-resistant acute liver rejection.93 In addition to 
its antiproliferative properties toward lymphocytes, MPA also 
impairs proliferation in nonimmune cells, including smooth 
muscle cells, renal tubular cells, mesangial cells, and dermal 
fibroblasts.94 Consequently, MMF might be indicated for non–
immune-mediated diseases associated with fibrosis.

A bilateral nephrectomized dog model has been used to 
study MMF.91 The disposition appears to be characterized 
by marked variability in dogs. After doses of either 20 or 40 
mg/kg, mean peak concentrations of MPA were, respectively, 
approximately 90 and 130 μg/mL, yet peak concentrations did 
not statistically differ between the two groups. Based on canine 
lymphocytes exposed to whole blood containing MPA, 200  
μg/mL MPA is necessary to inhibit baseline activity of IMPDH 
by 50%. The elimination half-life of the drug ranged from 1.45 
to 11.09 hours, with a mean of approximately 7 hours, regard-
less of the dose. The drug also has been studied in normal 
dogs at approximately 20 mg/kg, Maximum concentrations of 
MPA after intravenous (2-hour infusion) and oral adminis-
tration, respectively, were 21 ± 3.6 and 11.8 ± 6.6 μg/mL; oral 
bioavailability was 54%.95 The elimination half-life of MPA 
was about 45 minutes, and mean resistance time was approxi-
mately 2 hours. The half-life is substantially shorter than that 
reported in humans (17 to 19 hours). However, suppression 
of IMPDH lasted for a mean of about 6.5 hours,96 suggest-
ing an 8-hour dosing interval might be appropriate. In human 
monitoring of trough concentrations has been recommended: 
trough (predose) concentrations less than 1 μg/mL were asso-
ciated with acute liver transplantation rejection, whereas 
concentrations greater than 3.5 μg/mL were associated with 
a threefold increase in the risk of leukopenia or pneumo-
nia. Therefore trough concentrations between 1 and 3.5 μg/
mL are recommended.90 It may be necessary to increase the 
dose of MMF in patients with low albumin; the dose had to 
be increased in human patients by approximately twofold if 
serum albumin was less than 3.5 gm/dL. However, the dose 
could be decreased by approximately 40% in the presence of 
renal dysfunction.90
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The primary side effects in human patients receiving the 
drug for allograft rejection are leukopenia, gastrointestinal 
upset, and cytomegalovirus disease. The incidence is, how-
ever, small. Gastrointestinal upset is characterized by nausea, 
diarrhea, vomiting, and abdominal cramping. Gastrointesti-
nal toxicity (and bone marrow suppression) may reflect the 
need for IMPDH II because of the normally replicating nature 
of these tissues.97 The drug also appears to be relatively safe 
in dogs, on the basis of renal and hepatic indices of damage, 
even when dosed at 80 mg/kg twice daily. At that dose, tran-
sient increases in hepatic damage enzymes occurred.98 How-
ever, when used chronically at 30 mg/kg orally every 12 hours, 
severe diarrhea, anorexia, and weight loss occurred in dogs95; 
at 20 mg/kg orally every 12 hours, signs recurred, although 
the were less severe, within 1 week of initiating therapy. One 
dog died acutely with necrotizing pneumonia 7 days after 
initiation of therapy.96 Dysgranulopoiesis, characterized by 
pseudo Pelger–Huet anomaly has been reported in a series of 
human cases receiving MMF for heart–lung transplantation; 
resolution occurred only after the drug was reduced in dose 
or discontinued.99

Among the indications for MMF is dose sparing of CsA, 
which probably is more clinically relevant in humans com-
pared with dogs or cats.100 Initial induction with CsA is fol-
lowed by the addition of MMF and down titration of CsA. 
MMF has been used therapeutically in dogs both clinically and 
experimentally. Clinically, the drug has been used successfully 
to treat myasthenia gravis,101 although review articles offer 
anecdotal support for use in other immune-mediated disor-
ders. Experimentally, MMF (10 mg/kg subcutaneously every 
12 hours) in combination with CsA (15 mg/kg orally every 
12 hours) has been used in dogs to prevent renal allograft 
rejection.102

Leflunomide
Leflunomide is a recently approved immunomodulatory 
drug that inhibits dihydroorotate dehydrogenase, an enzyme 
responsible for the de novo synthesis of pyrimidine. Both T 
and B cell proliferation is inhibited; accordingly, both cell-
mediated and humoral responses are targeted. Cell adhesion 
also impaired. Other proposed mechanisms are inhibition 
of cytokine and growth factors mediated by tyrosine kinase. 
Like MMF, it is a prodrug, with its activity reflecting a malo-
nonitrile metabolite (A77 1726). It has been studied for the 
treatment of rheumatoid arthritis in humans.103 The half-life 
of the active compound is long in humans, ranging from 1 
to several weeks, indicated a long time to steady state. How-
ever, a recent disposition study in dogs reveals the elimina-
tion half-life of the metabolite to be 14 hrs in the dog. Limited 
information is available regarding its use in dogs.104 Anecdotal 
reports suggest that the drug is effective for treating a number 
of immune-mediated disorders, including immune-mediated 

hemolytic anemia (IMHA), immune-mediated thrombocy-
topenia, canine cutaneous histiocytosis, and pemphigus foli-
aceus (2 to 4 mg/kg orally every 24 hours). Side effects that 
reportedly occur in dogs include leukopenia, thrombocytope-
nia, and gastric ulceration. Gregory and coworkers104 reported 
on the use of the drug (1.5 mg/kg twice daily to 2 to 4 mg/kg  
once daily) in dogs (n = 29) afflicted with various immune-
mediated disorders. These include idiopathic thrombocytope-
nic purpura (n = 3; good to excellent response), IMHA with 
idiopathic thrombocytopenic purpura (Evans syndrome), sys-
temic histiocytosis (n = 3; one failure and two total remissions), 
multifocal nonsuppurative encephalomyelitis (n = 5; good to 
excellent response), and a variety of other immune-mediated 
disorders that had not responded to glucocorticoids or aza-
thioprine. Most of the animals had not responded to first- 
or second-tier immunosuppressants. Side effects included 
decreased appetite, mild anemia, and bloody vomitus or stools 
(n = 3). Leflunomide was studied at doses ranging from 2 to 
16 mg/kg/day as sole therapy or in combination with CsA  
(10 mg/kg/day) in dogs undergoing experimental reanl trans-
plantation104a Rejection occurred at 4 mg/kg; mean survival 
time increased from 9 days (non-immunesuppressed dogs) 
to 16 days at 4 mg/kg, 28 days at 8 mg/kg. The addition of 
CsA at 10 mg/kg to leflunomide at 4 mg/kg increased survival 
time to 68 days. Mean trough leflunomide concentrations 
ranged from 10 μg/mL (2 mg/kg) to 55 μg/mL (16 mg/kg).104b 
A recent retrospective study examined the efficacy of lefluno-
mide for treatment of naturally occurring immune-mediated 
polyarthritis in dogs. 104c At an initial starting dose of 3.0 ± 0.5 
mg/kg orally once a day for 1 to 6 weeks, 8 of 14 dogs had com-
plete resolution, and 5 partial resolution. No animal exhibited 
adverse reactions.

Emerging Drugs
The sphingosine-1-phosphate receptor (S1PR)105 antagonists 
are a new class of drugs that decrease recirculation of lympho-
cytes from the lymphatic system to blood and peripheral tis-
sues. These drugs will not be used as monotherapy, but they 
have shown efficacy in human medicine when combined 
with CsA, glucocorticoids, and other drugs. Lymphopenia 
is the most common side effect and is reversible when the 
drug is discontinued. However, it may also act as a negative 
chronotrope.

Hormones
Glucocorticosteroids (see Chapter 30) possess both antiin-
flammatory and immunomodulatory capabilities. Immuno-
modulation results in actions at a variety of targets in acquired 
immunodeficiency syndrome. Selected progestational com-
pounds (e.g., megestrol acetate) have been used for their gen-
eral immunosuppressive effects. Megestrol acetate (discussed 
in Chapter 19) may have longer and more potent antiinflam-
matory effects compared with glucocorticoids106; however, in 
the cat, the species for which these products tend to be used, 
side effects can be dramatic and life threatening. Thus their use 
is recommended only for conditions that will not or have not 
responded to glucocorticoids. Medroxyprogesterone exhibits 

KEY POINT 31-18 Mycophenolic acid targets both T and B 
lymphocytes and accordingly should be associated with 
greater immunosuppression compared with cyclosporine A.
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glucocorticoid-like effects, which reflect, in part, actions at 
the level of DNA transcription. The impact of glucocorticoids 
on DNA transcription was previously reviewed (see Chapter 
30); those glucocorticoids that target trans (rather than cis) 
repression (rather than activation) are directed toward desir-
able effects, avoiding many undesirable metabolic effects. 
Medroxyprogesterone appears to potentially focus on unde-
sirable effects inflammatory responses, being characterized by 
a preponderance of transrepression activity rather than trans-
activation or cis activity.19

Danazol (5 mg/kg 2 to 3 times orally per day) is classified as 
an androgen but is characterized by weak androgenic activity. 
In human patients danazol has proved effective in stimulating 
increased concentrations of complement inhibitor and thus is 
indicated for treatment of angioneurotic edema.107 Danazol 
also has immunomodulatory effects that are of benefit in type 
II immune complex diseases. Danazol apparently decreases 
the expression of or blocks Fc receptors on macrophages; 
initial displacement of glucocorticoids owing to competi-
tion of binding sites is less likely to be effective as glucocor-
ticoid clearance increases.108-111 The drug has proved useful 
in a number of type II immune-mediated diseases, including 
IMHA (autoimmune hemolytic anemia) and immune-medi-
ated thrombocytopenia.11,108,112,113

Cytotoxic Drugs: Antimetabolites and Other 
Antineoplastic Agents
Antimetabolite and alkylating antineoplastic agents (see 
 Chapter 33) are also used as chemical immunosuppressants 
by virtue of their effects on actively dividing cells.114,115 Their 
effects should, however, be regarded as nonspecific. Macro-
phages, activated T and B cells, and NK cells are the targets 
of most of the drugs. Those most commonly used for their 
immunomodulatory effects are cyclophosphamide and azathi-
oprine. In general, neither drug is sufficiently immunomodu-
latory and safe for use as the sole agent.

Cyclophosphamide is a nitrogen mustard. Its immuno-
modulatory effects reflect the same mechanism of action as 
its anticancer effects. Cyclophosphamide alkylates DNA in 
both proliferating and nonproliferating cells; proliferating 
cells are more susceptible to alkylation. Both B and T cells are 
impaired. Because B cells recover more slowly, however, cyclo-
phosphamide inhibits the humoral response more than the 
cell-mediated response.4 Note that at very high doses cyclo-
phosphamide can actually induce tolerance to an antigen to 
which the patient has been exposed. Toxicities of cyclophos-
phamide are typical of drugs that target proliferating cells. 
In addition, hemorrhagic cystitis has been reported in dogs 
receiving the drug. Cyclophosphamide therapy should be dis-
continued if the neutrophil or platelet counts decrease less 
than 2000/L or less than 100,000/L, respectively.

Azathioprine interacts with nucleophils to form 
6- mercaptopurine, which is converted to nucleotides. The 
nucleotides interfere with purine synthesis or cause DNA 
damage. The drug is available for both oral and intravenous 
administration. Co-administration with allopurinol increases 
the risk of toxicity. Toxicity results from inhibited growth of 

rapidly growing cells, including cells of the bone marrow and 
gastrointestinal tract. The association of thiopurine methyl-
transferase (TPMT) activity and risk of azathioprine-induced 
neutropenia in dogs is not clear. Difficulty in identifying a rela-
tionship is compounded by the low incidence of deficiency (not 
detected in 470 dogs). The lack of relationship is supported by 
the finding of severe azathioprine-associated myelosuppres-
sion (marked leukopenia, neutropenia, or thrombocytope-
nia) in six clinically ill dogs classified as nondeficient. Further, 
an intermediate classification of TPMT (14 to 38 nmol/gHb/
hr) in hunting dogs was associated with a decrease in white 
blood cells after 30 days of azathioprine therapy (2.2 mg/kg 
orally once daily) but not severe clinical signs of bone marrow 
depression. As such, a TPMT deficiency may predispose to aza-
thioprine toxicity, but other factors appear to play an important 
role.116 Cats are much more sensitive to the toxic effects of aza-
thioprine. Although the drug has been used in cats (0.3 mg/kg  
daily), reformulation may be necessary for accurate dosing. 
Care must be taken to ensure that the dose is compounded 
accurately.

Chlorambucil (starting oral dose of 0.1 to 0.2 mg/kg/
day) is also a nitrogen mustard, and its cytotoxic effects are 
similar to those of cyclophosphamide. The drug is available 
in an oral preparation that allows accurate dosing in cats.106 
In contrast to cyclophosphamide, chlorambucil’s myelosup-
pression is only moderate and gradual. Toxicities are rare in 
cats.106 The incidence of gastrointestinal side effects can be 
reduced by alternate-day dosing. In human patients, how-
ever, excessive doses can cause hypoplastic bone marrow. Its 
effects (e.g., in chronic lymphocytic leukemia) are gradual in 
onset.117 Therapeutic indications include chronic, refractory 
immune- mediated disorders, including pemphigus foliaceus 
and refractory cases of feline granuloma complex.

Vincristine is used to treat immune-mediated thrombocyto-
penia because of its ability to cause the maturation and release 
of mature thrombocytes from the bone marrow by stimulation 
of megakaryocyte endomitosis. Other anticancer drugs used 
for immunomodulatory effects include methotrexate, and 
vinblastine. The nonspecific effects of anticancer drugs on the 
immune system and other rapidly dividing cells limit their use 
on account of host toxicity (primarily bone marrow and gas-
trointestinal). A major indication for immunomodulation of 
these drugs is combination with glucocorticoids for treatment 
of autoimmune diseases. Vinblastine is another vinca alka-
loid that has been used to treat type II hypersensitivities, spe-
cifically IMHA. Like danazol, vinblastine appears to decrease 
expression of Fc (IgG) receptors on macrophages.110,111 The 
effects of vinblastine (weekly doses during induction followed 
by monthly doses during maintenance) when combined with 
danazol (given at 2 to 3 up to 10 mg/kg daily) proved effec-
tive for treatment of 63% of human patients with chronic idio-
pathic thrombocytopenic purpura.110

Gold Therapy
Gold has been used for centuries as an elemental agent for the 
control of pruritis.118 Gold compounds are characterized by 
gold attached to sulfur (aurothio group) and include the more 
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water-soluble compounds aurothioglucose and gold sodium 
thiomalate and the lipid-soluble compound auranofin. These 
compounds suppress or prevent inflammation of the joint and 
synovium associated with a number of infectious or chemi-
cal causes. The mechanism of action is not clear but may be 
inhibition of the maturation and function of mononuclear 
phagocytes and T cells. Gold is sequestered in mononuclear 
phagocytic cells. Other proposed but not generally accepted 
mechanisms include inhibition of prostaglandin synthesis, 
collagen linkage, complement activation, and a variety of lyso-
somal and other enzymes.118

The disposition of the gold compounds has not been stud-
ied in animals other than humans; these data provide the basis 
of discussion. Disposition varies with water solubility. Water-
soluble compounds (not prepared in oil) are rapidly absorbed 
after intramuscular administration, with peak concentrations 
occurring in 2 to 6 hours. Oral absorption is erratic and not 
predictable for the water-soluble compounds but is more 
predictable for auranofin, the hydrophobic compound. Dis-
tribution varies with the compound and duration of therapy. 
The gold is bound (95%) to albumin in blood, but eventu-
ally concentrations in selected tissues (inflamed synovium) 
approximate 10 times that in plasma. For the water-soluble 
gold compounds, elimination rate constants and half-lives also 
vary with dose. In humans the plasma half-life is 7 days at a 
50-mg total dose, but it increases to several weeks to months 
with prolonged therapy. Concentrations can be detected in the 
blood for 60 to 80 days after therapy is discontinued and for 
up to 1 year in the urine. Concentrations probably are detect-
able in the liver and skin several to many years after therapy 
is discontinued. Excretion is predominantly (60% to 90%) 
renal, with the remaining eliminated in the feces. For aurano-
fin plasma concentrations tend to be lower, and accumulation 
is much less (20%) than that of the water-soluble compounds, 
probably because of less tissue binding. Auranofin is elimi-
nated principally in the feces.

Toxicity, manifested as skin or mucocutaneous lesions, 
occurs in 15% of human patients. Lesions include stomatitis, 
pharyngitis, tracheitis, colitis, gastritis, and vaginitis. Gray 
to blue pigmentation may occur in the skin. The likelihood 
of toxicity is concentration dependent but not based on gold 
concentration. Whereas proteinuria occurs in up to 50% of 
human patients receiving gold therapy, renal dysfunction (as a 
result of proximal tubular damage or gold-induced glomerulo-
nephritis) occurs in 10% or less. Lesions tend to be resolvable 
if therapy is discontinued before damage is too severe. Throm-
bocytopenia, which is thought to reflect increased destruc-
tion, occurs in a very small percentage of human patients. 
A number of miscellaneous side or toxic effects that resolve 
when therapy has been discontinued also have been reported. 
These include encephalitis, peripheral neuritis, hepatitis, and 
pulmonary infiltrates. In general, although auranofin is bet-
ter tolerated than the water-soluble compounds, the incidence 
of gastrointestinal disturbances (diarrhea, abdominal cramp-
ing) is greater. The incidence of side effects and their serious-
ness can be minimized by regular physical examination. In 
addition, therapy should be initiated with a small dose that 

is gradually increased to the maintenance dose. As the dose 
is increased, treatment should temporarily cease until clini-
cal signs of moderate to severe toxicity resolve. The risk of 
restarting therapy should be balanced with the need for ther-
apy. Antihistamines or glucocorticoids might decrease the 
incidence. Dimercaprol, a heavy metal chelating compound, 
can be used if severe side effects persist after therapy has been 
discontinued.

The major indication for chrysotherapy in human patients 
is rheumatoid or other arthritis that has not responded to 
nonsteroidal antiinflammatory drugs or other therapy. The 
compounds slow the progression but do not cure disease. The 
usual human dose is 10 mg of the water-soluble compounds 
the first week followed by 25 mg the third and fourth weeks 
and 25 to 50 mg weekly thereafter to a cumulative 1-g dose. 
Response may take several months. The standard human dose 
for auranofin is 3 to 6 mg up to 9 mg divided in two to three 
doses or given once daily. Small animal doses are discussed 
with dermatologic disorders in this chapter. Wolheim119 has 
discussed mechanisms by which rheumatic human patients 
become refractory to gold therapy. Induction of the efflux pro-
tein P-glycoprotein appears to play a major role.

Immunostimulant Drugs
Immunostimulants are indicated for immunodeficient ani-
mals. As with immunosuppressants, immunostimulants can 
target either humoral or cell-mediated immunity. The lack of 
specificity has limited the widespread use of immunostimu-
lants. In general, response to immunostimulants is mild.

Immunostimulants of Microbial Origin
Bacteria and fungal microbes generally nonspecifically stim-
ulate several aspects of the immune response. Macrophage, 
cytotoxic T cell, Th cell, and B cell activities are enhanced, 
whereas T cell suppressor activity is decreased. Enhanced 
activity reflects, in part, increased activity of chemical media-
tors such as TNFα and IFN. The nonspecific enhancement of 
immune function can be used therapeutically. Adverse effects 
can be minimized by administration of killed organisms or 
selected microbial fractions, which stimulate the response 
while avoiding infection. A variety of mycobacterial prod-
ucts have been used to nonspecifically stimulate the immune 
system.23,120 The classic biological response modifiers include 
Bacillus Calmette–Guérin (BCG) and Propionibacterium 
acnes (Corynebacterium parvum).

Bacillus Calmette–Guérin
BCG is a live, attenuated strain of Mycobacterium bovis.4 
Components of the bacterial cell wall of this organism acti-
vate B and primarily T cells; macrophage and neutrophil 
recruitment in response to lymphokine release results in a 
granulomatous reaction. The antiviral state induced by BCG 
appears to be essentially a nonspecific expression of a more or 
less prolonged stimulation of the immune system. The most 
likely mechanism for its antiviral activity is direct stimulation 
of the mononuclear phagocytic system; however, specifically 
sensitized T lymphocytes that further activate macrophages 
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are generated after a period of time. Stimulated macrophages 
release colony-stimulating factor, which contributes to mac-
rophage regulation, and IL-1, which promotes lymphocyte 
proliferation. The antiviral state is thus an indirect benefit 
of an essentially pathologic, although temporary, situation; 
the host is characterized by an increased ability to handle 
viral infections. BCG requires at least 10 days after inocula-
tion to enhance resistance against viral infections. The state 
of enhanced resistance is, however, long-lasting; repeated 
administrations (of nonliving product) may lead to a more 
prolonged and marked effect.120

BCG has been used as an adjuvant in combination with 
tumor vaccines for dogs and cats. Tumors that undergo remis-
sion after BCG therapy may do so as a result of the release of 
tumor-specific antigens during nonspecific tumor lysis. The 
use of BCG has been studied in combination with a tumor 
vaccine. In human patients use of BCG as an adjuvant for anti-
cancer therapy has focused primarily on intravesicular admin-
istration in bladder cancer.4

Muramyl Dipeptide
Muramyl dipeptide is a peptidoglycan and represents the 
smallest immunologically active component of the Mycobac-
terium cell wall. Like BCG, it nonspecifically enhances B cell, 
T cell, and macrophage activities. Because it is rapidly elimi-
nated from the body, it is biologically modified to prolong its 
actions by incorporation into liposomes or conjugation with 
glycoproteins. Synthetic production has increased accessibility 
for clinical use.

Mycobacterium
Regressin-V. An emulsion of mycobacterial cell wall frac-

tions, Regressin-V is licensed for the treatment of mixed mam-
mary tumors and mammary adenocarcinoma in dogs and 
sarcoidosis in horses. The following information was supplied 
by the manufacturer. Regressin-V contains trehalose dimy-
colate and muramyl dipetide, which induce IL-1 and tumor 
necrosis factor-α secretion from monocytes and macrophages 
and activate T lymphocytes in a variety of species. In a study of 
seven dogs with mammary adenocarcinoma, complete remis-
sion was induced in five, with tumor-free survival times of 3 
to 19 months; dogs were then lost to follow-up. There are no 
data suggesting that Regressin-V had any effect on metastatic 
disease.

The manufacturer recommends treating canine mammary 
tumors once 2 to 4 weeks before surgical excision. Fever and 
malaise may occur after injection. Surgical removal of the 
tumor creates cosmetic improvement (necrosis and draining 
of the tumor may be present for weeks); however, survival 
time is not significantly improved with surgery. If surgery is 
not performed, therapy can be repeated every 1 to 3 weeks for 
up to four treatments.

Mycobacterium vaccae
Ricklin Gutzwiller and coworkers121 prospectively studied 
the impact of a single intradermal injection of heat-killed 
Mycobaterium vaccae on the severity of atopic dermatitis in 

dogs (n = 62). A double-blinded, placebo-controlled, parallel 
multicenter study design was used. Dogs were evaluated for 
3 months. Skin lesions were scored on the basis of CADESI. 
The treatment was well tolerated. Treatment was effective in 
patients with mild or moderate dermatitis but did not affect 
animals classified as severe. Interestingly, the CADESI scores 
decreased by 22% in the placebo group (versus 33% in the 
treatment group).

Propionibacterium acnes
A killed suspension containing P. acnes (formerly C. parvum: 
Immunoregulin) has been approved for veterinary use (15 μg/kg 
intravenously biweekly for two to three treatments). Like 
BCG, it causes complex, nonspecific immunostimulation. 
Macrophage and cytotoxic T cell activities are enhanced, as 
is antibody production by both thymus-dependent and thy-
mus-independent antigens. Cell-mediated immunity is also 
stimulated. It is indicated for the treatment of clinical signs 
associated with virus-induced and bacteria-induced immu-
nosuppression, such as that caused by FeLV. The efficacy of  
P. acnes in the treatment of feline infectious peritonitis virus is 
questionable. One study was unable to demonstrate a differ-
ence in survival rate or mean survival time between untreated 
and treated animals experimentally infected with a high 
dose of feline infectious peritonitis virus. Studies investigat-
ing the antitumor effects of Propionibacterium acnes in dogs 
do not support its efficacy against early neoplasia, although 
it may be more effective in advanced disease when used in 
combination with other drugs.25 Cats infected with FeLV and 
afflicted with various non-neoplastic diseases showed some 
signs of response to treatment with P. acnes (Immunoregulin), 
although no cat reverted to an FeLV-negative status.23 Stud-
ies regarding the efficacy of P. acnes in FeLV-induced tumors 
apparently have not been done.25

Staphylococcal Protein A
Staphylococcal protein A (SpA) is a cell wall polypeptide of 
S. aureus Cowan I (SAC) that binds rapidly and with great 
affinity to immune complexes. Other regions of the molecule 
initiate T lymphocyte and B lymphocyte proliferation as well as 
secretion of soluble lymphocytic products such as IFN. Circu-
lating immune complexes have been incriminated as “block-
ing factors” that aid in a tumor’s escape from immunologic 
control. Therapeutic trials of the efficacy of SpA have been 
based on the hypothesis that removal of specific or nonspecific 
immunosuppressive molecules such as blocking factors will 
enhance host immune response to the tumor. Other regions of 
the SpA molecule initiate T lymphocyte and B lymphocyte pro-
liferation and secretion of soluble lymphocyte products such 
as IFN. Treatment with SpA is achieved by extracorporeal per-
fusion of host plasma over whole SAC organisms or through 
filters containing purified SpA. Studies have shown that SpA 
or SAC treatment reduces tumor size, decreases levels of cir-
culating immune complexes, and induces the appearance of 
cytotoxic antibodies directed toward neoplastic cells. A study 
in which SpA was used to treat FeLV-infected cats found that 
50% of cats with FeLV-associated disease improved, and 33% 
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of cats afflicted with malignant disease responded with reduc-
tions in tumor size as well as in bone marrow and peripheral 
blood neoplastic cells.23,25,122,123 Viremia was cleared in 28% 
of treated cats. Circulation of a g-like IFN was demonstrated 
in some cats that responded to SpA and was followed by the 
appearance and rising titer of complement-dependent cyto-
toxic antibody. The antibody reacted with FeLV-infected cells 
and was specific for the major viral envelope glycoprotein 
gp70. The ability of cats to persistently remain FeLV negative 
appeared to correlate with the magnitude of FeLV antibody 
titer.25

Mixed Bacterial Vaccines
Mixed bacterial vaccines composed of Streptococcus pyogenes 
and Serratia marcescens have been studied in cats with malig-
nant mammary tumors. Although not statistically significant, 
survival time was greater (875 days) when surgery was com-
bined with mixed bacterial vaccines versus surgery alone (450 
days).

Immunostimulants of Natural Origin
Cytokines
Biological response modifiers of natural original also are dis-
cussed in Chapter 32. A number of cytokines produced by leu-
kocytes and related cells actively regulate the immune system. 
Recombinant DNA technology has led to widespread produc-
tion and greater application of drugs that modulate cytokines 
or their receptors or transcription factors in the treatment of 
immunologically based disease. The cytokines most likely to 
be used for immunostimulatory effects include the IFNs and 
selected interleukins.

Passive Immunotherapy: Antibodies
Passive immunotherapy with monoclonal or polyclonal anti-
bodies has been investigated for both the diagnosis and ther-
apy of cancers. Antibodies are directed toward surface antigens 
expressed by tumor cells. Specificity of antibodies (as long as 
Igs are derived from the species intended to be treated) should 
limit host toxicity to those cells expressing the antigen (i.e., 
tumor cells), thus avoiding systemic toxic effects. The anti-
bodies themselves may be directly toxic to the cell or induce 
complement-dependent cytotoxicity. In addition, antibodies 
can be conjugated to drugs, toxins, or radioisotopes toxic to 
tumor cells, thus limiting the specificity of a variety of phar-
maceuticals for tumor cells.

Igs available in plasma obtained from donors generally 
contain detectable antibodies against bacterial, fungal, and 
viral pathogens.4 Passive transfer of resistance to the immu-
nodeficient patient can be accomplished with intramuscular 
or intravenous administration. In human patients the half-life 
of transferred Igs is approximately 3 weeks.4 Indications for 
human patients have included congenital or acquired states 
of immunodeficiency, selected hematologic disorders such 
as autoimmune hemolytic anemia, infectious viral diseases, 
and selected neoplastic diseases such as chronic lymphocytic 
leukemia and multiple myeloma. Potential adverse reactions 
include anaphylaxis and transfer of infectious organisms.4

Studies investigating the efficacy of passive immuno-
therapy on feline lymphosarcoma have thus far been limited 
to the use of polyclonal FeLV-neutralizing antibodies, feline 
 oncornavirus-associated cell membrane antigen (FOCMA) 
antibodies, or both in cats afflicted with lymphosarcoma and 
leukemia. In one study five of seven cats treated with both 
antibodies and six of eight cats treated with FOCMA antibod-
ies alone underwent partial or complete regression of their 
disease.25 Additional studies by Cotter and coworkers124 sug-
gest that polyclonal anti-FOCMA therapy combined with pre-
viously established chemotherapeutic regimens may improve 
remission time. Monoclonal antibodies have been used to 
treat canine lymphosarcoma.

Human intravenous immunoglobulin (hIVIG) has been 
studied in dogs using in vitro (lymphocytes and monocytes) 
and in vivo (spontaneous immune-mediated diseases) meth-
ods. Prepared from plasma of healthy donors, it contains 
polyspecific IgG and is intended to treat primary immuno-
deficiencies. In vitro studies125 have shown hIVIG to bind to 
canine lymphocytes and monocytes and to inhibit through 
Fc-mediated binding monocyte phagocytosis, including that 
of antibody-coated red blood cells. It is administered as an 
intravenous infusion (0.5 to 1.5 g/kg) over 6 to 12 hours, and 
animals must be closely monitored for signs of anaphylaxis 
or other adverse reactions (e.g., thromboembolism). Clinical 
evidence of efficacy exists for treatment of IMHA,126-128 with 
treated dogs developing an increased hemoglobin and hema-
tocrit concentration up to 4 weeks after therapy. However, 50% 
of treated animals developed thrombocytopenia and five of 
seven dogs that died had evidence of thromboembolism. Only 
3 of 10 dogs were alive at 12 months, suggesting that long-
term survival was not improved. The combination of IgG with 
IFN α resulted in greater improvement in human patients with 
hepatitis C.129

Abetimus is a synthetic molecule consisting of four double-
stranded oligodeoxyribonucleotides attached to polyethylene 
glycol (PEG). The nonimmunogenic PEG serves as the carrier. 
Abetimus induces tolerance to B cells by cross-linking surface 
antibodies directed toward double-stranded DNA (dsDNA). 
These antibodies appear to be associated with nephritis asso-
ciated with systemic lupus erythematosus in humans.130 In 
a preapproval clinical trial, the number of renal “flares” in 
patients receiving the drug was less than half of that encoun-
tered in patients not receiving the drug. The response was so 
dramatic that the trial was discontinued before its completion, 
and the FDA granted orphan drug status in 2000.130

Allergen-Specific Immunotherpy
Allergen-specific immunotherapy (ASIT) involves the admin-
istration of gradually increasing amounts of an allergen extract 
to patients allergic to the allergen to resolve symptoms asso-
ciated with subsequent exposure to the allergen.131 In their 
review Colombo and coworkers131 note that when success is 
defined as a 50% (or greater) increase in the improvement 
of clinical signs after 4 months or more of therapy, ASIT is 
successful in 50% to 100% of cases of canine atopic dermati-
tis. They prospectively evaluated the effect on canine atopic 
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dermatitis of low (1⁄10 the standard) dose induction followed 
by maintenance ASIT therapy (n = 27) to standard therapy  
(n = 13). Both groups responded, and neither group emerged 
as responding better at 9 months. Secondary infections were 
treated, and use of glucocorticoids was allowed to control 
severe clinical signs, except during the last 3 months of the 
study.

Miscellaneous Blood Components
Selective destruction of malignant lymphocytes occurs in 
several species in response to infusion of blood or blood 
components.

Antileukemic activity. Antileukemic activity (ALA) of 
humoral factors in serum, heparinized plasma, and whole 
blood has been documented in several species.25 Evidence sug-
gests that ALA of blood constituents may be present in high 
concentrations in cryoprecipitates prepared from heparinized 
plasma. Physicochemical constituents of the cryoprecipitate 
that might be the source of ALA include cold-insoluble globu-
lin, fibronectin, cell surface protein, large external transfor-
mation-sensitive protein, and opsonic factor.25 A study in 32 
cats revealed that of 24 treated with either normal cat serum 
or whole blood (20 mL/kg), 14 had a complete antileukemic 
response and 8 had a partial response. Of 10 treated with cryo-
precipitate, two completely responded and six had a partial 
response.132

Fibronectin. Fibronectin injections have resulted in the 
regression of leukemic nodes in mice, suggesting that fibro-
nectin may be the source of ALA. Fibronectin, a glycoprotein 
dimer, is a major protein of both blood and tissues; its most 
important function appears to be tissue remodeling during 
embryogenesis and wound healing. Antitumor activity may 
result from immunomodulation and modification of metas-
tasis. Enhancement of opsonization increases the phago-
cytic ability of macrophages and monocytes, thus enhancing 
their tumoricidal activity. MacEwen26 studied the efficacy of 
fibronectin (0.5 to 2 mg/kg intravenously once daily) in 18 
cats afflicted with lymphosarcoma. A 50% response rate was 
reported; one FeLV-positive cat converted to a negative status 
after treatment.25 A single case of mycosis fungoides in a cat 
responded to a combination of intravenous and intralesional 
fibronectin. Intralesional injections caused local epithelial 
necrosis, which reduced the tumor load by 75% and may have 
prevented systemic involvement.133

Tumor cell vaccines. Tumor cells are thought to stimulate 
an immune response. This view is supported by the recogni-
tion that some tumors spontaneously regress; tumors are infil-
trated with cells of the immune system, and the risk of cancer 
increases in the patient that is immunosuppressed. The anti-
genic potential of tumor cells is also the basis for the use of 
tumor cell vaccines. Tumor cell vaccines are most effective in 
the presence of residual disease and when combined with non-
specific immunomodulators. Parodi and co workers 133a could 
not find a statistical improvement in cumulative survival 
rates in dogs with mammary tumors receiving BCG intral-
esionally alone (n = 51) or Corynbacterium parvum (killed) 
(n = 120) Jeglum and coworkers have treated cats afflicted with 

 mammary adenocarcinoma using a combination of an autog-
enous tumor vaccine and BCG. Although not significantly dif-
ferent, the mean survival time for each treatment group was 
least for those treated with surgery, BCG, and tumor cell vac-
cine compared with animals treated with either surgery alone 
or surgery with BCG. Additional studies with tumor cell vac-
cines are necessary before their efficacy can be established.

Non-steroidal hormonal agents. Hormonal agents may offer 
a unique avenue of immunomodulation in viral diseases.23,134 
Hormones investigated for their immunomodulatory effects 
include prostaglandins and thymic proteins. Prostaglandins 
are local hormones that modulate both T and B lymphocytes. 
Prostaglandins, however, particularly prostaglandin E2, are 
also immunosuppressants, and their role in immunopotentia-
tion is limited. Thymosins are a group of endogenous substrates 
released from the thymus that stimulate the release of several 
pituitary neuropeptides. Thymic hormones induce maturation 
of T cell precursors, promote differentiation and proliferation 
of mature T cells, and thus restore rather than potentiate the 
immune system. Several synthetic thymic peptides have been 
synthesized by either chemical means or genetic engineering 
techniques. The primary clinical application of these proteins 
is restoration of the immune system in the immunoincompe-
tent (including virally induced) patient.

Acemannan. Acemannan (Acemannan Immunostimulant) 
is a long-chain polydispersed β1,4-linked mannan-based poly-
saccharide derived from the aloe vera (barbadensis Miller) 
plant. It stimulates the release of IL-1, IL-6, TNF-α, IFN-γ, 
and nitric oxide from macrophages, leading to tumor apop-
tosis and necrosis.135,136 Other actions include enhancement 
of macrophage phagocytosis and cytotoxicity and interfer-
ence with glucosidase I activity, leading to the production of 
abnormal glycoproteins by neoplastic cells, which appears to 
be associated with tumor cell death. Direct antiviral activity is 
associated with modified glycosylation of both virus-infected 
cells and glycoprotein coats of viruses, leading to inhibition of 
virus infectivity and replication.

Acemannan is licensed for the treatment of fibrosarcoma 
in dogs and cats. Intratumoral injection induces tumor 
encapsulation and necrosis, facilitating surgical excision. 
The recommended dosage is 2 mg intratumorally and 1 mg/
kg intraperitoneally weekly for 6 weeks. No adverse effects of 
acemannan have been reported at the recommended dosage. 
In one report eight dogs and five cats with fibrosarcomas were 
treated with acemannan, surgical excision, and radiation ther-
apy. Seven animals remained tumor-free at 440 to 603 days, 
with a median survival time of 372 days.137 In an earlier clini-
cal report, a variety of other carcinomas and sarcomas were 
also reported to respond.138 It is not known what effect ace-
mannan has on feline vaccine-associated sarcomas.

Acemannan has been used to treat cats with FeLV and 
feline immunovirus infections. Clinically affected cats treated 
with acemannan had improved quality of life and longer sur-
vival times than historical controls. Interestingly, oral admin-
istration of acemannan appeared to have the same efficacy as 
parenteral administration of acemannan, which is similar to 
cats treated with low-dose oral recombinant human IFN-α.
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Synthetic Immunostimulants
Levamisole
Levamisole, a phenylimidazothiazide anthelmintic, has been 
the subject of intense and controversial research as a bio-
logical response modifier.23,120 It is difficult to summarize 
the experimental and clinical data regarding the immuno-
modulating capabilities of levamisole. Levamisole has been 
regarded by some as a chemical agent capable of mimicking 
hormonal regulation of the immune system. It appears to 
stimulate recruitment and function of macrophages and T 
cells but only within a narrow range of doses and duration of 
administration in either the normal or immunoincompetent 
patient. Levamisole appears to alter cyclic nucleotide phos-
phodiesterases, decreasing cyclic guanosine monophosphate 
degradation and increasing cyclic adenosine monophosphate 
degradation. Elevated cyclic guanosine monophosphate in 
lymphocytes enhances proliferation and secretory responses. 
Chemotaxis, phagocytosis, lymphokine synthesis, and the 
ratio of helper to suppressor T cells are increased. Levami-
sole does not appear to have any effect in immunocompetent 
animals. The modulatory effects of levamisole range from 
enhancement to inhibition with much strain, sex, age, and 
antigen variability. T cell stimulation may be mediated by a 
soluble serum factor. Experimental studies generally have not 
supported the benefits of levamisole as have clinical studies. 
Levamisole (2 to 15 mg/kg) was frequently tested prophylacti-
cally in experimental trials, however, as opposed to therapeu-
tically (i.e., in infected patients) in clinical trials, suggesting 
that potential benefits of levamisole result from restoration of 
immunocompetence after virally induced immunosuppres-
sion. Indications for levamisole in human medicine include 
Hodgkin’s disease and rheumatoid arthritis and as an adjuvant 
chemotherapy of colorectal cancer.4 The use of levamisole for 
treatment of cancer in animals is not supported. In two stud-
ies involving more than 130 cats with malignant mammary 
tumors, levamisole (5 mg/kg orally on 3 alternate days per 
week) did not increase survival time or decrease recurrence 
rate.139 Levamisole causes adverse reactions typical of exces-
sive cholinergic stimulation.

Cimetidine
Histamine exerts immunomodulatory effects, including sup-
pression of cytotoxic T lymphocytes, downregulation of 
cytokines, and activation of suppressor T lymphocytes.140 
Cimetidine is a histamine (H2) receptor antagonist that exper-
imentally enhances a variety of immunologic functions. Sup-
pressor T lymphocytes possess H2 receptors, which, when 
blocked, result in potentiation of cell-mediated immunity. 
Although more studies are indicated, cimetidine may be use-
ful in a variety of conditions associated with immunosup-
pression. Because it selectively inhibits suppressor function, 
however, cimetidine also may prove deleterious to patients 
with autoimmune disorders.

The anticancer effects of cimetidine have been studied in 
selected human cancers. The H2 receptor blockers have been 
studied for their effects on gastric cancer cells. Cimetidine, 

but not famotidine, exhibits antiproliferative effects on gas-
tric cancer cells. Raniditine showed some inhibitory effects.140 
Cimetidine also appears to inhibit the growth of colorectal 
carcinoma;141 lymphocyte infiltration increases in the cancers 
and is associated with an improved survival rate in patients 
receiving the drug.

Miscellaneous Immunostimulants
A variety of compounds are capable of inducing IFN; however, 
the immunomodulating effects of the inducers are variable. 
For example, double-stranded IFN-inducing polyribonucleo-
tides (poly I:C) cause immunostimulation, whereas tilorone, 
a simple synthetic IFN inducer, enhances antibody produc-
tion while depressing cell-mediated immune responses. Many 
other drugs are in the experimental phases of drug develop-
ment. The following sections address some of the drugs that 
may or may not ultimately become approved.

ABPP (Bropirimine)
ABPP (2-amino-5-bromo-6-phenyl-4[3H]-pyrimidinone), 
approved for use in humans, is a potent inducer of IFN in 
several species. Hamilton and coworkers142 characterized the 
kinetics of ABPP and induced IFN in several species. They 
found that serum levels of IFN after treatment correlated 
well with serum concentrations of ABPP in the cat. ABPP 
was lethal in three of eight cats, however, at doses required 
to achieve minimal detectable levels of IFN. The authors pos-
tulated that the toxicity resulted from conversion of ABPP to 
phenolic derivatives that the cat excretes inefficiently.

Isoniplex
Isoniplex is an antiviral drug (see Chapter 10) that may also be 
used as an immunopotentiator in viral diseases.23,120 Isoniplex 
enhances immune responses, including promotion of mito-
gen-stimulated T-lymphocyte proliferation and augmentation 
of antibody production and delayed-type hypersensitivity. The 
suggested mechanism of immunopotentiation by isoniplex 
begins with penetration of lymphocytes and suppression of 
viral RNA synthesis. It appears to support lymphocyte function 
by promoting RNA synthesis and translational ability. Further 
investigations regarding the use of isoniplex in viral infection 
should be anticipated because its efficacy results from an ideal 
combination of antiviral activity and immunopotentiation.

Promodulin
Promodulin is an experimental immunomodulating agent 
that has been subjected to clinical therapeutic trials for the 
treatment of cats concurrently infected with FeLV and feline 
infectious peritonitis.23 Cats were treated with 50 mg/kg (up 
to 200 mg maximum dose) intravenously once daily for 5 con-
secutive days. Although promodulin induced rapid remission 
of clinical signs associated with feline infectious peritonitis,  
(e.g., anorexia, fever, and serosal effusions), it did not appear 
to be effective in the treatment of concurrent FeLV infections. 
Cats that responded did so within 2 weeks of the final injection; 
the duration of clinical remission appeared to vary between 1 
and 3 months. Clinical signs after exacerbation of disease did 
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not respond to a second treatment regimen. Promodulin also 
was not effective in treating FeLV-induced solid tumors.

Topical immunomodulators. Topical immunomodu-
lators often are characterized by unique mechanisms. These 
include topical contact sensitizers (e.g., diphencyprone or 
dinitrochlorobenzene) and induction of mononuclear cell 
cytokines (IL-12, TNF-α) secretion (imidazoquinolines 
imiquimod and resiquimod). These latter drugs lead to Th1-
domination and a cell-mediated response used in humans to 
treat local viral infection and cancers.

Imidazoquinolines
Imiquimod and resiquimod (R-848) are members of the fam-
ily imidazoquinolines. These drugs have proven antiviral and 
antitumor effects in a variety of animal models. Their immune 
actions appear to reflect stimulation of several arms of both 
innate and adaptive immunity, ultimately resulting in an indi-
rect Th-1 dominant response. Their ability to enhance cuta-
neous-adaptive responses and innate immunologic responses 
are key to their usefulness. Resiquimod is 10- to 100-fold 
more potent than imiquimod and is also capable of stimulat-
ing granulocyte and macrophage colony-stimulating factors 
and other mediators. Antigen processing also is improved. 
Indications include cutaneous viral infections and potentially 
nonmelanoma skin cancers, with the latter having potential 
therapeutic applications in animals.143

TREATMENT OF SPECIFIC 
IMMUNE-MEDIATED DISEASES

See also discussion of each syndrome in the appropriate 
chapter.

Chronic Allergic Diseases
Atopy refers to a genetic tendency toward certain hypersen-
sitivity or allergic diseases. Atopic diseases include asthma, 
rhinitis, and dermatitis. Chronic allergic disease are generally 
complex in pathophysiology, with inflammatory disease man-
ifested in the organ in which antigen–tissue interactions are 
initiated. For example, for asthma, inflammation causes air-
way narrowing associated with contraction and hypertrophy 
of bronchial smooth muscle, swelling of mucous membranes, 
and excessive production of mucus.

Mediators released during inflammation are the major 
contributors to the pathogenesis of pulmonary disease, par-
ticularly feline asthma. Mediators important in the patho-
genesis of asthma include preformed mediators histamine 
and serotonin (particularly in cats); mediators formed in situ, 
including prostaglandins, leukotrienes, and platelet-activating 
factor; and reactive oxygen species.

The three atopic syndromes are characterized by common 
cell and mediators of inflammation in humans (see Figure 
31-2).121,144-147 A similar pathophysiology should be antici-
pated for other allergic diseases. The role of T (CD4+ helper) 
cells has been well described in the initiation and maintenance 
of allergic diseases, particularly asthma. In contrast to systemic 
immune-mediated diseases, in which Th1 cells appear to be 

the biggest contributors of inappropriate response, Th2 cells 
appear to be particularly important to allergic diseases. Their 
cytokines include interleukins and chemotactants that con-
tribute to the inflammatory process. These include IL-4, which 
increases IgE synthesis; IL-5, which stimulates eosinophil 
growth and differentiation; IL-9, which causes mast cell dif-
ferentiation; and in the lungs IL-13, which causes production 
of mucus and airway hyperactivity. Of these, IL-4, IL-10, and 
IL-13 in particular, have antiinflammatory activity. Previously, 
Th1cells were thought to be beneficial by downregulating Th2 
cells. However, they are probably proinflammatory and, along 
with IFN (IFN) γ, contribute to the inflammatory process. The 
role of leukotrienes, and particularly cyst-LTs, are increas-
ingly being described in atopic diseases.148 In the lungs they 
are very potent (being 1000 times more so than histamine), 
causing marked edema, inflammation, and bronchoconstric-
tion. In the gastrointestinal tract, their effects on neutrophils 
are necessary for ulcer formation; vasoconstriction and platelet 
aggregation probably contribute further. Senter and cowork-
ers149 found that 50% of atopic dogs responded to zafirlukast, 
supporting the possible role of leukotrienes as targets of treat-
ment for atopy.

Treatment of inflammatory allergic diseases focuses on 
control of inflammation and clinical signs at the level of the 
target tissue. However, treatment of all three atopic disorders 
increasingly focuses on systemic rather than simply a local 
allergic disease. In particular, the bone marrow response to 
allergens and subsequent release of eosinophils are recognized 
to be an important systemic process in allergic inflammation. 
A central role of eotaxin and IL-5 has been suggested. Eotaxin 
released from local tissue cells stimulates, exclusively through 
CC chemokine receptor 3 (CCR3), flux of eosniophils into 
the target tissue.150 Both IL-4 and TNF-α stimulate its release. 
Th2 cells release IL-5; other sources include mast cells and 
eosinophils. In response to IL-5, eotaxin is released. In human 
patients with allergic diseases, both are increased in serum. 
The effects of these signals are not limited to the affected tis-
sue. Rather, the primary significance may be their effects at 
the level of the bone marrow stroma, another source of IL-5. 
Among the functions of IL-5 are differentiation and matura-
tion of progenitor cells to eosinophils and basophils, release of 
mature eosinophils, promotion of their survival, and inhibi-
tion of apoptosis. Activated eosinophil progenitor cells con-
tain granulocyte-macrophage colony-stimulating factor and 
IL-5. Their circulation increases in allergic human patients 
and in dogs rendered hypersensitive to A. suum.151

Cysteinyl-LTs are necessary for accumulation of eosinophils 
in target tissues. However, in addition to their local effects, 
cyst-LTs may also have a role in bone marrow perpetuation 
of allergic disease. Cyst-LT receptors are expressed on a num-
ber of bone marrow progenitor cells and appear to be involved 
(based on effects of antagonists) in eosinophil–  basophil pro-
genitor differentiation. They appear to stimulate eosinphil 
proliferation in the presence of stimulatory cytokines.152

The commonalities of atopic diseases offer several targets 
of therapy. The efficacy of glucocorticoids can be appreciated 
from several aspects, their use is discussed in Chapter 30. 



1183CHAPTER 31 Immunomodulators or Biological Response Modifiers: Introduction and Miscellaneous Agents

However, a number of “second tier” drugs might be used for 
their glucocorticoid dose-sparing effect or in animals intoler-
ant to or minimally responsive to glucocorticoid therapy (e.g., 
CsA). Further, the involvement of Th cells supports the poten-
tial role of CsA in their treatment. The role of leukotrienes 
supports use of receptor antagonists or other drugs (e.g., dual-
inhibitor nonsteroidal antiinflammatory drugs) that modify 
their release. In human medicine drugs that target eotaxin, the 
CCR3, or particularly IL-5 are being explored. Finally, pent-
oxifylline might be considered for its ability to target TNF. 
These therapies might be considered for other atopic diseases, 
including allergic rhinitis and sinusitis perianal fistulae, and 
others.

Type I Hypersensitivities
Anaphylaxis and Anaphylactoid Reactions
Clinical signs of systemic anaphylaxis include nausea, vomit-
ing, diarrhea, pale mucous membranes, coolness to peripheral 
extremities, tachycardia, and tachypnea. Localized “anaphy-
laxis” results in clinical signs referable to the site of localized 
mast cell degranulation. Examples include angioneurotic 
edema resulting in swelling of lips, eyelids, and conjuctiva 
and urticarial lesions (or hives). Treatment is oriented toward 
preventing further mast cell degranulation, blocking the 
interaction between histamine (or other mediator) and tis-
sue receptors, and antagonizing the physiologic response to 
mediators. Drugs that antagonize physiologic response also 
tend to further decrease mast cell degranulation. The goals 
of therapy for systemic anaphylaxis include cardiovascular 
and ventilatory support. Epinephrine is indicated to antago-
nize bronchoconstriction and provide cardiovascular support. 
Glucocorticoids (prednisolone sodium succinate) facilitate 
adrenergic receptor responses and decrease further mast cell 
mediator release. Histamine 1 (H1) receptor antagonists (e.g., 
diphenhydramine) are of benefit only in preventing interaction 
of histamine and its receptors, not in preventing further mast 
cell degranulation. Therapy may be more effective if adminis-
tered in anticipation of mast cell degranulation, although this 
is somewhat controversial. Perioperative anaphylaxis, includ-
ing drugs, risk factors, and therapies in humans, has been 
recently reviewed.153

Type II Hypersensitivities: Antigen- and Antibody-
Dependent Cytotoxicity
Immune-Mediated Hemolytic Anemia
IMHA occurs as a result of increased red blood cell destruction 
mediated by the presence of an antibody on the membrane 
surface. The antigen to which the antibody binds is either of 
the red blood cell membrane or an exogenous antigen (e.g., 
drug or microbe) that has adhered to the surface. Igs associ-
ated with IMHA in dogs generally are IgG or, less commonly, 
both IgG and IgM. In cats IgM tends to be more common, 
with IgG alone causing IMHA in approximately 25% of cases. 
Complement activation is more likely with IgM-mediated 
IMHA. Antibody adherence and complement activation that 
are insufficient to cause erythrocyte lysis will result in dam-
age and subsequent erythrophagocytosis of the deformed red 

blood cell (e.g., spherocyte). Intravascular hemolysis occurs 
when complement activation is extensive, leading to erythro-
cyte lysis. Released hemoglobin binds to serum haptoglobin, 
preventing glomerular filtration. If haptoglobin becomes satu-
rated, however, free hemoglobin can be filtered. Renal toxicity 
can accompany intravascular IMHA as a result of antigen–
antibody deposition or reaction in the basement membrane; 
free hemoglobin may also contribute to nephrotoxicity. 
Direct red blood cell agglutination or intravascular hemolysis 
increases the risk of thromboembolic disease.

Medical treatment of IMHA focuses on reducing phagocy-
tosis of damaged or antibody-coated erythrocytes by reduc-
ing or blocking receptors on phagocytic cells, reducing or 
preventing the formation of more antibodies, and providing 
supportive therapy for complications associated with IMHA. 
Any likely inciting (exogenous) antigen (e.g., drug, microbe) 
should be removed. Treatment of IMHA is confounded by low 
survival rates (which range from 10% to 50% discharge sur-
vival, with continued patient loss after discharge) and the lack 
of scientifically based evidence supporting preferred therapies. 
Several of the clinical trials that address various therapeutic 
regimens unfortunately are biased in population selection, 
generally focusing on the worse cases and thus complicat-
ing extrapolation of results to less severe cases. Immunosup-
pressive therapy with glucocorticoids is the cornerstone of 
therapy; use of immunosuppressants for immune-mediated 
disorders is reviewed in Chapter 30. Differences of opinion 
exists regarding the initial route of administration of glucocor-
ticoids, with oral proponents observing that response to glu-
cocorticoids requires 5 to 7 days regardless of route. Although 
this observation may have some merit (many mechanisms of 
glucocorticoid require nuclear transcription and protein syn-
thesis; time must elapse before inflammatory cell numbers and 
function are reduced), many mechanisms (e.g, non-genomic) 
of glucocorticoid action may occur immediately. Indeed, 
the importance of glucocorticoid supplementation in shock 
patients offers support for administration designed to cause 
immediate response (see Chapter 30). For rapid response 
dexamethasone (0.1 to 0.2 mg/kg intravenously) or methyl-
prednisolone (11 mg/kg daily for up to 3 days) every 12 to 24 
hours is administered initially, followed by oral prednisolone 
(1 mg/kg every 12 hours) as the animal responds. Choice of 
prednisone versus prednisolone is addressed in Chapter 30; 
the latter is strongly encouraged in dogs with life-threatening 
conditions, and the former should not be used in cats. Further 
reduction of red blood cell destruction may require admin-
istration of CsA, leflunomide or MMF, or their combination; 
continued failure may require cyclophosphamide or (dogs 
only) azathioprine. Combination therapy might be consid-
ered initially in patients with severe disease (see Chapter 30). 
Leflunomide doses as high as 8 mg/kg were necessary to pre-
vent renal transplant rejection in dogs. 104a Safety of anticancer 
drugs can be increased by dosing based on body surface area. 
Cyclophosphamide can be given as a single intravenous bolus 
(100 to 250 mg/m2) in patients suffering from intravascular 
lysis or direct autoagglutination.108 This regimen also is par-
ticularly useful for patients that require a blood transfusion. 
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However, efficacy of cyclophosphamide may not be realized 
until antibodies decline as a result of normal catabolism (gen-
erally 1 to 2 weeks).11 Oral administration (50 mg/m2 every 48 
hours) is indicated in dogs that do not respond to glucocorti-
coids or might be considered as part of initial therapy, particu-
larly in severe cases. Using a randomized prospective design, 
Mason and coworkers154 investigated the impact of cyclophos-
phamide (50 mg/m2) when combined with prednisone (1 to 
2 mg/kg orally every 12 hours; n = 8) compared with pred-
nisone alone (1 to 2 mg/kg orally every 12 hours; n = 10) for 
treatment of severe (based on clinical signs, less than 1 week 
in duration and packed cell volume less than 20%) idiopathic 
IMHA in dogs. The mortality rate did not differ between 
groups, but the power of the study was limited. Reticulocyto-
sis appeared, and spherocytosis resolved more rapidly in the 
prednisone-only–treated group (within 1 week), leading the 
investigators to conclude that the addition of cyclophospha-
mide offered no advantage to prednisolone alone. Long-term 
cyclophosphamide will increase the risk of thrombocytopenia 
and neutropenia.11

Human gammaglobulin (0.5 to 1.5 g/kg intravenously over 
6 to 12 hours) may prove useful for dogs that fail to respond to 
therapy.127,128 Cost may, however, be prohibitive, and use may 
be limited by development of thrombocytopenia or thrombo-
sis (see previous discussion). CsA may be of benefit in con-
trolling the sequelae of IMHA that reflect tissue (and thus T 
cell–mediated) damage.11 Blood transfusions are not recom-
mended for patients with IMHA. Dogs with IMHA are pre-
disposed to destruction of transfused red blood cells. Blood 
substitutes (oxyhemoglobin) may offer a viable alternative to 
blood transfusion. Although splenectomy should be consid-
ered as a surgical adjunct to medical management, removal 
of the spleen may also result in removal of an important site 
of extramedullary hematopoiesis. As with glucocorticoids, 
danazol (5 to 10 mg/kg orally every 12 hours) may block Fc 
receptors on phagocytic cells, reducing red blood cell destruc-
tion.111 However, response may be slow, rendering danazolol 
lower on the list.

Response to therapy is based on daily hematocrit or 
platelet counts (or both); initial therapy should be contin-
ued or, as needed, improved until the packed cell volume is 
15% or more in cats and 20% in dogs or the platelet count is  
100, 000/μL or more. Drug therapy should be gradually 
tapered to avoid relapse or rebound; for example, pred-
nisolone and azathioprine tapered to 0.5 to 1 mg/kg every 
second day is a reasonable target, with monitoring every 2 
weeks as a basis of response. Therapy should be continued for 
another 3 months or so, with gradual tapering off attempted 
in animals that have been in remission for 3 to 6 months. 
For nonresponders, supportive therapy may include transfu-
sions, which are more likely to be effective in patients whose 
disease reflects bone marrow rather than peripheral cellular 
targets.

Other supportive therapy should be considered. Anemia 
and reduced oxygen delivery to the gastrointestinal tract 
may predispose the patient to gastrointestinal induced ulcer-
ation. The importance of cyclooxygenase-2 in gastrointestinal 

healing warrants consideration of gastroprotectants, particu-
larly in the face of glucocorticoid therapy. As such, antisecre-
tory drugs (e.g., H2-receptor antagonists, omeprazole) and 
gastroprotectants (e.g., sucralfate) should be considered as 
long as concerns regarding drug interactions are addressed. 
The use of heparin, including fractionated products, is contro-
versial but might be considered (Chapter 15).

Immune-Mediated Thrombocytopenia
Immune-mediated thrombocytopenia is a syndrome that 
occurs more commonly in dogs than cats and in males than 
females. It can occur in concert with other immune-medi-
ated disorders, including IMHA.11 Thrombocyte numbers 
can decline as a result of destruction (i.e., antibody/comple-
ment-mediated phagocytosis) or, less commonly, decreased 
formation of mature thrombocytes as a result of antibody/
complement-mediated destruction of megakaryocytes.11 As 
with IMHA, antibody can be directed to an endogenous or 
exogenous antigen adhered to the platelet or megakaryocyte. 
The primary clinical signs, which include and reflect inap-
propriate bleeding, generally do not occur until thrombocyte 
numbers have dropped below 30,000/μL. Bleeding is more 
likely with a rapid, as opposed to a gradual, decline.

Medical treatment focuses on prevention of bleeding, 
decreased destruction of thrombocytes, and restoration of 
thrombocyte numbers (see also Chapters 15 and 30). Any 
likely inciting (exogenous) antigen (e.g., drug, microbe) 
should be removed. Glucocorticoids (dexamethasone, meth-
ylprednisolone, or prednisolone) are often the first choice 
of therapy (see earlier discussion of IMHA) and, in general, 
cause thrombocyte counts to normalize within 1 week. Use 
of cyclosporine and leflunoamide should be considered as 
suggested for other immune-mediated disease. Danazol also 
can be administered to reduce phagocytosis.112,113 Vincristine 
(0.75 mg/m2 intravenously) can be administered if platelet 
numbers fail to increase to sufficient numbers. Once plate-
let numbers increase, vincristine should be discontinued and 
glucocorticoids continued for several more weeks.11 Vin-
cristine may also be given after incubation with platelet-rich 
plasma in cases refractory to glucocorticoids, danazol, and 
vincristine. Presumably, incubation allows vincristine to bind 
to platelets. Subsequent phagocytosis destroys the phagocytic 
cell, causing an overall reduction in platelet destruction.155 
If successful, the treatment may need to be repeated as new 
macrophages are generated. Platelet-rich plasma also can be 
administered in an attempt to restore platelet numbers to a 
concentration that is not life threatening (>50,000/μL). The 
likelihood of relapse of immune-mediated thrombocytopenia 
also may be reduced after infusion of platelet-rich plasma.11 
The use of vinblastine might be considered in relapsing 
patients (see discussion of cytotoxic drugs) on the basis of 
its effectiveness in human patients. Splenectomy is a surgi-
cal alternative or adjunct therapy that should be considered 
in refractory cases. Because of the risk of relapse, patients 
should be monitored periodically. Surgical neutering, par-
ticularly of females, may be indicated once platelet numbers 
have normalized.
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Immune-Mediated Neutropenia
As with other immune-mediated hematopoietic diseases, glu-
cocorticoids are indicated for neutropenia.156 Treatment can 
continue as described for IMHA.

The use of recombinant bone marrow growth factors (see 
Chapters15 and 32) to increase bone marrow production of 
deficient cells is probably not wise unless the factor is derived 
from the species to be treated. Even in those situations, stud-
ies should confirm a lack of immune-mediated reactions 
when used in patients affected with an immune-mediated 
disorder.

Dermatologic Disorders
A number of immune-mediated skin diseases reflect a type 
II hypersensitivity. Included are pemphigus (foliaceus, ery-
thematosus, vulgaris, vegetans), bullous pemphigoid, and 
dermatomyositis.

Pemphigus Disorders and Bullous Pemphigoid. Pemphigus 
disorders reflect the reaction of autoantibodies directed toward 
antigens located in the intercellular spaces between epidermal 
cells. The definitive antigen is not known but apparently is 
located in or near the cytoplasmic membrane.11 The various 
types may reflect variants, crossovers, or altered presentations 
of the different forms of the disease. In all variants antibody 
deposition causes the loss of adhesion between epidermal 
cells, leading to acanthosis. Complement activation results in 
local mast cell degranulation and an infiltration of inflamma-
tory cells. Clinical signs vary within and among the variants 
and include visculobullous eruptions, cutaneous ulcerations, 
exfoliative lesions, and verrucous proliferations of the skin.11 
Bullous pemphigoid results from the generation of antibod-
ies toward the lamina lucida of the basement membrane zone. 
As with pemphigus, complement activation may worsen the 
inflammatory response. Clinical signs include vesiculobul-
lous lesions at mucocutaneous junctions; in the oral cavity; 
on footpads; and on the skin of the trunk, groin, axillae, and 
abdomen.11

Glucocorticoids can be expected to be effective in 40% of 
canine cases11 of pemphigus. The initial dose should be high 
(2 to 3 mg/kg orally every 12 hours for 10 to 14 days); the 
dose can gradually be reduced over 4 weeks (targeting 1 mg/kg 
orally every 48 hours) if an adequate response has occurred. 
Failure to respond or inability to decrease the dose of gluco-
corticoids is an indication for the addition of a second immu-
nosuppressive drug. Generally, azathioprine (2 mg/kg orally 
every 24 hours) has been the first choice to combine with pred-
nisolone (1 mg/kg orally every 12 hours). Response within 10 
to 14 days will allow alternating the drugs each day at the same 
dose. Continued remission will allow a gradual reduction in 
the doses of both drugs to 1 mg/kg orally every other day, 
alternating the drugs daily.11 Cyclophosphamide (50 mg/m2 
orally every 24 hours) can be combined with prednisolone 
(1 mg/kg orally every 12 hours) for 4 consecutive days each 
week for 2 to 3 weeks. If remission occurs, doses are gradually 
reduced to 1 mg/kg orally, alternating drugs daily. Chloram-
bucil (0.1 mg/kg orally every 48 hours) can be used in place 
of cyclophosphamide; leukopenia and thrombocytopenia are 

potential side effects of this drug. Use of cyclosporine and 
leflunoamide should be considered as suggested for other 
immune-mediated disease.

The third alternative for immunosuppressive chemo-
therapy is use of aurothioglucose initially in combination 
with prednisolone (1 to 2 mg/kg orally every 12 to 48 hours). 
Chrysotherapy should be initiated only after administration 
of an intramuscular test dose (1 mg for animals less than  
10 kg; 5 mg for animals 10 kg or larger) twice, 1 week apart. 
Toxicity will be manifested as dermatitis, stomatitis, nephrotic 
syndrome, blood dyscrasias, eosinophilia, thrombocytope-
nia, and manifestations of allergic reactions. Therapy can be 
continued at 1 mg/kg weekly intramuscularly until remission; 
however, continued therapy should be based on an acceptable 
complete blood count. At that time, the interval is decreased 
to alternate weeks and finally monthly. Prednisolone therapy 
might be gradually phased out.

Pemphigus foliaceus in cats can be treated with chloram-
bucil as the first choice.106 Daily therapy (0.1 to 0.2 mg/kg/
day) should be continued until lesions have markedly reduced, 
which may take 4 to 8 weeks. Alternate-day therapy should be 
implemented when approximately 75% improvement occurs 
and continued for several weeks. Complete blood counts 
should be monitored every 2 weeks of chlorambucil therapy.106

Dermatomyositis. Dermatomyositis might be classified 
as an inflammatory muscle syndrome. Unlike polymyositis, 
which appears to involve a cell-mediated, antigen-specific 
response, dermatomyositis appears to reflect an abnormal-
ity of the humoral response, resulting in vasculitis. In human 
patients treatment with low-dose methotrexate has proved 
beneficial114,115 Dermatomyositis in veterinary medicine is 
an inherited idiopathic inflammatory syndrome affecting 
Collies, Shetland Sheepdogs, and their crosses. Skin lesions 
include erythema, scaling, and crusting, particularly around 
the eyes, tips of the ears and tail, digits, and carpal and tar-
sal regions. Pentoxifylline, a methylxanthine derivative, has 
been recommended157,158 on the basis of its potential efficacy 
in humans.159 Studies of the drug in dogs suggest a higher 
dose than that for humans, and a twice- to thrice-daily dosing 
interval should be used. Clinically, response may take several 
weeks. The drug appears to be well tolerated by dogs. Clinical 
trials in Collies with dermatomyositis are currently under way.

Feline Eosinophilic Granuloma Complex. Eosinophilic granu-
lomas may respond to glucocorticoids. Direct lesional injec-
tion of methylprednisolone acetate (2 mg/kg, minimum of 20 
mg) every 2 weeks is the preferred method of administration. 
High oral doses of prednisolone may be an effective alterna-
tive.160 Drugs that target leukotrienes should be considered. 
Response to chlorambucil has been reported104 within 6 weeks 
of therapy (0.1 to 0.2 mg/kg per day). Response to therapy 
should be followed by a 12-week period during which the 
dose of chlorambucil is decreased until discontinued. Meges-
trol acetate is an undesirable alternative unless the patient has 
proved refractory to other modalities, including chlorambucil. 
Urine should be monitored for glucose to detect the develop-
ment of diabetes mellitus. Levamisole (2.2 mg/kg orally every 
48 hours) has been reported to cause some (but incomplete) 
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remission in certain cases.160,161 Additionally, accurate dos-
ing is difficult because of the large tablet size (184 mg). Cats 
often react adversely, with transient anorexia, vomiting, and 
hypersalivation being the most common side effects. Bone 
marrow suppression can be marked and is characterized by a 
long recovery period.

Type III Hypersensitivities: Immune Complex 
Disease
Systemic Lupus Erythematosus
The deposition of circulating autoantibodies or autoanti-
body–antigen complexes in the endothelium, particularly 
that of the glomerulus, appears to initiate complement-medi-
ated inflammation. The inflammatory site is infiltrated by 
immune cells. In the glomerulus response includes prolifera-
tion of capillary cells, thickening of the basement membrane, 
and scarring. Other vascular beds affected include the skin, 
serous membranes, synovial tissues, and cutaneous and vis-
ceral blood vessels.114,115 Soluble immune complexes are more 
problematic than large immune complexes, which precipitate 
and are rapidly phagocytized. Soluble complexes are able 
to penetrate deep into vascular endothelial channels, acti-
vate complement, and stimulate an inflammatory response. 
In humans intravenous cyclophosphamide has been estab-
lished as the treatment of choice for lupus-induced nephritis. 
Bolus cyclophosphamide has also, however, proved effective 
for lupus affecting other body systems, including the CNS, 
lungs, and arteries. Azathioprine and weekly methotrexate 
are effective for treating human lupus that does not involve 
major organs, such as rashes, serositis, and arthritis, or in 
combination with glucocorticoids to reduce the glucocorti-
coid dose. CsA apparently has not been studied for treatment 
of systemic lupus erythematosus, although clinical response 
has been reported.114,115

Because systemic lupus erythematosus can be polysystemic 
in its presentation, the sequelae of immune complex deposi-
tion associated with systemic lupus erythematosus can affect 
a number of body systems, resulting in the need for medi-
cal management of secondary disease. Examples include but 
are not limited to glomerulonephritis, arthritis, and vasculi-
tis. The reader is referred to the chapters that address these 
specific body systems for information on management of the 
sequelae of inflammatory disease. Treatment for the immune-
mediated aspect of the disease is the same as for pemphigus 
skin disorders. Use of cyclosporine and leflunoamide should 
be considered as suggested for other immune-mediated 
disease.

Cutaneous Discoid Lupus Erythematosus
Considered a mild form of systemic lupus erythematosus, 
cutaneous discoid lupus erythematosus is not accompanied 
by systemic involvement. The most common form presents 
as a nasal dermatitis; skin surrounding the eyes, pinnae, lips, 
and feet may also be involved. Treatment includes immuno-
suppressive doses of glucocorticoids, as described for other 
immune-mediated diseases, although a lower initial dose may 
be effective (1 mg/kg orally twice daily). Vitamin E (400 IU 

orally 2 hours before or after a meal every 12 hours; acetate 
or succinate) may be effective as the sole agent; however, a 
30- to 60-day lag time to efficacy mandates that initial therapy 
include glucocorticoids. Topical glucocorticoids may be effec-
tive in mild cases. Minimizing exposure to the sun, including 
use of topical sunscreen, or other ultraviolet light also will be 
helpful, particularly in animals with depigmentation. Nia-
cin or tetracycline (5 to 12 mg/kg orally every 8 hours) was 
reportedly effective in 70% of cases in one study. Use of cyclo-
sporine and leflunoamide should be considered as suggested 
for other immune-mediated disease; tacrolimus also might be 
considered.

Rheumatoid Arthritis and Other Arthritides
The rheumatoid factor is an antibody that reacts with IgG 
that has bound to antigen and subsequently undergone a con-
formation change. The reason for selectivity in joints is not 
understood. In humans drugs used to treat rheumatoid arthri-
tis include gold compounds or penicillamine and cytotoxic 
drugs, including azathioprine, cyclophosphamide, and meth-
otrexate. Since the late 1980s, low-dose weekly methotrexate 
has become the preferred medication.114,115 Methotrexate has 
proved more rapid in onset. Because it is safer than traditional 
cytotoxic drugs, treatment generally can progress for a lon-
ger period of time. Because functional disabilities and prog-
ress of the disease occur rapidly in the first years of disease in 
humans, cytotoxic drugs are begun early. Drug combinations 
have been advocated because of the possibility of synergistic 
effects. Examples include methotrexate with sulfasalazine, 
CsA, or biological agents. Treatment in animals has not been 
as well investigated and focuses on control of inflammation 
with glucocorticoids and, if necessary, aspirin. The use of glu-
cocorticoids is supported by the rapid clinical improvement 
and decrease in IL-6 activity documented in dogs with juve-
nile polyarthritis syndrome.162 The use of other immunosup-
pressive drugs in animals (azathioprine, cyclophosphamide) 
has been reserved for severe cases. On the basis of findings 
in humans, however, a more aggressive approach may be 
warranted. Disease-modifying agents (e.g., glucosamine and 
chondroitin sulfates) should be used to support cartilage 
repair.

Feline chronic progressive polyarthritis is associated with 
feline leukemia virus and feline syncytium-forming virus and 
most commonly presents as osteopenia and periosteal bone 
proliferation around affected joints. Less commonly, joints 
are characterized by subchondral marginal erosions similar to 
those of rheumatoid arthritis. Rheumatoid factor cannot be 
identified, however. Treatment includes immunosuppressive 
doses of corticosteroids (1 to 3 mg/kg orally every 12 hours). 
Nonresponders may require treatment with chlorambucil, 
cyclophosphamide, or azathioprine. As previously suggested, 
disease-modifying agents may prove beneficial.

In a retrospective study of dogs (n = 39) with immune-
mediated polyarthritis, 56% of dogs were cured after drug 
therapy. Response to prednisolone alone was 50% (overall 
33%), although response to prednisolone (1 to 2 mg/kg every 
24 hours or divided every 12 hours) by itself or combined with 
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another drug was 81%. Duration of therapy was generally 4 
to 16 weeks, although continuous medication was necessary 
in 10% to 18%. Response of animals to leflunomide was pre-
viously discussed.104a Drugs combined with prednisolone to 
which animals responded included antimicrobials and immu-
nosuppressive drugs such as cyclophosphamide or azathio-
prine.161 Treatment with levamisole or CsA as sole therapy 
generally was not successful.

Type IV Hypersensitivities: the Delayed Response
Allergic Contact Dermatitis
Allergic contact dermatitis is the most common type IV 
hypersensitivity recognized in small animals, being respon-
sible for up to 10% of dermatologic cases.11 The syndrome 
is initiated when the skin comes in contact with the inciting 
antigen or chemical. Actual chemicals that cause contact der-
matitis are not known, but it is likely that the chemical acts 
as a hapten that subsequently covalently bonds to a protein. 
The location of the protein is not clear but is probably associ-
ated with the class II molecule of an APC, which in the skin 
is the Langerhans cell. Sensitization generally requires 4 to 10 
days; subsequent exposure to the chemical results in a marked 
T cell–mediated response.11 Treatment is best implemented by 
removal of the inciting antigen and short-term (7-day) admin-
istration of prednisolone (0.5 to 1 mg/kg every 12 to 24 hours).

Inflammatory Myopathies
In humans polymyositis appears to reflect cell-mediated, 
antigen-specific cytotoxicity, with azathioprine being the only 
cytotoxic drug to be of benefit in controlled studies. Low-dose 
methotrexate or azathioprine with high-dose glucocorticoid 
therapy has become the standard therapy. Combinations of 
methotrexate and either cyclophosphamide or CsA may be 
effective and are being studied.114,115

Inflammatory Bowel Disease
Inflammatory bowel disease also is discussed in Chapter 19. 
The use of immune-modifying therapy for human patients 
with IBD became popular only in the 1990s.114,115,164,165 Con-
trolled clinical trials in humans have focused on azathioprine, 
6-mercaptopurine, CsA, and methotrexate. Azathioprine or 
6-mercaptopurine has been effective for treatment of Crohn’s 
disease, although efficacy depends on duration of therapy; at 
least 13 and more often 17 weeks of therapy is required before 
the drugs reach their full effects.

Intravenous administration of azothioprine may decrease 
the time to response. CsA has been studied at low doses  
(<1 mg/kg per day) or high doses (>5 mg/kg per day) to mini-
mize the risk of nephrotoxicity (less of a concern in veterinary 
patients), but this has proved of little benefit in Crohn’s disease. 
It has been more effective for treatment of ulcerative colitis at 
high doses (8 to 10 mg/kg per day), although only a few patients 
have been studied. CsA concentrations in responding patients 
were above 250 ng/mL. Methotrexate appears to be useful for 
both induction of remission and steroid sparing in patients with 
Crohn’s disease and ulcerative colitis. Combinations of drugs 
also have been studied. Azathioprine and 6-mercaptopurine 

should not be used in combination with methotrexate because 
of the increased risk of toxicity. CsA and methotrexate have 
been used in human patients with IBD with some success. 
Drugs that target leukotrienes should be considered. Pentoxy-
fylline for treatment of human IBD is discussed in Chapter 19.

Amyloidosis
Primary (or AL) amyloidosis reflects the extracellular depo-
sition of abnormally formed protein associated with a clonal 
plasma cell dyscrasia.166 The protein is a monoclonal Ig light 
chain fragment secreted in an abnormal insoluble fibrillar 
form; the underlying plasma cell dyscrasia is generally insidi-
ous and nonproliferating. The AL amyloid fibrils are derived 
from the N-terminal region of monoclonal Ig light chains and 
consist of the whole or part of the variable (VL) domain. The 
propensity for Igs to form amyloid fibrils is inherent to their 
structure; unfortunately, they cannot be identified. Those able 
to form myeloid are capable of existing in partially unfolded 
states because of the loss of tertiary or higher structure. Aggre-
gation and retention of b-sheet secondary results in the forma-
tion of protofilaments and fibrils; initiation of the process, or 
seeding, appears to facilate exponential progress of the amy-
loid template by “capturing” precursor molecules. Amyloid 
deposits exist in a state of dynamic turnover. Accumulation 
of amyloid progressively disrupts the normal tissue structure 
and ultimately leads to organ failure, frequently including, but 
not limited to, the kidneys, heart, liver, and peripheral ner-
vous system. Hereditary forms of amyloidosis also exist, as 
do secondary forms (e.g., chronic immunologic stimulation). 
Treatment of the latter is best based on removal of the incit-
ing cause. Because no therapy has successfully targeted amy-
loid deposition, therapy targets suppression of the underlying 
plasma cell dyscrasia as well as treatment intended to preserve 
organ function. A variety of low- and high-dose drug thera-
pies, sometimes as sole agents but more commonly as com-
binations, have been recommended in humans. Low-dose 
single agents include melphalan or cyclophosphamide, (with 
or without prednisolone). However, clinical benefit occurred 
in only about 20% to 30% of human patients, after a median of 
12 months’ treatment. Intermediate dose regimens consist of a 
monthly course of VAD (vincristine, adriamycin, dexametha-
sone) or similar regimes or intravenous intermediate-dose 
melphalan 25 mg/m2 with or without dexamethasone. High-
dose therapy consists of intravenous melphalan (100 to 200 
mg/m2) but with stem cell rescue. Other approaches include 
a pulsed high-dose dexamethasone or thalidomide (with or 
without dexamethasone). However, thalidomide is a drug of 
restricted distribution in the United States and therefore can-
not be prescribed by veterinarians. In veterinary medicine 
colchicine has been recommended for prevention in dogs 
predisposed to amylodids. Presumably, colchicine may block 
the deposition of amyloid. The dose is based on that used to 
treat hepatic fibrosis (0.03mg/kg every 24 hours for 2 weeks) 
with an increase (0.025 to 0.03mg/kg orally every 12 hours) if 
the drug is well tolerated during the initial therapy. In patients 
with renal amyloidosis, dimethyl sulfoxide has been recom-
mended, although its efficacy is unsubstantiated.
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BIOLOGICAL RESPONSE MODIFIERS 
AND CYTOKINES

Natural or synthetic preparations given with the intent of 
altering the response of the host to a pathogen, neoplasm, or 
inflammatory process have been termed biological response 
modifiers. The goal of therapy may be to increase the effec-
tiveness of the immune response directed toward a pathogen 
or neoplasm, to stimulate the proliferation of hematopoietic 
progenitor cells (e.g., in the treatment of chemotherapy- 
associated neutropenia), or to decrease a chronic inflamma-
tory response (e.g., chronic inflammatory bowel disease). 
Biological response modifiers are not usually specific in an 
immunologic sense; rather, they alter physiologic systems 
through changes in regulatory pathways. They range from 
bacterial cell wall extracts to molecularly cloned cytokines. As 
mediators of physiologic processes, interferons, interleukins, 

and chemokines are candidates for therapeutic manipulation 
or even for use as drugs. Several recombinant human, feline, 
and canine cytokines are commercially available in pharma-
cologic quantities and are available for veterinary use (Box 
32-1). Some generalizations about cytokine biology follow. 
See the reviews by Oppenheim and Feldman,1 Nicola,2 and 
Oppenheim and coworkers3 for general discussions of cyto-
kine, growth factor, and chemokine biology and the article by 
Gangur and coworkers4 for a review of chemokines of veteri-
nary relevance.

Cytokines are polypeptides that regulate cell growth and 
differentiation, apoptosis, inflammation, immunity, and 
repair. They are of fundamental importance in the patho-
genesis and treatment of disease. They transmit information 
to target cells regarding the physiologic status of the animal, 
resulting in a biologic response in the target tissue. More than 
50 distinct human cytokines and their receptors have been 
described. Cytokine nomenclature can be bewildering, with 
several historical names attached to the same molecule (e.g., 
stem cell factor, c-kit ligand, and mast cell growth factor are all 
the same cytokine). Cytokines Online Pathfinder Encyclopae-
dia (COPE) is a useful Internet resource with a large amount 
of information concerning cytokine, chemokine, and growth 
factor biology (www.copewithcytokines.de/cope.cgi). Cyto-
kines can be categorized into families on the basis of homology 
in primary amino acid sequence, three-dimensional structure, 
induction mechanisms, chromosomal location, similarities in  
receptor type, and functional homology. Families that are 
currently clinically relevant in companion animal medi-
cine include interferons (IFNs), which have antiviral and 
immunoregulatory functions; interleukins (ILs), which have 
a wide variety of functions; chemokines, which have to do 

32
Biologic Response Modifiers: 
Interferons, Interleukins, Chemokines, 
and Hematopoietic Growth Factors*
Paul R. Avery and Stephen A. Kruth

*From Kruth SA: Biological response modifiers: interferons, interleu-
kins, recombinant products, liposomal products, Vet Clin North Am 
Small Anim Pract 28:269-295, 1998.
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KEY POINT 32-1 Natural or synthetic biological response 
modifiers are being developed as therapeutic mediators to 
increase the effectiveness of the immune response directed 
toward a pathogen or neoplasm, to stimulate the prolifera-
tion of hematopoietic progenitor cells (e.g., in the treatment 
of chemotherapy-associated neutropenia), or to decrease a 
chronic inflammatory response (e.g., chronic inflammatory 
bowel disease).
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with chemotaxis and organ development; and hematopoietic 
growth factors.

Most cytokines are not constitutively produced but are 
secreted after activation of cells by viral, bacterial, and para-
sitic infections. The cellular sources of most cytokines are 
diverse, with production occurring in many types of cells. 
Production is normally short lived, usually for hours to a few 
days. Normally, they have autocrine and paracrine (rather 
than endocrine) effects, with little to no detectable circulating 
levels. Because of high cytokine–receptor affinity, cytokines 
are effective in the picogram to nanogram per mL range.

Cytokines typically have pleiotropic and redundant actions. 
The same activity may be induced by several structurally dis-
tinct cytokines acting at unrelated cell surface receptors. For 
example, IL-1, tumor necrosis factor-alpha (TNF-alpha),* and 
IL-6 are all mediators of the acute inflammatory response; 
induce fever and the synthesis of acute-phase proteins in the 
liver; increase vascular permeability; and induce adhesion 
molecules, fibroblast proliferation, platelet production, IL-6 
and IL-8, and T and B cell activation. Gene deletion experi-
ments reveal that few individual cytokines are absolutely 
essential to life or even to individual cell function, with nota-
ble exceptions such as TNF-alpha and transforming growth 

*Tumor necrosis factor-alpha (TNF-alpha) is a multifunctional 
cytokine with biological activities that include modulation of tumor 
growth, infections, septic shock/systemic inflammatory response 
syndrome, and autoimmunity. The TNF family of cytokines is dis-
tinct from the IL and IFN families. Canine and feline TNF-alpha have 
been cloned. They are not discussed in this chapter.

factor-β (TGF-β). Also, the cellular response of most cyto-
kines is modulated by other cytokines, with synergistic, addi-
tive, and antagonistic interactions described. Cytokines form 
a complex feedback network by either inducing or suppressing 
the expression of other cytokines, forming cascades similar to 
the blood coagulation cascades.

Structurally, most cytokines consist of a single glycosyl-
ated polypeptide chain. They interact with cells by binding to 
specific high affinity cell surface receptors. The intracellular 
signal transduction cascade initiated by binding of a cytokine 
to its receptor eventually results in the production of DNA-
binding proteins that influence transcription of various genes. 
In addition to cell surface receptors, soluble receptors have 
been described for many cytokines. Soluble receptors may be 
involved in cytokine transport or inhibit cytokine activity.

A number of proteins that inhibit the activity of cytokines 
have been reported. One of the best characterized is the IL-1 
receptor antagonist (IL-1RA), which binds to receptor but fails 
to activate the cell. IL-1RA is currently being investigated as a 
therapy for rheumatoid arthritis in humans and may have a 
role in the treatment of other inflammatory disorders if appro-
priate delivery systems can be developed. Peptide antagonists 
of chemokines have shown promise in breaking the cycle of 
inflammation in experimental models of disease. A second 
way in which a cytokine can be inhibited is by binding of sol-
uble cytokine receptors that are able to bind the cytokine and 
neutralize its activity, as discussed earlier.

Recombinant DNA technology has been used to produce 
cytokines, many of which are now commercially available. The 
recombinant process involves cloning the cDNA encoding the 
protein of interest and placing it into an expression system 
(bacterial, yeast, insect, mammalian cell culture) under condi-
tions that permit large amounts of the protein to be produced. 
By convention, these products are designated by an “r” preced-
ing the name of the cytokine and a designation of the species of 
origin (e.g., rhIL indicates recombinant interleukin of human 
origin, and rfeIFN indicates a recombinant interferon of feline 
origin). Many cytokines are conserved in the evolutionary 
sense, and biological effects occur when some human recom-
binant products are administered to companion animals.

It is tempting to administer cytokines in pharmacologic 
doses; however, several points should be considered. Perhaps 
most important, systemic levels of a given cytokine will per-
turb many cytokine cascades, with resultant side effects and 
toxicity. The use of IL-12 as a therapeutic agent, as discussed 
later, has been limited by potentially severe hematopoietic and 
hepatic toxicities in animals and man and was associated with 
two deaths in a phase 1 trial in humans.5 Dosing may be criti-
cal; for example, low doses of IFN appear to be immunostimu-
latory, whereas higher doses are immunosuppressive, and the 
specific type of IFN influences these effects. This concept of 
increasing doses of immunostimulatory cytokines leading to 
depression of the immune response has been demonstrated 
with IL-12 as well and appears to be due to the magnitiude of 
downstream IFN-γ and nitric oxide that is produced.6 Cur-
rently, recommended cytokine doses are empirically derived. 
With the exceptions of rfeIFN-α (in cats) and rhIL-1 (in dogs), 

Commercially Available Recombinant Canine 
and Feline Cytokines, Chemokines, and Growth 
Factors
Canine
Interferon-γ (R and D Systems)
Interleukin-1β 2, 4, 5, 6, 8, 10, 12, 23 (R and D Systems)
Interleukin-6 (Pierce, Genway Biotech)
CCL2 (MCP1) (R and D Systems)
CXCL8 (R and D Systems)
GM-CSF (R and D Systems)
Stem cell factor (R and D Systems)
TNF-a (R and D Systems, Pierce)

Feline
Interferon-α (R and D Systems, Pierce)
Interferon-g (R and D Systems)
Interleukin-1 β 2, 4, 5, 6, 8, 10, 12, 23 (R and D Systems)
Interleukin-6 (Pierce, Genway Biotech)
TNF-a (R and D Systems, Pierce)
CXCL8 (R and D Systems)
CXCL12 (SDF-1) (R and D Systems)
CCL5 (RANTES) (R and D Systems)
FLT-3 ligand (R and D Systems)
Stem cell factor (R and D Systems)
GM-CSF (R and D Systems) 

Box 32-1
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the pharmacokinetics of cytokines in dogs and cats have not 
been well characterized.

The safety and efficacy of cytokines as biological response 
modifiers may be improved if they can be delivered directly to 
target cells. Delivery systems, such as liposomes and replica-
tion-defective adenoviruses, have been reported in the litera-
ture, with encouraging results. In some cases the cDNA for the 
cytokine of interest can be delivered (using a variety of meth-
ods) directly to the tissue of concern (usually a neoplasm), and 
controlled expression of the gene may confer clinical benefits. 
Both agonistic and antagonistic peptides have been sought for 
various cytokines in attempts to achieve systemic oral admin-
istration or suppress harmful effects.

INTERFERONS

Interferon Biology
Interferons are cytokines secreted by virus-infected cells and 
were originally characterized by their nonspecific antivi-
ral activity. Interferons bind to receptors on other cells and 
induce antiviral proteins, protecting those cells from infec-
tion. It is now known that IFNs induce a wide range of pleio-
tropic effects, including antiviral, antitumor, antiparasitic, and 
immunomodulatory effects.

Two distinct classes of IFNs have been described. Class I 
interferons are subdivided into alpha, omega, and beta inter-
ferons (a subclass of omega interferons, the tau interferons, 
has been described in ruminant embryos and is important in 
maintaining pregnancy). Class II interferons are composed 
of a single protein, IFN-γ. IFN-α and IFN-ω were originally 
described as being secreted by leukocytes, but they are likely 
produced by all nucleated cells. Humans have at least 24 dif-
ferent alpha and omega genes, dogs have two alpha genes and 
no omega genes, and the genetic complement of cats has not 
been reported. Feline IFN-α cDNA has been cloned and the 
cytokine produced in a silkworm-recombinant baculovirus 
system, and its pharmacokinetic properties have been stud-
ied.7-10 The pharmacokinetic data suggest that rfeIFN has 
similar pharmacokinetic properties to human IFNs and that 
it is distributed primarily to the liver and kidneys, is rapidly 
catabolized mainly in the kidneys, and is excreted in the 
urine without residual accumulation in the body. Since feline 
IFN-α was initially cloned, 14 additional subtypes have been 
described.11,12 IFN-β is classically described as being produced 
by fibroblasts; however, many other cells can be stimulated to 
secrete the cytokine. Humans and dogs have one IFN-β gene. 
Synthesis of IFN-α and IFN-β can be induced by live or inac-
tivated viruses, bacterial cell walls, synthetic oligonucleotides, 
IL-1, IL-2, and TNF-alpha. IFN-α and IFN-β compete for sim-
ilar receptors. IFN-γ is produced by activated T and natural 
killer (NK) cells and is structurally and functionally distinct 
from IFN-α/β. All mammals investigated have only one IFN-γ 
gene. IFN-γ binds to a receptor distinct from the α/β receptor. 
Canine IFN-γ has been characterized, the cDNA and chromo-
somal gene have been cloned, and production and character-
ization of recombinant canine from Escherichia coli has been 
described.13-15 Feline IFN-γ cDNA has also been cloned.16,17 

After receptor binding, IFNs induce the transcription of a set 
of genes called IFN-stimulated genes (ISGs). Nearly 30 differ-
ent ISGs have been identified. Induction of ISGs by IFN-α/β 
is rapid and transient, lasting for 3 to 4 hours. IFN-γ requires 
several hours of exposure before gene induction occurs. After 
the initial induction, ISG transcription declines and returns 
to basal levels.

IFNs inhibit the growth of almost all known viruses by 
interfering with viral RNA and protein synthesis. IFNs are 
induced by viral nucleic acid and bind to the receptors of 
nearby cells. The development of resistance to virus infections 
occurs within a few minutes and peaks within a few hours. 
Several proteins are induced, including RNase L (which cleaves 
viral RNA); nitric oxide synthetase (nitric oxide has antiviral 
activity); a protein kinase that phosphorylates an initiation 
factor called elL-2 (which inhibits viral protein synthesis by 
preventing the elongation of viral double-stranded RNA); and 
the Mx protein, which inhibits translation of viral mRN.18 
IFN-γ inhibits viral replication by stimulating the release of 
other IFNs. IFNs are also induced by bacteria, fungi, and some 
protozoa, and the activation of phagocytic cells is important in 
the host response to these pathogens.

IFNs induce increased expression of class I and class II 
major histocompatibility complex (MHC) molecules on 
antigen-presenting cells, leading to enhanced antigen presen-
tation. They increase phagocytosis and intracellular and extra-
cellular killing by macrophages and neutrophils. The IFNs also 
modulate T, B, and NK cell function, with IFN-γ having the 
most potent immunomodulating activity.

IFNs have several effects on neoplastic cells, including mod-
ulation of oncogene expression. Downregulation of c-myc, 
c-fos, c-Ha-ras, c-mos, and c-src have been described in vari-
ous models. IFN-α augments NK cell cytotoxicity against neo-
plastic cells and acts synergistically with IL-2 to increase NK 
activity. Antiangiogenic activity has also been described.

Large-scale production of IFNs is accomplished by cultur-
ing stimulated cells, leading to the production of “natural” or 
“native” IFN (denoted by N) products. Alternatively, IFNs can 
be produced by recombinant methods. Human IFNs from 
both sources are commercially available, and recombinant 
feline and canine IFN-α and IFN-γ are commercially available 
(see Box 32-1). Natural IFNs are less concentrated and may 
contain a mixture of IFN types with other cytokines.

Interferons as Therapeutic Agents
In humans IFN-α has been approved for the treatment of 
hairy cell leukemia, melanoma, chronic myelogenous leu-
kemia, Kaposi sarcoma, basal cell carcinoma, renal cell car-
cinoma, and genital warts. Effects on metastatic melanoma, 
endocrine–pancreatic tumors, metastatic colorectal and ovar-
ian carcinoma, and bladder cancer have also been reported. 
IFN-β is also licensed for the treatment of chronic hepatitis B 
and hepatitis C infections. IFN-γ bound to polyethylene glycol 
(peg-IFN) has an increased circulating half-life and has shown 
improved efficacy in treating hepatitis C infections.19 IFN-β 
has been approved for the treatment of multiple sclerosis and 
IFN-γ for the treatment of chronic granulomatous disease. 
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Experience using IFN therapy has generally shown that these 
products are most effective when combined with other antivi-
ral or cytotoxic treatment modalities.20

Using a feline in vitro system, Weiss and Oostrom-Ram21 
showed that low levels of rhIFN-α had no effect on lympho-
cyte blastogenesis, whereas higher levels significantly sup-
pressed blastogenic responses. In vivo, cats given 102 or 104 
IU/kg had significantly enhanced blastogenesis, whereas cats 
given 1 × 106 IU/kg had depressed lymphocyte stimulation. In 
cats the immunomodulating effects of rhIFN-α appeared to be 
dose dependent.

Five feline IFN-α subtypes have been recently cloned, 
expressed, and characterized in feline cell lines.11,22 All sub-
types were shown to have antiviral effects on feline calicivi-
rus and vesicular stomatitis virus in vitro. Additionally, they 
showed a species-specific antiproliferative effect on a feline 
tumor cell line. The IFN-α inducible Mx gene was upregu-
lated 24 hours after administration to cats, demonstrating in 
vivo efficacy. In vitro work has also demonstrated the antiviral 
activity of IFN-α against feline herpesvirus-1 in the absence 
of any cytopathic effect on the cultured corneal cells.23 Activ-
ity of rfeIFN-ω, a closely related cytokine to rfeIFN-α against 
rotavirus, feline panleukopenia virus, feline calicivirus, and 
feline infectious peritonitis coronavirus, was documented in 
cell cultures of feline origin. The antiviral effect was more pro-
nounced when the cell cultures were treated continuously than 
when they were pretreated only before challenge. RfeIFN-ω 
did not have activity in canine cells challenged with vesicular 
stomatitis virus, implying species specificity of action,24 yet de 
Mari and coworkers25 described clinical benefits of another 
rfeIFN-ω preparation in dogs with parvoviral infection (dis-
cussed later). Recombinant feline IFN-ω is marketed in Japan 
as IntercatR (Toray Industries, Tokyo, Japan), and a second 
rfeIFN-ω product is licensed in Europe as Virbagen omega 
(Laboratory Virbac, Carros, France).

Feline Infectious Peritonitis
Parenterally administered rhIFN-α and IFN-β, with or with-
out Propionibacterium acnes (which enhances IFN responses 
and augments T and NK cell activities) given prophylactically 
or therapeutically, did not significantly reduce the mortality 
rate of experimentally induced feline infectious peritonitis 
virus (FIPV) infection. Cats treated with high-dose IFN, 10  
U/kg daily for 8 days and then on alternate days for an addi-
tional 2 to 3 weeks, however, had temporary suppression of 
clinical signs and decreased serum antibody responses to 
FIPV, and the mean survival time of cats treated with high-
dose rhIFN-α was increased by a few weeks over that of 
untreated cats. IFN-related toxicities were not reported.26 It is 
possible that the benefits of the high-dose protocol were due 
to the dose-dependent immunosuppressive effects of IFN. The 
increase in survival times in this study using experimental 
challenge was only 2 to 3 weeks, and there are few data docu-
menting the response of cats with naturally occurring disease. 
There are anecdotal reports of orally administered low-dose 
rhIFN-α therapy (as described later) inducing remissions 
from clinical FIP, but there is currently no published data. A 

study of subcutaneous rfeIFN-ω administered to 12 cats clini-
cally diagnosed with FIP demonstrated long-term survival 
in 4 animals.27 As the authors acknowledge, this was not a 
case-controlled study and histologic confirmation of the dis-
ease was available only for those animals that died during the 
study. A recent placebo-controlled, double-blind trial in which 
rfeIFN-ω was administered subcutaneously to cats naturally 
infected with FIPV did not demonstrate any clinical, hema-
topoietic, or survival benefits to the therapy; conventional 
therapy with cytotoxic drugs and corticosteroids remains the 
treatment of choice.28,29

Feline Leukemia Virus and Feline 
Immunodeficiency Virus
Recombinant hIFN-α has been shown to inhibit the pro-
duction or release (or both) of feline leukemia virus (FeLV) 
in tissue culture systems.30 The parenteral administration of 
rhIFN-α alone or in combination with zidovudine (AZT) 
beginning 12 weeks after exposure to FeLV resulted in signifi-
cant and sustained decreases in circulating virus levels. The 
anti-FeLV effect was limited by the production of anti–rhIFN-α 
antibodies detected 7 weeks after the start of therapy. IFN-
associated toxicity was not observed.31 In a subsequent study, 
treatment of FeLV-infected cats with AZT, IFN-α, and adop-
tive transfer of lectin/IL-2–activated lymphocytes resulted in 
clearance of circulating virus in four of nine cats despite the 
appearance of anti-rhIFN-α antibodies. Combination therapy 
appeared to reconstitute antiviral humoral immunity, coun-
teracted immunosuppression, and induced the reversal of 
retroviremia.32 Unfortunately, because of the problem of anti-
body induction, parenteral rhIFN-α appears to have little clin-
ical utility as a monotherapy for FeLV infections. In vitro work 
supports the antiviral effects of rfeIFN-α and rhIFN-α but not 
rfeIFN-γ on feline immunodeficiency virus (FIV) replica-
tion.33 Ovine IFN-τ has demonstrable effects on the in vitro 
replication of both FIV and human immunodeficiency virus 
(HIV).34 A study of subcutaneous rfeIFN-α therapy in cats 
naturally infected with FeLV or co-infected with FeLV and 
FIV showed significant decreases in clinical scores and mor-
tality rate during the 12 months of follow-up in the treated 
cats.35 Recently, low-dose oral IFN-α (as described later) was 
shown to improve clinical condition and survival in cats natu-
rally infected with FIV.36

Canine Parvovirus
Two studies, one with experimental infection and one with 
naturally occurring infection, have examined the efficacy on 
rfeIFN-ω (Virbagen, Laboratory Virbac, Carros, France) on 
the outcome of canine parvoviral enteritis. Ten 8- to 9-week-
old dogs inoculated with parvovirus were divided into 
rfeIFN-ω or placebo treatment groups and received three daily 
injections. All five of the placebo-treated dogs succumbed to 
fulminant enteritis, whereas four of five rfeIFN-ω–treated 
dogs survived and eventually recovered fully.37 In the second 
study of naturally occurring disease, 43 dogs were assigned 
to receive three daily intravenous injections of rfeIFN-ω, and 
49 dogs received placebo treatment. There was a significant 
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improvement in clinical signs and a significant decrease in 
mortality in the dogs receiving IFN therapy.25

Low-Dose Oral Recombinant Human 
Interferon-α
In 1988 Cummins and coworkers 38 reported that after experi-
mental infection with the Rickard strain of FeLV, the admin-
istration of 0.5 or 5 U of natural hIFN-α orally once daily for 7 
consecutive days on alternate weeks for 1 month was associated 
with survival in 70% of IFN-treated cats, whereas 100% of pla-
cebo-treated control cats died. However, 12 of 13 cats treated with 
IFN did develop persistent viremia. In another report, four cats 
with FeLV-associated nonregenerative anemia were treated with 
100,000 U bovine IFN-β orally for 5 consecutive days on alter-
nate weeks. General clinical improvement, reduction in circulat-
ing antigen levels, and normalization of hematocrit levels were 
reported in all cats,39 and one cat cleared its viremia. Similar find-
ings were reported by Steed,40 who treated four FeLV-infected 
cats with low-dose natural hIFN-α or bovine IFN-β. Weiss and 
coworkers41 reported on 69 FeLV-infected cats with clinical signs 
treated orally with either low-dose rhIFN-α or bovine IFN-β. Cats 
treated with rhIFN had significantly higher survival rates than did 
cats given bovine IFN; both groups had increased survival rates 
compared with historical controls. In general, clinical responses 
were observed within the first or second week of oral IFN admin-
istration, with increased appetite, greater activity, weight gain, 
resolution of fever, improved hemogram and leukocyte counts, 
and quicker recovery from secondary bacterial infections when 
antibiotics were administered. Most cats remained viremic.

In contrast to the aforementioned reports, Kociba and 
coworkers42 reported that low-dose oral hIFN-α had no sig-
nificant effects on viremia, course of the disease, or differen-
tial leukocyte counts in experimental FeLV infection. In their 
system the Kawakami–Theilen strain (A, B, and C subgroups, 
which consistently induce fatal erythroid aplasia) was admin-
istered to 12-week-old kittens. Methylprednisolone acetate was 
also given the day of inoculation. Neither rhIFN-α nor human 
natural IFN-α induced any significant benefit compared with 
placebo. A second study administering low-dose oral rhIFN-α 
showed a similar lack of benefit clinically or biochemically in 
naturally infected, clinically ill FeLV-positive cats.43

Pedretti and coworkers36 recently reported that FIV-
infected cats given a daily oral dose of 10 IU/kg rhIFN-α had a 
significantly prolonged survival rate compared with placebo-
treated cats. In addition, clinical remission of many of the 
typical immunopathologic lesions occurred despite no signifi-
cant reduction in circulating viral levels. This study selected 
FIV-infected cats that presented with evidence of immuno-
suppression and clinical signs of acquired immunodeficiency 
syndrome (AIDS) and utilized a mixture of multiple human 
IFN-α subtypes. Two large, double-blind, placebo-controlled 
trials of low-dose oral IFN-α failed to show any efficacy in 
ameliorating clinical signs, increasing CD4+ T cell counts, or 
decreasing mortality rates in HIV-infected humans.44,45

If orally administered low-dose human IFN-α has any effect 
in cats with retroviral infections, a direct systemic antiviral 
effect is unlikely. It may be possible that IFN may be acting as a 

biological response modifier after binding to cellular receptors 
in the oral cavity/pharynx, triggering cytokine cascades that 
have systemic immunomodulatory effects. Appetite stimulation 
may be due to direct central nervous system effects. When it was 
used orally in cats, adverse effects have not been reported, and 
anti-rhIFN-α neutralizing antibodies do not appear to develop.

Interferons as Therapy for Cancer
IFNs inhibit cell proliferation of both normal and malignant 
cells and have numerous immunomodulating effects. Several 
human cancers respond to IFN therapy. At present, there are 
only preclinical data suggesting that IFNs may have some utility 
in the treatment of cancer in companion animals. When canine 
mammary tumor and melanoma cell lines were incubated with 
canine IFN-γ, significantly increased expression of MHC anti-
gen class I and II antigens and tumor-associated antigens were 
observed.46 Increased expression of these antigens may be of 
benefit in tumor cell recognition and rejection by the immune 
system. Pretreatment of canine macrophages with rcIFN-γ 
resulted in increased in vitro tumor cell killing in canine models 
of melanoma and osteosarcoma.47,48 In another study growth of 
canine and feline tumors was inhibited by rhIFN-α and rhIFN-γ 
in vitro. Sensitivity to IFN varied according to the type of neo-
plasm, with round cell tumors being most sensitive.49 Recom-
binant rfeIFN was found to have a dose-dependent inhibitory 
effect on cell growth and colony formation on cell lines derived 
from canine acanthomatous epulis, benign mixed mammary 
tumor, squamous cell carcinoma, and malignant melanoma.50 
Recent work has demonstrated that intratumoral injection of 
rfeIFN-ω in cats with fibrosarcomas is safe and feasible; subse-
quent studies will be necessary to determine efficacy.51

INTERLEUKINS

Interleukin Biology
There are currently 35 defined ILs, named in order of discovery 
and classified into groups according to their structure, func-
tion, or both. ILs are a diverse group of cytokines, with func-
tions including enhancement or suppression of various cells of 
the immune system (e.g., IL-1, IL-2, IL-4, IL-9, IL-10, IL-12, 
IL-13, IL-17, IL-23, IL-27), hematopoietic growth factor activ-
ity (e.g., IL-3, IL-11, IL-17, IL-32, IL-34), and the regulation of 
leukocyte function (e.g., IL-5 modulates eosinophil function; 
IL-8 is chemotactic for neutrophils). Some are growth factors 
for cells of the immune system (e.g., IL-7, IL-11, IL-14, IL-15), 
whereas others enhance the acute phase response (e.g., IL-1, 
IL-6). Most ILs have multiple effects on various cells and are 
part of complex regulatory cascades. Depending on the specific 
IL, they are produced by T and B lymphocytes, macrophages, 
dendritic cells (DCs), fibroblasts, and other stromal cells.

Examples Of Interleukin Therapy in Dogs 
and Cats
Interleukin-1
Human rIL-1α was shown to be chemokinetic and che-
motactic for canine neutrophils in vitro and to cause 
dose- dependent and selective neutrophil infiltration after 
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intradermal administration.52 The pharmacokinetics of a 
single dose of human IL-1 has been studied in the dog. IL-1 
was rapidly distributed, with a volume of distribution approx-
imately twice that of the total body water of a lean dog. The 
terminal half-life was less than 30 minutes. Within approxi-
mately 1 hour after dosing,53 IL levels were below the quan-
tifiable limit of the enzyme-linked immunosorbent assay 
(ELISA). As IL-1 is a central mediator of inflammation, these 
data are useful for studying the physiology of IL-1; however, 
pharmacologic efforts will focus on inhibition of IL-1 activity, 
with applications in the therapy of acute and chronic inflam-
matory disorders and septic shock. The canine IL-1 receptor 
antagonist, which functions as a competitive inhibitor of IL-1, 
has been cloned.54

Interleukin-2
IL-2 synthesis is triggered by antigen-induced activation of T 
lymphocytes, and its most important activity is the promo-
tion of clonal expansion of antigen-specific T cells. In NK cells 
and macrophages, IL-2 also promotes proliferation, produc-
tion of IFN-γ, and cytolytic activity. It also induces growth of 
B cells as well as immunoglobulin secretion. An important 
clinical consideration is the observation that NK cells cultured 
in the presence of IL-2 have enhanced cytotoxic activity, with 
increased capability for lysis of neoplastic cells. These activated 
cells are called lymphokine-activated killer (LAK) cells. IL-2 is 
thus an attractive agent for the therapy of neoplastic disor-
ders; however, parenteral administration of IL-2 is associated 
with significant hepatic, hematopoietic, and vascular toxicity, 
which appears to be largely due to the secondary release of 
TNF-alpha and nitric oxide.55-57

IL-2 was licensed in the United States in 1992 for the treat-
ment of metastatic renal cell cancer, becoming the first bio-
logical agent approved for treatment of any cancer in humans. 
The availability of recombinant IL-2 spurred the development 
of adoptive immunotherapy, which refers to the transfer to the 
tumor-bearing patient immune cells that mediate antitumor 
effects. Adoptive immunotherapy has been performed with 
LAK cells and tumor-infiltrating lymphocytes. IL-2 is neces-
sary for the generation of these cells in vitro and in vivo and 
is also administered systemically along with these cells in an 
effort to keep them functioning in the patient. More recently, 
IL-2 gene therapy for various cancers has been developed.

Several in vitro studies have demonstrated that rhIL-2 has 
activity in companion animals similar to the activity recog-
nized in humans. Feline lymphocytes responded appropriately 
to the cytokinetic action of systemically administered  rhIL-2,58 
and adoptive immunotherapy of FeLV-infected cats with lec-
tin/rhIL-2–activated lymphocytes, IFN-α, and AZT led to 
reconstitution of antiviral humoral immunity, counteracted 
immunosuppression, and induced the reversal of retroviremia 
in a subset of treated cats.32 Feline IL-2 cDNA was cloned, and 
the recombinant protein was shown to promote proliferation 
of feline, but not human, cells.59,60 Helfand and coworkers61 
demonstrated that the immunobiology of IL-2 in the dog is 
similar to that of humans. Tumor cytotoxicity was induced in 
vitro in canine lymphocytes with rhIL-2, demonstrating that 

functional and morphologic changes compatible with LAK 
cells could be obtained in dogs.62-64

Infusion of rhIL-2 into normal dogs resulted in lympho-
cytosis and enhanced in vitro lysis of a canine tumor cell line. 
Side effects included vomiting, diarrhea, and inactivity.65 
Recombinant human TNF and rhIL-2 were administered in 
a sequential schedule to 30 dogs with a variety of spontane-
ous neoplasms. Objective tumor responses were seen in dogs 
with oral melanomas and cutaneous mast cell tumors. Dose-
limiting toxicities were primarily gastrointestinal.66

In an effort to develop a delivery system that would be asso-
ciated with less toxicity, Khanna and coworkers67 nebulized 
free rhIL-2 and rhIL-2–containing liposomes into normal 
dogs. Free IL-2 resulted in increased peripheral blood mono-
nuclear cell activation compared with saline-treated control 
dogs. IL-2 liposomes resulted in significantly increased bron-
choalveolar lavage (BAL) effector leukocyte numbers and acti-
vation compared with empty liposomes. In dogs with primary 
and metastatic lung cancer, nebulized IL-2 increased the total 
number of BAL macrophages, eosinophils, and lymphocytes 
compared with pretreatment levels, and there was increased 
expression of CD3 on BAL lymphocytes. Mean BAL cytolytic 
activity increased compared with pretreatment activity dur-
ing therapy to a maximum at day 15, and then it decreased 
(despite continued aerosol therapy) to pretreatment levels at 
day 30. Antibodies reacting with hIL-2 developed in the serum 
of all treated dogs, possibly accounting for the decrease in BAL 
cytolytic activity at day 30 compared with day 15. Toxicity was 
not recognized with either IL-2 preparation. Complete regres-
sion of pulmonary metastases in two of five dogs with meta-
static osteosarcoma was maintained at greater than 370 and 
700 at day 68. A phase I trial of liposome-complexed canine 
IL-2 administered parenterally to dogs with chemotherapy-
resistant, metastatic osteosarcoma was recently completed.69 
The liposome formulation resulted in preferential expression 
of the IL-2 within the lung. The weekly injections were well 
tolerated, and 3 of the 14 dogs completing the 12-week therapy 
had partial or complete radiographic regression of metastases, 
with an additional four dogs showing stable disease. Despite 
the limitations in interpreting efficacy in a phase I pilot study, 
there was a significant increase in overall survival times in 
the treated dogs compared with historic controls with similar 
tumor staging.

Quintin-Colonna and coworkers70 reported that dogs with 
oral melanoma treated with local resection, 45-Gy radiation 
therapy, and repeated local injections of xenogeneic Vero cells 
transfected with an hIL-2–expressing plasmid had longer 
median survival times than did dogs treated with resection 
and radiation therapy alone; dogs treated with surgery, radia-
tion therapy, and nonengineered Vero cells; or dogs treated 
with surgery, radiation therapy, and injection of rhIL-2 into 
the tumor bed. Similar results were seen in cats with fibrosar-
comas. An unexpected observation was the development of 
metastatic fibrosarcoma in three of five cats that relapsed in 
the group treated with engineered cells. Complications seen 
in some dogs and cats included anaphylaxis associated with 
injection of Vero cells and local inflammatory reactions.70 
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Canarypox virus and attenuated vaccinia virus vectors have 
been used to deliver rfIL-2 and rhIL-2, respectively, to cats 
with soft tissue sarcomas.71 The injections were well tolerated, 
and there was a significant reduction in tumor recurrence rate 
with either of the virus delivery systems compared with con-
trols 12 months after treatment.

IL-2 therapy appears to have a place in the immunother-
apy of feline and canine cancers, particularly when admin-
istered in a manner that concentrates expression within the 
tumor, thereby limiting systemic toxicity. Adenoviral delivery 
and incorporation into liposomes appear to be particularly 
promising modes of therapy. Canine and feline IL-2 cDNA 
have been cloned59,72,73 and are commercially available (see 
Box 32-1).

Interleukin-12
IL-12 is a proinflammatory cytokine that has shown great 
promise as a therapeutic agent in experimental models of 
infectious disease and cancer. Multiple lines of evidence indi-
cated that IL-12, a heterodimer produced in response to endo-
toxins, intracellular parasites, and CD40 ligation, is pivotal in 
initiating a cell-mediated immune response.74-76 Direct con-
tact with microbial products or activated T cells can prompt 
antigen-presenting cells (e.g., macrophages, DCs) to release 
IL-12. In turn, IL-12 induces the synthesis of IFN-γ by T 
and NK cells. This early IL-12 generation is critical to early 
host containment of many intracellular pathogens, including 
Toxoplasma gondii,77 Listeria monocytogenes,78 Leishmania 
major,79 and Mycobacterium tuberculosis. 80 To date, most vet-
erinary studies using IL-12 have been designed to character-
ize the adjuvant effect of IL-12 in boosting the cell-mediated 
immune response to FeLV, FIV, and FIPV vaccination. Two 
studies administering intradermal FIV DNA showed protec-
tion from FIV infection in three of four cats when IL-12 was 
included in the vaccination, whereas all four cats that received 
the DNA vaccine alone became infected.81,82 Similar DNA vac-
cinations protocols against FeLV challenge showed increased 
protection only when IL-12 was co-administered with IL-18, 
another cytokine known to enhance cell-mediated immu-
nity.83 Vaccination of cats against FIPV in combination with 
co-delivery of feline IL-12 encoding plasmids did not enhance 
protection and may have actually potentiated the infection.84 
There is precedence for the inhibition of cell-mediated immu-
nity when IL-12 is administered at high doses,6,85 and this may 
have played a role in the outcome of this study. Lasarte and 
coworkers6 demonstrated that the depression of cell-mediated 
immunity at high IL-12 doses was related to the generation of 
large amounts of nitric oxide.

IL-12 is one of the most widely studied cytokines in can-
cer immunotherapy and has been found to eradicate experi-
mental tumors, elicit long-term antitumor immunity,86-88 and 
possess antiangiogenic properties.89,90 The role of IL-12 as 
chemotherapeutic agent has been limited because of its toxici-
ties. In mice, daily administration of 0.1 to 10 μg of recombi-
nant murine IL-12 for up to 2 weeks resulted in liver function 
abnormalities; gastrointestinal toxicity; and hematopoietic 
changes, including anemia, neutropenia, lymphopenia, and 

thrombocytopenia.91-93 In humans the toxic effects include 
fever, anemia, neutropenia, lymphocytopenia, thrombocyto-
penia, liver function test abnormalities, rhinitis, stomatitis, 
and colitis.94 In a phase II clinical trial in renal carcinoma 
using rhIL-12, two deaths were reported.5 The authors have 
seen dose-dependent hematopoietic toxicities (anemia, neu-
tropenia, and thrombocytopenia) in preclinical trials of sys-
temic administration of a replication-defective adenovirus 
encoding murine IL-12 in cats.94a

One approach that can be used to avoid the systemic toxic-
ity of IL-12 is to use local intratumoral IL-12 gene therapy.  
A replication-defective adenovirus containing feline IL-12 
under the control of the heat-shock promoter has been devel-
oped and characterized in vitro.95 An added advantage of 
employing the heat-shock promoter is that IL-12 expression 
can be temporally induced by providing external hyperther-
mia to the tumor. A phase I dose escalation trial with feline 
soft tissue sarcomas was recently completed. A maximum 
tolerable dose was reached, although all cats completed the 
treatment regimen. At the highest dose of adenovirus, fever, 
anemia, and thrombocytopenia were reported.96 Further fol-
low-up and expanded studies will be required to determine 
clinical efficacy of this cytokine treatment. Intramuscular 
injection of a plasmid DNA expression vector of canine IL-12 
induced enhanced peripheral blood mononuclear cell produc-
tion of IFN-γ in treated dogs.97 Recombinant mIL-12 has been 
shown to significantly inhibit the growth of a canine hem-
angiosarcoma cell line transplanted into mice.98 It is unclear 
whether the growth inhibition was mediated mainly through 
antiangiogenic mechanisms, NK cell activation, or a combina-
tion of both.

IL-12 is a potent immunostimulant that holds tremendous 
promise as a vaccine adjuvant or cancer immunotherapeutic. 
The very potency of this cytokine contributes to its limitations, 
and continued studies designed to diminish systemic toxicities 
will be necessary before it can be commonly employed. Both 
feline and canine IL-12 have been cloned and expressed,99,100 
and the recombinant proteins are currently commercially 
available (see Box 32-1).

Other Interleukins
IL-6 is a proinflammatory cytokine (along with IL-1 and 
TNF-α) with pleiotropic activity, including effects on B and T 
cells and induction of acute phase proteins. Elevated levels of 
IL-6 have been reported in Chinese Shar-Peis with recurrent 
febrile illnesses, and IL-6 dysregulation has been postulated to 
play an etiologic role in the syndrome.101 Systemic inflamma-
tory response syndrome (SIRS) and sepsis are associated with 
increased IL-6 production, and high plasma IL-6 levels are 
negatively correlated with outcome in canine SIRS patients.102 
Cranial cruciate ligament rupture in dogs results in increased 
levels of synovial fluid IL-6.103 Dogs with juvenile polyarteritis 
syndrome were also found to have increased levels of serum 
IL-6 activity during acute illness but undetectable levels dur-
ing convalescence. Treatment of acutely ill dogs with predni-
sone resulted in rapid clinical improvement accompanied by 
a decrease in IL-6 activity; withdrawal of prednisone resulted 



1200 Drugs Targeting Inflammation or Immunomodulation  SECTION 5

in reappearance of signs and high serum IL-6 activity. Clini-
cally, the most important inhibitors of IL-6 expression are glu-
cocorticoids.104 Specific blockade of IL-6 or the IL-6 receptor 
(or both) is a potentially promising means of controlling clini-
cal disease in chronic inflammatory conditions.105 IL-6 also 
has marked effects on megakaryocyte and platelet physiology. 
In dogs 80 μg/kg per day of rhIL-6 increased platelet counts 
modestly and enhanced the sensitivity of platelets to activa-
tion in response to thrombin and platelet-activating factor.106 
Other investigators have shown that IL-6 promoted increases 
in plasma fibrinogen and von Willebrand factor (vWF) and a 
decrease in free protein S concentrations.107 These effects on 
the clotting mechanism may result in an overall prohemostatic 
tendency, which may prove beneficial for the amelioration of 
bleeding associated with a variety of conditions. Additional 
investigation is required to determine if IL-6–mediated 
alterations of hemostasis may lead to pathologic thrombosis. 
The cDNAs for feline and canine IL-6 have been cloned, the 
recombinant proteins have been described,108-110 and they are 
commercially available (see Box 32-1).

IL-11 is a pleiotropic cytokine that enhances the activity of 
primitive, erythroid, and megakaryocyte progenitor cells and 
the production of hepatic acute phase proteins, and it supports 
growth of the intestinal epithelium. In animal models rhIL-11 
has been shown to be effective in reconstituting platelet levels 
after the administration of chemotherapy or radiation therapy 
and in protection against radiation- or drug-induced dam-
age to the intestinal epithelium. IL-11 has also been shown to 
increase circulating levels of vWF and rhIL-11 increases vWF 
in dogs with von Willebrand disease (vWD) with kinetics that 
are more gradual and sustained than desmopressin.111 Unlike 
the release of preformed vWF from platelets induced by des-
mopressin, administration of IL-11 results in the increased 
production of vWF RNA. Phase II trials of IL-11 in human 
patients with vWD have recently been completed.112 Clinically, 
rhIL-11 has also been used to support platelet levels in human 
cancer patients and in the management of Crohn’s disease and 
ulcerative colitis. A side effect that limits the administration of 
rhIL-11 is plasma volume expansion, resulting in edema, a fall 
in hematocrit levels, and cardiac arrhythmias. In dogs rhIL-11 
increased platelet counts, platelet size, ploidy, and the number 
of megakaryocytes in marrow and peripheral blood. Pneumo-
nitis may be a dose-limiting side effect in dogs.113

CHEMOKINES

Chemokine Biology
Chemokines are largely responsible for leukocyte chemotaxis, 
mediating inflammation and coordinating the host response 
to infection. The chemokines can be divided into two large 
and two small subfamilies on the basis of the pattern of cys-
teine residues found at the amino terminal end. The two large 
groups consist of the CXC subfamily, in which one amino acid 
is interspersed between the two cysteines, and the CC subfam-
ily, in which the two cysteines are directly apposed. The two 
minor subfamilies consist of chemokines in which a single 
cysteine is found at the amino terminal end (XC) and ones 

in which the cysteines are separated by three amino acids 
(CX3C). Chemokines bind to one or more seven transmem-
brane, G protein–coupled receptors that, again, fall into two 
major and two minor subfamilies. In an attempt to standardize 
the nomenclature, the chemokines are grouped as CCL, CXCL, 
XCL, and CX3CL, and the receptors as CCR, CXCR, XCR, 
and CX3CR, where L denotes ligand and R denotes recep-
tor and numbers are added in the order in which they have 
been described.114 In this chapter chemokines are referred 
to according to the standard nomenclature with their former 
names provided in brackets if they have been commonly used 
in the literature. Currently 46 chemokines and 19 chemokine 
receptors have been identified.115 Canine and feline CXCR4 
and CCR5 have been isolated and demonstrate significant 
sequence homology and tissue distribution with their murine 
and human counterparts.116-118

Chemokines play a central role in inflammatory and aller-
gic diseases. In response to signals such as lipopolysaccharide 
(LPS) from gram-negative bacteria or some of the inflamma-
tory cytokines described earlier, such as IL-1 or TNF-α, chemo-
kines are released at the site of injury, setting up a chemotactic 
gradient. Fibroblasts, smooth muscle cells, and epithelial cells 
have all been shown to be significant sources of chemokines. 
Neutrophils will move toward high levels of the chemokines 
CXCL1-3, CXCL6,7 and CXCL8 (IL-8); eosinophils respond 
to CCL5 (RANTES), CCL11,24,26 (eotaxin-1,2,3), CCL13 
(MCP-4), and CCL28; and monocytes, DCs, and lymphocytes 
are attracted to CCL6 (C10), CCL2 (MCP-1), CCL3 (MIP1-α), 
and CCL4 (MIP1-β). There is a high level of overlap and pro-
miscuity in the types of cells recruited by a particular che-
mokine based, in part, on the ability of some chemokines to 
bind multiple receptors and some receptors to bind multiple 
chemokines.

In addition to directing leukocytes to the site of inflamma-
tion or injury, chemokines provide the necessary gradients 
for DC trafficking to lymph nodes. Immature DCs circulate 
and act as sentinels for pathogens. In the immature state, 
they express a chemokine receptor repertoire that is poised 
to respond to many of the inflammatory chemokines. After 
recruitment to the site of inflammation, DCs encounter anti-
gen and associated inflammatory cytokines and undergo mat-
urational changes, including the expression of the chemokine 
receptor CCR7. The ligands for CCR7 are CCL19 (MIP3β) and 
CCL21 (6Ckine), which are expressed within the T cell–rich 
areas of lymphoid follicles. The end result is that the antigen-
loaded, mature DC is preferentially drawn to the draining 
lymph node, where it will encounter T lymphocytes, thereby 
activating a specific cell-mediated response to the pathogen.

To describe chemokines in terms of leukocyte recruitment 
only would be to ignore their other important physiologic 
roles. The normal development of lymphoid organs depends 
on signals derived from chemokines, as does structural 
development of the fetal neurologic system119,120 and intes-
tinal vascular networks.121 Chemokines have been proposed 
to play a role in embryo implantation and menstruation.122 
Many tumors express chemokine receptors, and they have 
been shown to play a role in tumor growth and in directing 
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organ-specific metastasis.123,124 The discovery that HIV uses 
the chemokine receptors CCR5 and CXCR4 as co-receptors 
for viral entry into target cells has helped highlight the way 
in which some pathogens exploit chemokine pathways.125,126

Therapeutic Manipulation of Chemokines
Inflammatory Diseases
Elevated chemokine levels have been demonstrated in a vari-
ety of inflammatory and autoimmune diseases in humans, 
including asthma, inflammatory bowel disease, rheumatoid 
arthritis, and sepsis. Because much of the pathology associ-
ated with these diseases is due to the cascade of effects caused 
by the ongoing chemotactic stimulus, chemokine antagonists 
have emerged as potential therapeutics.127 The CC chemokine 
receptor CCR1 and its ligands CCL3 (MIP1-α) and CCL5 
(RANTES) have been shown to be important in the pathology 
of models of rheumatoid arthritis, respiratory syncytial virus 
infection and sepsis. Serum levels of both CCL3 and CCL5 
are elevated in septic humans,128 and mice lacking CCR1, the 
receptor for these chemokines, were significantly more likely 
to survive experimental sepsis.129 Limiting viral replication is 
clearly important in virally mediated pneumonia, but block-
ing chemokine-mediated recruitment of inflammatory cells 
has also shown dramatic benefits in experimental systems. 
In a murine model of respiratory syncytial virus infection, 
either blocking CCR1 signaling or deleting CCR1 expression 
in conjunction with antiviral treatment dramatically enhances 
survival compared with antiviral treatment alone.130 Antago-
nists of CCR1 have been developed, and despite the species 
specificity of some antagonists,131 cross-species efficacy has 
been demonstrated for other compounds. Liang and cowork-
ers132 have developed a selective peptide antagonist of CCR1 
that has efficacy in both human and rat systems, although the 
binding affinity of the peptide is significantly lower in rats. 
Additionally, this peptide was shown to have good oral bio-
availability in dogs. Relatively minor modifications of antag-
onist structure have been shown to improve activity across 
divergent species.133

CXCL8 (IL-8)–induced neutrophil influx into tissues 
by way of CXCR1 and CXCR2 is clearly beneficial in con-
trolling the early stages of bacterial infection. There are 
other instances in which CXCL8 expression potentiates the 
pathology of diseases such as sepsis/peritonitis, acute respi-
ratory distress syndrome, exacerbations of human chronic 
obstructive pulmonary disease and bovine pneumonic pas-
teurellosis.134-137 CXCL8 is expressed in increased levels in 
several bacterial diseases of ruminants and in equine chronic 
obstructive pulmonary disease.4 Li and coworkers138 gener-
ated a potent CXCL8 antagonist that blocks signaling through 
both CXCR1 and CXCR2 in bovine neutrophils. They have 
shown efficacy in vitro against the neutrophil chemotactic 
activities of fluids from bovine pasteurella pneumonia and 
endotoxin- induced mastitis and in vivo against intradermal 
neutrophil influx in response to endotoxin.139 Because this 
antagonist also effectively blocks human CXCL8 activities 
on human neutrophils, it may have uses in feline and canine 
inflammatory diseases.

Neoplasia
Introducing chemokines into tumors could be advantageous 
in recruiting immune effector cells to help destroy the tumor, 
and this has been shown to be true in murine cancer mod-
els. CCL16, CCL20, MIP3α, CCL21 (6Ckine) expression 
within murine tumors all resulted in increased infiltration of 
DCs, increased tumor immunogenicity, and decreased tumor 
growth.140-143 Bringing DCs and T lymphocytes into the tumor 
is not always sufficient, and providing a simultaneous activa-
tion stimulus helps overcome the otherwise immunosuppres-
sive tumor microenvironment. This has been accomplished 
by delivering the chemokines in adenoviral vectors where the 
virus itself provides an immune stimulus140 or by simultane-
ously blocking immunosuppressive cytokines or providing 
innate immune system stimuli.143,141 Because there is signifi-
cant cross-species sequence homology in many of the che-
mokines144 and precedence for cross-species efficacy between 
mice and humans with chemokines such as CCL20,140 some 
of the currently available murine and human chemokines may 
prove useful in veterinary cancer applications.

The converse to the potentially beneficial aspects of tumor 
chemokine expression is the documented role that chemo-
kines and tumor chemokine receptor expression play in the 
natural course of tumor progression. Chemokines can act as 
tumor growth factors either directly or through the recruit-
ment of leukocytes. Some tumor cells both express the che-
mokine receptor and produce its ligand, allowing autocrine 
enhancement of proliferation and survival. Melanoma cells 
expressing CXCR2 and producing CXCL1 and CXCL8 (IL8) 
are one such example.143 Macrophages recruited to tumors can 
elaborate tumor cell growth factors and increase angiogenesis 
within the tumor.144 Chemokine receptor expression by tumor 
cells has also been shown to play a substantial role in metas-
tasis. Tumor cells expressing chemokine receptors will move 
toward chemokine gradients, resulting in metastasis to drain-
ing lymph nodes or distant sites. CCR7 expression by mela-
noma cells is correlated with metastasis to draining lymph 
nodes.145,146 It appears that the tumor cells are taking advan-
tage of the normal chemokine gradient for activated, CCR7-
expressing DC homing to draining lymph nodes. CXCR4 is 
expressed by a wide variety of tumors, including mesenchy-
mal, epithelial, and hematopoietically derived cancers.147 
Malignant mammary tumors have been shown to express 
high levels of CXCR4, and its ligand, CXCL12 (SDF1), is pref-
erentially expressed in common target tissues for mammary 
tumor metastasis such as lung, liver, bone marrow, and lymph 
nodes.148 Oonuma and coworkers149 have demonstrated 
increased expression of feline CXCR4 in metastatic mammary 
tumors of cats and high levels of CXCL12 production in feline 
lymph node, lung, and liver. Additionally, they demonstrated 
increased in vitro tumor cell migration toward CXCL12 gra-
dients and inhibition of this migration when CXCR4 peptide 
antagonists were added. The same CXCR4 antagonist has 
shown efficacy in inhibiting the number of lung metastases 
in a mouse model of mammary carcinoma.132 Some cases 
of canine osteosarcoma have been shown to express CXCR4 
and migrate toward CXCL12 in vitro.150 Selective chemokine 
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receptor antagonists hold promise as potential in vivo thera-
peutics to minimize cancer metastasis, and feline mammary 
tumors appear to be an appropriate system to apply these com-
pounds. The documented role of chemokine receptor expres-
sion in human squamous cell carcinoma,151 melanoma,152,153 
and prostate carcinoma154 awaits exploration in dogs and cats.

Retroviral Infections
The discovery that HIV uses the chemokine receptors CXCR4 
and CCR5 as co-receptors for viral entry125,126,155 has prompted 
the search for and development of drugs to inhibit virus bind-
ing. Subsequent work has shown that FIV uses CXCR4, but 
apparently not CCR5, as a co-receptor as well.156 Bicyclams 
are potent CXCR4 antagonists, and one such compound, 
AMD3100, has been shown to inhibit in vitro replication of 
FIV.157,158 Antagonists of feline CXCR4 have been developed 
and tested successfully in vitro.159 The number of CXCR4 
antagonists is continually expanding,160 and FIV-infected cats 
may well benefit from these compounds in the future.

Rapid advances in the understanding of chemokine biol-
ogy have allowed the exploration of ways to manipulate these 
factors in a wide variety of diseases. Whether they are used 
to recruit immune effector cells to tumors or their actions 
are blocked in an attempt to minimize inflammation or viral 
infection, manipulation of chemokines has the potential to be 
a powerful therapeutic tool.

HEMATOPOIETIC GROWTH FACTORS

In humans the hematopoietic system produces in the order of 
1011 cells daily and is able to rapidly increase production even 
further when stimulated by hematopoietic growth factors. 
Hematopoietic growth factors include erythropoietin (EPO), 
granulocyte colony-stimulating factor (G-CSF), granulocyte/
macrophage colony-stimulating factor (GM-CSF), monocyte 
colony-stimulating factor (M-CSF), thrombopoietin, stem cell 
factor (SCF), and most of the ILs. Hematopoietic growth fac-
tors act synergistically at various levels in the hematopoietic 
developmental system, and their actions are rarely restricted 
to a given lineage. The cDNAs for all of the known human 
factors, and some of the canine and feline factors, have been 
cloned. Recombinant hG-CSF (filgrastim), rhGM-CSF (sar-
gramostim), and rhEPO (epoetin) are commercially available. 
For humans this has led to significant advances in the man-
agement of a variety of hematologic and neoplastic disorders. 
Canine and feline G-CSF, GM-CSF, and SCF have all been 
cloned and expressed,161-165 and canine and feline GM-CSF 
and SCF are commercially available (see Box 32-1).

Recombinant Erythropoietin
In dogs EPO is secreted by cells adjacent to the proximal con-
voluted tubules in response to renal hypoxia. EPO stimulates 
the proliferation and maturation of erythroid progenitor cells, 
primarily colony-forming unit erythroid cells. Megakaryo-
cytes are also stimulated by EPO. Recombinant human EPO 
was the first commercially available hematopoietic growth fac-
tor released for clinical use in humans and is indicated for the 

treatment of anemia secondary to chronic renal failure, ane-
mia secondary to the treatment of HIV with AZT, and anemia 
secondary to cancer chemotherapy. The use of recombinant 
human, feline, and canine EPO in small animals is addressed 
elsewhere in this text (see Chapters 15 and 18).

Growth Factors Affecting Myeloid Lineages
Granulocyte Colony-Stimulating Factor
G-CSF is produced by fibroblasts and endothelial cells stim-
ulated by IL-1 or TNF and by macrophages stimulated by 
bacterial endotoxins. Its major effects are on neutrophils and 
neutrophil progenitors. Recombinant hG-CSF is commer-
cially available and for humans is indicated to decrease the 
incidence of infection in patients with nonmyeloid malignan-
cies receiving myelosuppressive chemotherapy with or with-
out bone marrow transplantation, congenital neutropenia, 
and cyclic neutropenia.

In normal dogs rhG-CSF induces rapid and marked neu-
trophilia but, similar to the situation with rhEPO, also induces 
antibodies that react with both rhG-CSF and endogenous 
canine G-CSF, leading to chronic but reversible neutrope-
nia.166,167 Whether dogs with cancer receiving immunosup-
pressive chemotherapy are able to mount an immune response 
to rhG-CSF has not yet been determined. In dogs treated with 
total body irradiation, rhG-CSF therapy was associated with 
earlier recovery of neutrophils and platelets and reduced the 
lethality of the hematopoietic insult compared with untreated 
irradiated controls.16 In gray Collies with cyclic hematopoiesis, 
rhG-CSF eliminated neutropenic episodes but did not correct 
abnormalities in platelet aggregation or serotonin content or 
decreased neutrophil myeloperoxidase activity.167,169 Recom-
binant hG-CSF has also been used to treat drug-induced pan-
cytopenia in a dog.170

Canine G-CSF has been cloned but is not commercially 
available. In normal dogs rcG-CSF was shown to induce rapid 
and marked increases in neutrophils, moderate increases in 
lymphocyte and monocyte counts, and bone marrow hyper-
plasia. For example, five normal dogs were given 5 μg/kg rcG-
CSF per day subcutaneously for 4 weeks. The mean neutrophil 
counts increased from 6537/μL to 26,330/μL within 24 hours 
after the first injection to a maximum of 72,125/μL by day 19. 
Blood counts returned to normal within 5 days after discon-
tinuation of rcG-CSF, and clinically significant toxicoses were 
not associated with rcG-CSF administration. The induction 
of neutrophilia was induced again on repeated administra-
tion.171-173 Recombinant cG-CSF prevented neutropenia and 
associated clinical signs in cyclic hematopoietic dogs but did 
not completely eliminate the cycling of neutrophils in cyclic 
hematopoietic dogs. Also, the time to bone marrow reconsti-
tution was not decreased in dogs treated with rcG-CSF after 
autologous bone marrow transplantation, emphasizing that 
rcG-CSF action depends on the presence of progenitor cells in 
the bone marrow.174

To evaluate the utility of rcG-CSF in the management of 
chemotherapy-induced neutropenia, myelosuppression was 
induced with mitoxantrone in normal dogs and then treated 
with daily rcG-CSF for 20 days. None of the dogs receiving 
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rcG-CSF developed serious neutropenia, whereas four of five 
untreated dogs did. These findings demonstrate that rcG-CSF 
is capable of reducing the duration and severity of mitoxan-
trone-induced myelosuppression.175 The optimal cost-effec-
tive timing and duration of treatment for the management 
of therapy-induced myelosuppression has not been deter-
mined for canine or human origin cytokines, and it may only 
be necessary to treat when neutrophil counts fall below 1000 
cells/μL, and only a few days of therapy may be necessary.176 In 
addition to cancer treatment–induced neutropenia, rcG-CSF 
has been used to accelerate the rate of recovery from neutro-
penia in dogs with parvovirus. It has not been useful in dogs 
without neutrophil progenitors, such as those with aplastic 
anemia secondary to ehrlichia infections or estrogen toxic-
ity.177 Historical and bone marrow evaluations are important 
in determining which animals are likely to respond to therapy 
with any hematopoietic growth factor.

Recombinant G-CSFs of both human and canine origin 
have been studied in normal cats. In one study, 5 μg/kg rcG-
CSF per day was administered to healthy cats for 42 days. 
Mean neutrophil counts increased from 10,966 cells/μL to 
30,688 cells/μL within 24 hours after the first dose. Neutrophil 
counts increased and remained elevated until cytokine admin-
istration was discontinued at 42 days. No adverse effects were 
reported.178 Normal cats given rhG-CSF developed neutrope-
nia before the end of 3 weeks of therapy, presumably because 
antibodies developed against the growth factor.179 Neutrope-
nia has not been observed in cats given rcG-CSF, likely because 
of greater homology between the cat and dog cytokines.178 It 
is not known if cats with immunosuppressive disorders or 
cats receiving antineoplastic chemotherapy are able to form 
antibodies that react with human-derived cytokines. Cats 
with Chédiak–Higashi syndrome treated with rcG-CSF had 
increased neutrophil counts and improvement in neutrophil 
function.180 Recombinant G-CSF (of any species origin) may 
also be useful in the management of feline panleukopenia, neu-
tropenia associated with FeLV and FIV infections, and sepsis.

Granulocyte/Macrophage Colony-Stimulating 
Factor
GM-CSF is produced by the bone marrow stroma and T and B 
cells and is a regulator of the intermediate stages of hematopoi-
esis. It supports the expansion and growth of both granulocytic 
and macrophage lineages and also enhance the function of 
mature macrophages and neutrophils.181 In humans rhGM-CSF 
is indicated for the acceleration of hematopoietic reconstitution 
after autologous bone marrow transplantation in lymphoprolif-
erative disorders. Recombinant hGM-CSF induces leukocyto-
sis (primarily neutrophils but also eosinophils and monocytes) 
in normal dogs. In dogs undergoing total body irradiation and 
supported with rhGM-CSF, there was decreased severity and 
shortened duration of neutropenia, indicating that rhGM-CSF 
can be effective monotherapy for radiation-induced bone mar-
row failure in dogs. Anti–rhGM-CSF antibodies developed in 
1 to 2 weeks and persisted for at least 150 days. Another poten-
tial concern with rhGM-CSF is that platelet counts dropped to 
nadirs of 20% to 30% normal levels.182,183

Canine GM-CSF has been cloned and its activity investi-
gated in normal dogs, where it induced significant increases 
in neutrophil and monocyte levels. As with the human recom-
binant product, mean platelet counts decreased significantly. 
Further investigation into the mechanism of thrombocytope-
nia suggested that GM-CSF activates hepatic macrophages, 
with resultant increases in phagocytosis of platelets.184,185 
After otherwise lethal total body irradiation, rcGM-CSF was 
not effective in promoting hematopoietic recovery or improv-
ing survival.186 In studies of partial body irradiation in dogs, 
7 days of treatment with rhG-CSF resulted in a more efficient 
and rapid reconstitution of neutrophil numbers than similar 
treatment with rhGM-CSF.187 It is thought that G-CSF results 
in an increase in the production of migratory hematopoietic 
progenitors from the protected marrow sites and an enhanced 
seeding of these progenitors into the regions of damaged mar-
row. These results suggest that, in situations of severely limited 
stem cell response, G-CSF may be more effective than GM-
CSF in eliciting a rapid neutrophil recovery.

In an effort to avoid daily systemic administration of recom-
binant GM-CSF, direct intramarrow injection of adenoviral 
vector–cGM-CSF constructs (AdcGM-CSF) in normal dogs 
has been carried out.188 Replication-deficient adenoviral vec-
tors efficiently transduce marrow stromal cells and induce high 
levels of cytokine production. In vivo, high levels of protein 
production are found in bone marrow aspirates 72 hours after 
direct intramarrow administration of AdcGM-CSF. Local-
ized myeloid expansion of marrow and significant periph-
eral leukocytosis have been identified in all treated dogs, and 
peripheral blood changes last for up to 3 weeks after a single 
intramarrow injection. It appears that adenoviral-mediated 
cytokine expression from the marrow of a single large bone 
(ileum) leads to compartmentalized expression of GM-CSF 
and an increase in hematopoiesis. Recent studies have dem-
onstrated that intravenous administration of canine GM-CSF 
ligated to silica nanoparticles results in detectable GM-CSF for 
up to 10 days and prevented or restored vinblastine-induced 
neutropenia in dogs.189,190 None of the dogs had detectable 
anti–GM-CSF antibodies 28 days after injection.

GM-CSF has been used to expand DC precursors from 
peripheral blood and bone marrow for potential therapeutic 
purposes. Ex vivo expanded DCs have been stimulated with 
antigen and reintroduced in experimental models of infectious 
and neoplastic diseases.191,192 Both human and feline GM-CSF 
have been used to culture myeloid DCs from feline periph-
eral blood and bone marrow,193,162,194 and canine GM-CSF 
has been used with canine peripheral blood and bone mar-
row.195,196 In vitro culture, antigen stimulation, and reintro-
duction of bone marrow–derived DCs from three dogs with 
melanoma have been performed.197 These cells were cultured 
with a combination of rhGM-CSF, SCF, and FLT3 ligand, 
matured with rhTNF-α and administered in conjunction with 
radiation therapy. One dog developed antigen-specific cyto-
toxic T cell activity and remained tumor free 48 months after 
therapy. It is likely that more studies employing DC vaccina-
tion will be carried out in canine and feline patients in the near 
future.
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GM-CSF is a mediator of antibody-dependent cellular 
cytotoxicity and increases MHC expression, giving GM-CSF 
potential utility as a modulator of antitumor immunity. A 
vaccine consisting of irradiated hGM-CSF transfected canine 
melanoma cell line has been reported to produce GM-CSF at 
the site of intradermal injection for extended periods in nor-
mal dogs.198 A phase I clinical trail using autologous tumor 
cells in dogs with melanoma and soft tissue sarcomas showed 
significant tumor infiltration of neutrophils and macrophages 
in treated tumors.199

Stem Cell Factor
SCF (c-kit ligand, mast cell growth factor) is produced pri-
marily by bone marrow stroma, with effects on a wide range 
of precursor cells at different stages of differentiation, includ-
ing primitive hematopoietic stem cells. It has little activity as 
a single agent; however, it is a potent co-stimulatory molecule 
when administered in combination with other hematopoi-
etic growth factors. Canine SCF cDNA has been cloned and 
studied in long-term bone marrow cultures. Alone, rcSCF was 
nonstimulatory for committed marrow precursors. Synergis-
tic stimulation of granulocyte/macrophage colony-forming 
units was demonstrated between rcSCF, rhGM-CSF, and  
rhIL-6.200 In vivo, rcSCF induced neutrophilia in normal dogs 
and supported hematopoietic recovery in normal dogs under-
going total body irradiation without marrow transplant; how-
ever, results were similar to those obtained with rcG-CSF.201 
Recombinant canine SCF also prevented neutropenic periods 
in gray Collies with cyclic hematopoiesis.202

Hematopoietic growth factors have proved quite useful in 
small animal veterinary medicine for managing cytopenias 
and anemias. The recent cloning and expression of canine- 
and feline-specific reagents will help alleviate the problem of 
antibody generation with repeated use. Additional uses of fac-
tors such as GM-CSF in cancer chemotherapy and in the in 
vitro generation of DCs will expand the clinical utility of this 
class of growth factors.

SUMMARY

The concept of enhancing the normal immune response 
against infections and tumors has been considered for 
decades. The administration of various natural and synthetic 
products to simulate systemic infections has largely given way 
to the idea that specific cytokines can be used effectively when 
administered locally or systemically. IFNs, ILs, chemokines, 
and hematopoietic growth factors may offer substantial clini-
cal benefit in chronic viral infections and in cancers. EPO has 
been shown to have great utility in the management of chronic 
renal failure. The recent increase in the commercial availability 
of canine and feline reagents allows for increased exploration 
of their efficacy in diseases of dogs and cats. These products 
may have significant clinical impact on several highly fatal 
disorders of dogs and cats. When administered systemically, 
cytokines perturb complex regulatory pathways, and serious 
side effects may occur. Innovative delivery methods, such as 
liposomes, adenoviral delivery, and even oral administration, 

may increase the therapeutic index of these molecules. Bio-
logical response modification, cytokine biology, and associ-
ated delivery systems are rapidly changing fields, and the small 
animal veterinarian will need to watch for significant advances 
in these areas over the next several years.
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Throughout the centuries the sufferers of this disease have been 
the subject of almost every conceivable form of experimentation. 
The fields and forests, the apothecary shop and temple have been 
ransacked for some successful means of relief from this intrac-
table malady. Hardly any animal has escaped making its contri-
bution in hide or hair, tooth or toenail, thymus or thyroid, liver 
or spleen in the vain search for a means of relief. — Bainbridge, 
The Cancer Problem, 1914

Before appropriate treatment for a particular cancer can be 
instituted, the tumor must first be diagnosed by cytology or 
histopathology. Testing is then conducted to allow staging of 
the tumor—to determine if there is clinically visible evidence 
of metastatic spread. Lymph node cytology or biopsy, radio-
graphs, ultrasound examinations, and computed tomography 
or magnetic resonance imaging scans may be used as stag-
ing procedures. The biological behavior typical for the cancer 
must be considered. If, as a rule, the tumor tends to remain 
localized, surgery or radiation therapy—or a combination 
of the two—may be the best way to obtain cure or control. 
If the tumor is likely to metastasize by lymphatics or hema-
togenously, however, some form of systemic therapy must be 
added to make a cure more likely. Systemic therapy involves 
the administration of biological agents, hormones, or cyto-
toxic chemotherapy. Theoretically, cancer chemotherapy is 
given to kill or suppress the growth of malignant cells without 
killing normal cells; in fact, however, most of the commonly 
used drugs are capable of killing both normal and malignant 
cells, depending on the dose administered. To be useful in 
clinical practice, an antineoplastic drug must possess selec-
tive toxicity—that is, it should be more toxic to cancer cells 
than to normal host cells at conventional doses. Finally, the 
clinician must determine whether the patient has concurrent 
diseases, with a complete blood count (CBC), biochemical 
panel, urinalysis, and possibly testing for feline leukemia virus 
and feline immunodeficiency virus. This section of the chapter 

addresses the principles of chemotherapy and the side effects 
seen in dogs and cats.

Drugs used in chemotherapy cause their anticancer effects 
by interacting with important substrates or enzymes that are 
related to DNA synthesis or function. Therefore most antican-
cer drugs are ineffective against cells that are not actively pro-
liferating. Tumors with a high mitotic index (e.g., lymphoma) 
are much more likely to be sensitive to chemotherapy than 
those in which mitotic activity is low. Because chemothera-
peutic drugs are effective principally on cells that are actively 
replicating, it is important to have an understanding of the 
phases of the cell cycle before discussion of individual drugs 
(Figure 33-1). The part of the cell cycle in which active mito-
sis occurs has been termed the M phase; it is quite short in 
all cells, generally lasting less than 1 hour. The period dur-
ing which DNA synthesis occurs for chromosome doubling 
in preparation for mitosis is called the S phase and ranges 
from 8 to 30 hours. When scientists began to learn about cell 
division, they realized that there were other phases in the 
cell cycle; because they initially did not understand what was 
occurring in the cell at these times, the phases were called 
G (G1 and G2) for gap. G1 follows mitosis, and protein syn-
thesis and RNA transcription occur during this phase. G1 is 
extremely variable in length depending on the cell type, rang-
ing from 7 to 170 hours. G2 precedes the next mitotic event 
and is usually brief, ranging from 1 to 4 hours. G0 has been 
used to describe those cells that are not actively cycling. Cer-
tain cell types, such as myocytes and neurons, enter G0 and 
never cycle again. Other cell types, such as hepatocytes, pro-
liferate in young animals and then cease cycling at maturity 
but are capable of beginning to cycle again if cell replacement 
is necessary. Fibroblasts become terminally differentiated in 
connective tissue, but stem cells remain in the tissue. These 
can become reproductively active again to repopulate the tis-
sue if a wound occurs.
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Chemotherapeutic drugs can be classified into three groups 
on the basis of their activity in the phases of the cell cycle (Box 
33-1). Agents that are considered to be lethal to cells in all 
phases of the cell cycle, with resting cells as sensitive as pro-
liferating cells, are called cycle nonspecific. Examples include 
nitrogen mustard (the first chemotherapy agent; its activity 
was discovered in 1919 with the effects of mustard gas on the 
troops in World War I) and high-dose cyclophosphamide. 
Agents that are capable of damaging both resting and cycling 
cells (although cells in cycle are much more sensitive) include 
conventional-dose cyclophosphamide and doxorubicin. These 
drugs spare resting cells and are called cycle specific. Agents 
that are phase specific exert their lethal effects exclusively or 
primarily during one phase of the cell cycle, usually S or M; 
resting cells and cells in the other phases of the cell cycle are 
not killed. Examples include methotrexate, cytosine arabino-
side, vincristine, and vinblastine.

There are three phases in the development of a new che-
motherapeutic drug (Box 33-2). Many artificial chemicals 
and naturally occurring compounds are screened (generally 
by the National Cancer Institute or by industry) for cytotoxic-
ity, first in cultures of cancer cells and then in mice or rats. 
If a particular compound looks promising, a phase I trial is 
conducted, providing an initial pharmacologic evaluation. 
The appropriate mode of administration is established for the 
drug, and common side effects are discovered. Patient toler-
ance of increasing dosage is also determined. Phase I trials 
are conducted on very small numbers of patients, generally 
with advanced and ultimately terminal cancers for which no 
conventional treatment is available, and doses tolerated by 
these patients may be below the ultimate therapeutic range. If 
the compound shows no prohibitive toxicity and shows even 
slight efficacy (a partial response in a few patients), the phase 
II trial begins. In this phase screening for efficacy of the drug 
against a variety of tumors is conducted. After the spectrum of 
activity is determined, dose–response relationships are deter-
mined. The phase III trial is then used to determine drugs that 
work effectively together, and the new combination protocol 
is ultimately compared with the existing best treatment. Phase 
IV trials are known as postmarketing surveillance trials. They 
involve safety surveillance after the necessary authorities per-
mit the drug to be sold. This surveillance may be required by 

regulatory authorities. The chemotherapy agent may not have 
been tested for interactions with other drugs, for example. The 
safety surveillance is designed to detect any rare or long-term 
adverse effects over a much larger patient population and lon-
ger time period than was possible during the phase I through 
phase III clinical trials. Harmful effects discovered during 
phase IV trials may result in a drug being removed from the 
market.

Most cancers in animals and humans are diagnosed 
only after they are well advanced. In the 1960s, Skipper and 
coworkers1 used the rodent L1210 leukemia to illustrate this 
point and determine cell kill kinetics in tumors. The L1210 
leukemia is a rapidly growing tumor with a growth fraction 
of 100% and a doubling time of only 12 hours. At this rate of 
growth, a billion cells would accumulate in the rodent only 19 
days after injection of a single cell. After treatment of the leu-
kemia with chemotherapy, the investigators determined that 
cytotoxic drugs kill by log kill kinetics—that is, a given dose 
of an effective drug kills a constant fraction of cells and not 
a constant number, regardless of the number of cells present. 
This principle is known as the fractional kill hypothesis. For 
example, if a certain drug is known to kill 90% of the tumor 
cells present, it will kill 90% of the cells whether the beginning 
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Figure 33-1 Cell generation cycle: M—mitosis; S—DNA con-
tent is being doubled in preparation for mitosis; G1 and G2—
gaps. Protein synthesis and RNA transcription are occurring 
in these phases; G0—cells that are not actively cycling.

Development Phases for New 
Chemotherapeutic Drugs
Phase I Trial
Initial pharmacologic evaluation
Establishment of mode of administration
Establishment of tolerance of a schedule at increasing dosage

Phase II Trial
Screening for efficacy of a drug against a variety of tumors

Phase III Trial
Determination of effective drug combinations
Comparison of new protocol to existing “best” treatment

Phase IV Trial
Postmarketing safety surveillance to detect rare or long-term 

adverse effects 

Box 33-2

Sites of Action of Chemotherapeutic Drugs
Class I: Cycle nonspecific —Agents lethal to cells in all phases of 

the cell cycle. Resting cells are as sensitive as proliferating cells. 
Examples: radiation, nitrogen mustard

Class II: Phase specific—Agents that exert their lethal effects exclu-
sively or primarily during one phase of the cell cycle, usually S 
or M. Resting cells are spared. Examples: methotrexate, cyto-
sine arabinoside, vincristine

Class III: Cycle specific—Agents that are capable of damaging both 
resting and cycling cells, although cells in cycle are much more 
sensitive. Examples: cyclophosphamide, doxorubicin 

Box 33-1
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number is 10 cells or 10 billion cells (Table 33-1). Thus it 
should be theoretically possible to cure with chemotherapy, 
with rapid successive administration of chemotherapy drugs. 
In fact, antineoplastic drugs kill an extremely variable fraction 
of cells, ranging from a very small fraction to a maximum of 
99.99%; for many tumors the fractional kill is disappointingly 
small. What prevents theoretical “cures” with chemotherapy 
is (1) the inability to give drugs in rapid succession, because 
of host toxicity, and (2) the development of a drug-resistant 
population of tumor cells during the course of treatment.

Tumors as small as 1 g (109 tumor cells—a billion) may 
be detected in the body, especially if they are located in areas 
such as the skin or mouth. However, it is far more common for 
tumors to escape detection until they are 10 g (1010 tumor cells) 
or more. The maximum malignant tumor mass compatible with 
human life is about 1 kg (1012 tumor cells). If it is assumed that 
a given tumor originates from a single cell, then a 1-g tumor 
(109 cells) has gone through 30 doublings from the original cell. 
To get to 1 kg, only about 10 more doublings will take place.2 
It should be clear from these sobering numbers that a large, 
unresectable tumor burden with only modest sensitivity to che-
motherapy cannot be cured or, in many cases, even palliated 
with conventional chemotherapy administration protocols. The 
average volume doubling time for various human solid (e.g., 
nonleukemic) tumors is about 2 months. However, for certain 
rapidly growing tumors such as embryonal nephroma, semi-
noma, lymphoma, and leukemia, the volume-doubling time 
is less than 1 month. For other tumors the volume-doubling 
time is as long as 1 year. Because chemotherapy affects rapidly 
dividing cells, tumors with short volume-doubling times are 
generally chemotherapy sensitive, whereas tumors with long 
volume-doubling times are generally chemotherapy resistant.

With regard to the efficacy of chemotherapeutic drugs, 
criteria have been described for measuring response; these 
are called RECIST (Response Evaluation Criteria in Solid 

Tumors). To evaluate a tumor’s response to treatment, the 
clinician must have a marker lesion, a repeatably measurable 
tumor mass or parameter that can be periodically rechecked 
and remeasured (preferably with the same person doing the 
repeat measurements). This may be a lymph node or nodes 
that can be measured with calipers, a liver lesion measured 
by ultrasound, nodules visible on a radiograph, a biochemical 
value such as the calcium level, and so forth. The evaluation as 
to efficacy of treatment is conventionally made after two cycles 
of chemotherapy or an appropriate trial of another agent has 
been administered:

Complete response (CR)—Resolution of all measurable 
neoplastic disease (or return of marker to normal, if there is 
no measurable disease), with appearance of no new lesions. 
A chemotherapeutic drug that can cause a CR in a signifi-
cant number of animals with a specific cancer is quite likely 
to increase disease-free survival, especially when used as an 
adjuvant agent.

Partial response (PR)— Reduction in measurable tumor 
dimensions of 30% or greater, with no appearance of new 
lesions. Although a temporary PR may provide the patient with 
some decrease in discomfort from the cancer, it is unlikely to 
have a significant effect on survival. However, this drug might 
be useful in other patients at an earlier stage of disease or in 
patients in which the tumor can be surgically removed before 
chemotherapy. A PR proves that the drug does have some 
activity against the tumor that is being treated.

Stable disease (SD)—No significant change is noted in 
measurable tumor dimensions, or a response is seen that is less 
than a PR. Actual values are less than a 30% decrease in marker 
lesion size and less than a 20% increase in marker lesion size.

Progressive disease (PD)—The tumor is clearly growing 
(20% or greater increase in lesion size), or new lesions appear.

Certain criteria may be useful for declaring a treatment 
protocol ineffective or unsafe in a specific patient. Progres-
sive growth (usually greater than 20%) in a measurable tumor 
lesion or the appearance of new lesions after two cycles of 
chemotherapy would suggest that the drug or protocol is not 
at all useful for the tumor being treated. Severe toxicity with 
irreversible, cumulative, or unpredictable manifestations also 
generally suggests that the drug should no longer be used in 
this particular patient. If symptoms from the cancer cause the 
patient’s condition to deteriorate, with the only response to 
drug treatment being SD or PR, the drug should be discontin-
ued and another treatment selected if possible.

The common cancers in dogs and cats can be broadly 
divided into three categories:
 (1)  Tumors in which the cells are exquisitely sensitive to 

chemotherapy. In these tumors CR can usually be 
obtained, and chemotherapy is therefore the accepted 
treatment of choice. Cure or solid long-term remis-
sion can be expected, and surgery or radiation ther-
apy will not generally be necessary to decrease cell 
numbers before chemotherapy is administered. An 
example is the transmissible venereal tumor, in which 
an extremely high cure rate is possible with vincris-
tine administration even when metastatic disease is 

Table 33-1  Tumor Depopulation Related to 
Successive Drug Cycles Assuming 
a 90% Fractional Cell Kill in a 
Model System

Drug 
Treatment 
Number

Number of  
Tumor Cells

Number of 
Tumor Cells 
Surviving

1 10,000,000,000 (1010) 1,000,000,000 Clinical
2 1,000,000,000 (109) 100,000,000 Disease

Complete Clinical Remission
3 100,000,000 (108) 10,000,000 Subclinical
4 10,000,000 (107) 1,000,000 Disease
5 1,000,000 (106) 100,000
6 100,000 (105) 10,000
7 10,000 (104) 1,000
8 1,000 (103) 100
9 100 (102) 10

10 10 (101) 1
11 1 (100) 0
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present. Another example is lymphoma, in which 
rapid and complete response is seen with chemothera-
peutic treatment. In most patients with lymphoma, 
however, remission lasts only for only months (gen-
erally 12 months or less), insofar as a drug-resistant 
population of tumor cells develops during treatment. 
For this reason chemotherapeutic treatment of canine 
and feline lymphoma is generally considered to be pal-
liative, not curative.

 (2)  Tumors in which the cells are only modestly sensitive to 
chemotherapy. PR may be obtained in some of these 
tumors, whereas in others response to drug treatment 
may be minimal. Chemotherapy may play a part in 
management of these cancers but only with previous 
or concurrent surgery or radiation therapy. An exam-
ple of this type of tumor is canine osteosarcoma, in 
which carboplatin or doxorubicin are often used as an 
adjuvant treatment after amputation. Some soft tissue 
sarcomas with a high mitotic rate are also considered 
good candidates for chemotherapy treatment. Adju-
vant chemotherapy is given along with or after another 
treatment modality, such as surgery or radiation ther-
apy, to increase the percentage of curative resections 
or long-term responses; in other words, it is used in 
hopes of converting a palliative treatment to a cure. 
Neoadjuvant chemotherapy is administered before 
surgery or radiation therapy in an attempt to shrink 
the tumor and make it more amenable to removal or 
irradiation. Neoadjuvant treatment with chemother-
apy drugs also allows an assessment as to whether the 
drugs that are available will produce a response; if so, 
then more chemotherapy treatments are given after 
surgery or radiation is completed, in hopes to “clean 
up” remaining microscopic tumor cells. Realistically, 
however, cures may occur but are rare in tumors with 
only modest sensitivity to chemotherapy. Palliation 
with some prolongation of life is generally the best 
result that can be expected.

 (3)  Tumors in which chemotherapy is only rarely of any 
value for palliation or cure. Progression of the cancer 
despite chemotherapeutic treatment will be the out-
come for most of these cancers. Many carcinomas and 
some sarcomas of dogs and cats fall into this category.

In principle, all cells that are actively cycling in the body 
should be sensitive to chemotherapy; however, the fact that 
chemotherapy is generally only modestly effective speaks to 
the fact that this is not entirely true. In many cancers the tumor 
cells are actually less sensitive to cytotoxic drugs than are the 
hematopoietic cells within the marrow cavity. This forces the 
clinician to give a chemotherapeutic drug and wait to evaluate 
the toxic effects produced before another course of treatment 
can be administered. During the interval of time in which the 
patient’s neutrophil or platelet count is too low to give another 
drug, endogenous hematopoietic growth factors are being 
produced, mediating proliferation of stem cells, the bone mar-
row recovers, and peripheral cell counts return to normal. 
Return of blood cell counts to normal after chemotherapy is 

the usual point at which another course of treatment may be 
given. It is important not to give another cycle of chemother-
apy when peripheral blood counts are extremely low because 
stem cells are actively proliferating at this time; treatment with 
cytotoxic drugs administered when stem cells are actively 
dividing increases the chance that the stem cell population 
may be killed and recovery may never occur. In humans this 
is the point at which bone marrow or stem cell transplantation 
is performed.

Unfortunately, tumor cells may recover from chemothera-
peutic injury and begin to proliferate again before the animal’s 
marrow recovers. Even when a tumor is exquisitely sensi-
tive to drug treatment and an apparent complete response is 
obtained, a line of drug-resistant cells often develops. It is a 
common clinical experience to find that a tumor may respond 
quite well to the first treatment with a drug, with progres-
sively less impressive responses as the drug is given repeatedly. 
Classically, multidrug resistance occurs when large numbers 
of the cells in a tumor overexpress a gene (the MDR1 gene) 
that encodes P-glycoprotein, a transmembrane protein impor-
tant in cell transport. This protein pumps chemotherapeutic 
drugs from the inside of the cell to the extracellular environ-
ment so that they cannot act within the cell; P-glycoprotein is 
a transmembrane drug efflux pump. Other mechanisms lead-
ing to acquired drug resistance include (1) the development in 
the tumor cell of alternative metabolic pathways to avoid the 
chemotherapeutic drug’s mechanism of action; (2) the frac-
tion of tumor cells actively dividing decreases after several 
cycles of treatment, thus protecting the remaining noncycling 
cells against damage; and (3) tumor cells may enter a biologi-
cal “sanctuary site” in which they are protected from injury 
because of a lack of drug diffusion into that area (e.g., brain, 
eye, testicle, spinal cord).

Delaying administration of chemotherapy because of 
hematopoietic or gastrointestinal toxicity often results in 
a patient appearing to be in remission, with no visible neo-
plastic disease but with large amounts of microscopic tumor. 
Thus drug resistance sometimes develops as a result of chemo-
therapy being administered in a regimen that is “too little, too 
late.” The highest possible doses of chemotherapy given as fre-
quently as can be tolerated by the patient, early in the course 
of the neoplastic disease (when smaller numbers of cells are 
present), should have a much higher chance of producing a 
cure or long-term remission than chemotherapy given after a 
large number of tumor cells have infiltrated various organs. In 
human patients the wait for marrow recovery has been over-
come with the use of bone marrow or stem cell transplants, 
performed after chemotherapy treatment is given in doses 
high enough to kill tumor cells as well as ablate normal mar-
row cells. The extreme expense, technical difficulty, and high 
morbidity rates associated with this procedure do not allow for 
its use in dogs and cats as a routine clinical procedure, at least 
at this time. In veterinary oncology in the early twenty-first 
century, clinicians are usually limited to palliation of tumors; 
only rarely can they expect to cure their patients.

A regimen of chemotherapy treatment can be divided into 
several phases. The period of induction is the initial intensive 
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chemotherapy intended to produce remission. Remission is 
defined as the point at which no measurable tumor mass can be 
found; for lymphoma remission is declared when the enlarged 
lymph nodes, liver, and spleen have returned to normal size 
and malignant cells have disappeared from the peripheral 
blood and bone marrow. This does not mean that all (or even 
most) tumor cells have been killed, however, and consolida-
tion therapy with different drugs may be given after apparent 
clinical remission to produce a larger tumor cell kill. For some 
tumors such as lymphoma, the animal may be given “pulse” 
doses of drugs after induction and consolidation to maintain 
the gains obtained with the induction protocol; this is called 
the maintenance phase of chemotherapy. Recently, intensifica-
tion protocols have been described for tumors in which drug 
resistance is common. These protocols are administered dur-
ing the maintenance period, when the patient is in apparent 
remission, and are an attempt to kill developing drug-resistant 
clones of cells by using one or two new drugs at high doses.

Combination chemotherapy is, in general, more effective 
than single-agent therapy. Using multiple drugs sequentially 
provides additive antitumor effects without greatly increasing 
host toxicity, especially if drugs are selected carefully for dif-
ferent toxicities. Combination chemotherapy may delay tumor 
resistance to drugs compared with single agents. Selecting 
different drugs that have effects on more than one cell cycle 
phase may also result in a greater fractional cell kill per cycle 
of chemotherapy.

Traditionally, in estimating the appropriate dose of a drug 
to administer to a patient, clinicians have used body weight of 
the patient as the main criterion; the dose has been figured as 
the number of mg/kg to be given. In a series of studies begun 
in the 1880s, however, it was demonstrated that many physi-
ologic parameters could better be estimated on the basis of 
body surface area (BSA). Basal metabolic rate, blood volume, 
cardiac output, and renal function parameters were found to 
correlate much more closely to the individual’s BSA than to 
weight. It was then found that drug doses calculated per unit 
of body weight were greater in smaller animals and children 
than in larger animals and adults, whereas doses calculated 
per unit of surface area were similar for all species and ages. 
On the basis of the findings in these studies, researchers con-
cluded that BSA might be useful as a standard for calculating 
drug doses in cancer chemotherapy. The calculation for deter-
mining BSA for a given species is made by using the following 
formula:

BSA in m2 =
Km ×W2 / 3

104

In the preceding formula, Km is a factor based on the differ-
ent metabolic rate of each species; for the cat it is 10, and for 
the dog it is 10.1. W is the body weight in grams. Because the 
K values for dogs and cat are quite close, a table has been for-
mulated that permits quick estimation of the BSA on the basis 
of the animal’s weight in kilograms. The appropriate dose of 
the chemotherapeutic agent to be administered is calculated by 
multiplying the dose/m2 by the patient’s BSA (m2) taken from 
the table. A serious and potentially fatal mistake made by some 

clinicians when using a nomogram or table to estimate the BSA 
has been to use the animal’s weight in pounds rather than in 
kilograms. To avoid this error, a good rule is to calculate the 
dose of a chemotherapeutic drug and then ask another person 
to calculate it again separately before the drug is administered.

More recently, the use of BSA as a means of calculating 
doses for all chemotherapeutic agents has been questioned. 
For many chemotherapy drugs, myelosuppression is the most 
common toxicity and is dose limiting; it has been found that 
BSA does not correlate well with either stem cell number in 
the bone marrow or with resulting hematopoietic toxicity. In 
fact, correlation is highly significant between bone marrow 
effects of the cytotoxic drugs and body weight. A phase I study 
in dogs was performed to evaluate toxicity of doses of intra-
venous melphalan calculated by BSA. A significantly greater 
number of small dogs experienced significant toxicity than did 
large dogs. Another study compared marrow toxicity induced 
by doxorubicin given at 30 mg/m2 to that induced by the drug 
given at doses calculated at 1 mg/kg. It was found that a dis-
proportionately greater number of dogs weighing less than  
10 kg developed severe myelosuppression at the 30 mg/m2 dose 
than at the 1 mg/kg dose.3 Limited toxicosis was seen in dogs 
weighing more than 10 kg with either of the dosing schemes, 
however. Plasma doxorubicin concentrations were less after 
treatment at the 1 mg/kg dose in both large and small dogs than 
in those given 30 mg/m2, and it is possible that 1 mg/kg may 
be an inappropriately low dose for treatment of animals with 
cancer. For drugs that may produce severe myelosuppression, 
measurement of hematopoietic stem cell numbers for each 
individual patient would clearly provide the most information 
to prospectively calculate doses for chemotherapeutic agents. 
Until such a test is available, however, clinicians must use the 
doses available in the literature, always carefully taking into 
account the individual animal’s response to the previous drug 
dose before administering the next treatment. If a doxorubicin 
dose of 1 mg/kg is well tolerated by a dog or cat weighing less 
than 10 kg, the next dose may be increased slightly, gradu-
ally approaching the dose calculated by BSA; this is called 
dose escalation. In daily clinical practice veterinarians judge 
the adequacy of therapy by measuring the response of visible, 
measurable masses; only much later are they able to evaluate 
the results of their treatment by survival results. In a rodent 
model for osteosarcoma, reduction in the dose intensity of 
melphalan and cyclophosphamide caused a marked decrease 
in the cure rate long before there was a reduction in the rate of 
complete clinical remission. On average, it is estimated that a 
dose reduction of approximately 20% leads to a loss of 50% 
in the cure rate. A positive relationship between dose inten-
sity and response rate has been demonstrated in many human 
tumors, including lymphoma and ovarian, colon, and breast 
cancers. Clinicians should administer the highest dose of a 
chemotherapeutic drug that can be tolerated by the patient if 
they are attempting to cure; if palliation is the only goal, a dose 
that will produce clinical remission without dose escalation 
may be appropriate, however. Careful patient monitoring for 
therapeutic response and toxicity is still the best way to titrate 
the drug dose for each individual patient (Box 33-3).
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Because chemotherapeutic drugs are quite toxic, the fol-
lowing guidelines for making the decision to begin chemo-
therapy are critically important:
 1.  Use chemotherapeutic agents only when a diagnosis of 

malignancy has been established definitively, either by 
cytology or histopathology.

 2.  Determine whether the particular tumor is known to 
respond to the treatment in a reasonable percentage of 
cases, with toxicities that will be tolerated by the patient 
and its owner.

 3.  Follow objective measurements of the tumor or its mark-
ers (e.g., hyperglobulinemia, hypercalcemia) if at all 
possible to determine whether the chemotherapy being 
administered is of benefit or should be discontinued.

 4.  Do not use chemotherapy in a patient unless proper 
supportive facilities are available for monitoring and 
treatment of any complications.

 5.  Do not use chemotherapy unless the animal’s owner is 
likely to be compliant with instructions for drug admin-
istration and monitoring and will be observant of early 
signs of complications.

METRONOMIC CHEMOTHERAPY

Most chemotherapy targets rapidly dividing cells (preferably 
tumor cells, but inevitably some normal cells are also affected), 
and it is given at maximum tolerated doses (MTDs). Chemother-
apy drugs also have another target: endothelial cells that form 
the lining of newly formed blood vessels, such as those whose 
creation is orchestrated by tumors to fuel their growth. There is 
a considerable body of evidence that even very low, almost non-
toxic doses of chemotherapy drugs, when delivered frequently 
for a prolonged period of time, can retard tumor blood vessel 

growth (or angiogenesis) by destroying endothelial cells. Treat-
ment approaches along these lines are now being tested in clini-
cal trials, and they have been coined metronomic chemotherapy.

The treatment targets endothelial cell precursors (endothe-
lial progenitor cells) that are recruited from the bone marrow 
and circulate to various sites in the body. Metronomic chemo-
therapy is given in very low doses repetitively (usually daily) 
over a long period of time compared with the MTD therapy 
that has been traditionally used. These repetitive low doses of 
chemotherapy drugs (cyclophosphamide at 10 mg/m2 per day 
has been used most often in veterinary medicine) are designed 
to minimize toxicity and target the endothelium or tumor 
stroma, as opposed to targeting the tumor. Thus the treatment 
is theoretically useful to stabilize or slow tumor growth rather 
than kill tumor cells. Studies conducted in cell lines and animal 
models have also suggested that combining metronomic che-
motherapy with targeted antiangiogenesis agents (e.g., piroxi-
cam) is more effective than metronomic chemotherapy alone.

Metronomic chemotherapy will probably be most useful in 
slow-growing, indolent tumors, such as soft tissue sarcomas 
with a low mitotic index and well-differentiated carcinomas, 
particularly after debulking to microscopic disease. There is 
a low incidence of side effects, and the treatment is relatively 
inexpensive. The hope is that this treatment will allow some 
cancers to be treated as manageable chronic conditions.

COMMON SIDE EFFECTS 
OF CHEMOTHERAPY

Most clients are extremely satisfied with their experience with 
chemotherapeutic treatment of their pet’s cancer. Fewer than 
one in four animals are reported to have significant side effects 
of chemotherapy, and only 5% will have a serious event that 
requires hospitalization. However, if a pet does experience a 
serious reaction, there are certainly adverse consequences. The 
animal’s quality of life is decreased, at least for a time; there 
may be unexpected expenses for the owner associated with 
hospitalization and costly treatments; and it may be neces-
sary to delay the next scheduled chemotherapy session, which 
sometimes allows the cancer to visibly return in the delayed 
interval between treatments. All this is likely to result in clients 
who are less enthusiastic about the idea of chemotherapy for 
their pet than they were before the occurrence of the unex-
pected side effect.

Many adverse effects of chemotherapy can be minimized 
or prevented by careful management, but some animals 
experience unanticipated side effects that no amount of care 
or forethought could have prevented. Certain breeds, espe-
cially Collies and rarely Australian Shepherds and Shetland 
Sheepdogs, are carriers of a mutation of the P-glycoprotein 
multidrug resistance 1 (MDR1) gene. If dogs that are homo-
zygous for this gene are given anthracyclines or vinca alka-
loids, the cellular excretion of the drugs is diminished, and 
they have increased drug exposure and thus increased tox-
icity. It is estimated that 70% of Collies in the United States 
are heterozygous for this mutated gene, and 31.2% of Collies 
are homozygous, with much lower percentages for Australian 

Timing of Chemotherapy (Dose–Schedule 
Relationships)
 1.  Intermittent high-dose (“pulse”) therapy with cycle-specific 

and phase-specific agents produces more therapeutic benefit 
with less cumulative toxicity.

 2.  Intermittent therapy permits repair of normal tissues in the 
drug-free interval between doses.

 3.  Greater tumor cell kill may result from high drug gradients 
produced by intermittent high-dose therapy.

 4.  Timing of one drug in relation to another may permit some 
degree of tumor cell synchronization, followed by increased 
killing of such cells by a subsequent pulse of another phase-
specific drug.

 5.  Pulse therapy is generally used in rapidly growing tumors, 
whereas continuous therapy using agents that kill at the resting 
phase is recommended for tumors that have a low growth frac-
tion.

 6.  Continuous therapy is most effective with phase-specific drugs 
(cytosine arabinoside is often given by continuous ambulatory 
infusion for acute leukemias in humans), and pulse therapy is 
most commonly used for cycle-specific drugs. 

Box 33-3
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Shepherds, Shetland Sheepdogs, and other herding dogs. A 
test for the mutation status of this gene is available through 
the Veterinary Clinical Pharmacology Laboratory at the 
College of Veterinary Medicine, University of Washington 
(http://www.vetmed.wsu.edu/depts-vcpl/). If this test is not 
performed, dogs of these breeds with cancer should be given 
conservatively low doses of anthracyclines and vinca alkaloids, 
or the drugs should not be given at all.

Cells of normal tissue are damaged by chemotherapy; most, 
given time, will recover. Tissues that are especially affected 
include those in which the cells have a short life span and 
require constant renewal (e.g., bone marrow, gastrointesti-
nal mucosa, gonads, hair follicles). Box 33-4 provides a brief 
overview of the classes of body tissue and, if applicable, typical 
renewal properties.

Myelosuppression
Myelosuppression and subsequent infection are the most com-
mon dose-limiting toxic effects of chemotherapy. Drugs that 
can be particularly myelosuppressive in dogs and cats include 
lomustine (CCNU), cyclophosphamide, carboplatin, doxoru-
bicin (particularly when used in combination with another 
chemotherapeutic agent), and vinblastine. In some cats vin-
cristine has been noted to produce a marked and prolonged 
neutropenia.

Many mechanisms contribute to infection after chemo-
therapy. Certain chemotherapeutic agents prevent phagocyte 
mobilization or impair function of these cells. Some cancers 
infiltrate the bone marrow, producing myelophthisis and con-
tributing to cytopenias. Suppression of leukopoiesis by che-
motherapy drugs may lead to associated barrier disruptions 
of the skin, oral cavity, and alimentary tract mucus, and the 
normal pulmonary “mucociliary elevator” may not function 
effectively to clear bacterial organisms. Endogenous bacterial 
infections may develop, caused by the host’s native microbial 
flora; these are commonly due to aerobic and anaerobic gram-
negative bacteria from the gastrointestinal tract or Staphylococ-
cus organisms from the skin. In addition, hospitalized patients 
frequently develop catheter-related bacteremias, often caused 
by microbes transmitted to the susceptible patient from the 
hospital environment or from another animal; these organ-
isms may be antibiotic resistant. Patients with absolute neu-
trophil numbers greater than 1500/μL are generally protected 
against endogenous infections. If the number is between 1000 
and 1500/μL, the owner is advised to monitor the animal’s 

condition and report any fever or anorexia. If the number is 
between 500 to 1000/μL, prophylactic antibiotics are generally 
dispensed unless the period of neutropenia is anticipated to 
be very short. When the absolute neutrophil number is less 
than 500/μL, treatment with granulocyte colony-stimulating 
factor (G-CSF, filgrastim, Neupogen, Amgen) or granulocyte/
macrophage colony-stimulating factor (GM-CSF, sargramos-
tim, Leukine, Berlex) may be considered (discussed later), 
although many patients recover without the administration 
of one of these cytokines—of course, antibiotics should also 
be administered. If the patient is not febrile, it should prob-
ably not be hospitalized because its likelihood of acquiring a 
hospital-acquired resistant bacterial infection is high. If the 
patient is febrile, however, it should usually be hospitalized for 
blood cultures and intravenous antibiotic administration. In 
general, antibiotics should not be given prophylactically for 
neutropenia unless they are necessary, because they increase 
the risks for development of bacterial resistance and fungal 
infection in these immunocompromised patients. When nec-
essary, choice of an empirical antibiotic regimen should take 
into account the type of infection the patient is likely to have: 
home acquired (probably endogenous) or hospital acquired 
(likely to be exogenous and possibly antibiotic resistant). 
Appropriate antibiotic combinations for use in the febrile 
neutropenic patient would be an aminoglycoside (e.g., amika-
cin) plus an antipseudomonal penicillin (ticarcillin, carbeni-
cillin, piperacillin) or cephalosporin (cephalothin, cefazolin, 
cefoxitin). The third-generation cephalosporin ceftazidime 
is an antibiotic with an excellent spectrum of efficacy against 
gram-negative bacteria and Pseudomonas, and it is moderately 
effective for treatment of Staphylococcus infections. Because 
it has poor efficacy against anaerobic organisms, it must be 
combined with a drug such as clindamycin, metronidazole, or 
an antipseudomonal penicillin; these combinations are very 
useful in treating infections in neutropenic cancer patients. 
Imipenem is useful as a single agent in these patients, with 
excellent efficacy against enteric gram-negative bacteria, Pseu-
domonas, anaerobes, and Staphylococcus, but the high cost of 
this antibiotic limits its use in veterinary medicine at this time. 
It is also an antibiotic that should probably be reserved for use 
in humans with antibiotic-resistant infections.

If myelosuppression is severe and life-threatening, recom-
binant G-CSF or GM-CSF is often administered. These prod-
ucts are human glycoproteins that regulate production of 
neutrophils within the bone marrow; they are produced in 
Escherichia coli bacteria. Both stimulate neutrophil progeni-
tor proliferation, differentiation, and functional activity with 
minimal toxicity. Long-term (i.e., longer than 30 days) use of 
human G-CSF in the dog or cat results in antibody formation, 
however, with significant and prolonged decreases in neutro-
phil counts. At a daily dose of 5 μg/kg subcutaneously, the 
effects of canine G-CSF on the normal canine bone marrow 
are rapid and predictable: Mean neutrophil counts in normal 
dogs increased to 26,330/μL after one injection, with a maxi-
mum count of 72,125/μL by day 19 of administration. The neu-
trophil counts returned to normal in these dogs within 5 days 
after daily therapy was discontinued.4 Canine G-CSF is not 

Three Growth Classes of Body Tissue
Static: Highly differentiated and have lost capacity to divide (e.g., 

nerve, muscle)
Expanding: Differentiated cells that survive for the lifetime of the 

organism and do not require replacement. With injury, how-
ever, the organ can replace lost cells (e.g., liver).

Renewing: Differentiated with a short life span requiring con-
stant renewal (e.g., bone marrow, gastrointestinal mucosa, hair 
 follicle) 

Box 33-4
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commercially available, but recombinant human G-CSF has 
resulted in similar elevations of neutrophil counts in the dog. 
In cats 10 to 14 days of human G-CSF resulted in maximum 
neutrophil counts ranging from 20,370 to 61,400/μL.5 Thus 
a short course of G-CSF may be used in dogs or cats either 
before aggressive chemotherapy, in an attempt to ameliorate or 
prevent myelosuppression, or as a rescue after chemotherapy 
has induced significant neutropenia.

Gastrointestinal Side Effects
Another frequent side effect of chemotherapy relates to the 
gastrointestinal toxicity of these drugs; anorexia, vomiting, 
and diarrhea may be noted in some individuals treated with 
cytotoxic agents. These side effects are not noted in dogs and 
cats as predictably as in humans, but they can occur in sen-
sitive individuals with most of the commonly used drugs. 
Agents with a high potential for acute nausea after administra-
tion include cisplatin, dacarbazine, and high-dose cyclophos-
phamide; those with a moderate potential include carboplatin, 
conventional-dose cyclophosphamide, doxorubicin, mitoxan-
trone, and occasionally vincristine. In animals with only mild 
to moderate nausea, metoclopramide (0.2 to 0.5 mg/kg orally 
or subcutaneously thrice daily), or prochlorperazine (0.3 mg/
kg orally or subcutaneously thrice daily) may be effective. Pre-
medicating with subcutaneous administration of butorphanol 
at 0.4 mg/kg will sometimes block the postadministration 
vomiting caused by cisplatin. In animals with severe nausea 
and vomiting caused by chemotherapy (which is rare, fortu-
nately), one of the serotonin 5-hydroxytryptamine (5-HT) 
receptor antagonists may be given either orally, subcutane-
ously, intramuscularly, or rectally. The most commonly avail-
able member of this class of drugs is ondansetron, but several 
newer antiemetics of the class are now also available (e.g., 
dolasetron), and the price of the drugs has dropped to make 
them reasonable to use now that ondansetron is available as a 
generic. The dose of ondansetron in the dog is 0.1 to 0.3 mg/
lb intravenously or subcutaneously twice daily (oral dose is 0.5 
to 1 mg/kg every 12 to 24 hours), and the dose of dolasetron 
is 0.5 to 0.6 mg/kg subcutaneously or intravenously every 24 
hours. The serotonin receptor antagonists act more specifically 
than other antiemetics to prevent the vomiting induced by 
chemotherapy or radiation. Serotonin receptors of the 5-HT 
type are located on vagus nerve terminals and in the chemore-
ceptor trigger zone. Serotonin is released from enterochromaf-
fin cells in the small intestine when they are severely damaged. 
The released serotonin stimulates vagal afferents through the 
5-HT receptors, and nausea and vomiting ensue. Ondansetron 
and dolasetron block the 5-HT receptor site, which prevents 
the serotonin effect.

A new antiemetic that is proving to be very effective in 
the control of chemotherapy-induced nausea and vomiting 
is maropitant (Cerenia). It is a neurokinin-1 (NK-1) receptor 
antagonist and is available both in injectable form and as tab-
lets; the dose is 1 mg/kg subcutaneously once daily or 2 mg/kg 
orally once daily. The NK-1 receptor antagonists drugs work at 
NK-1 receptors in the emetic center to block both peripheral 
and central stimuli that cause emesis, by inhibiting the binding 

of substance P. Substance P is found in significant concentra-
tions in the nuclei that make up the emetic center and plays a 
central role as a neurotransmitter in the afferent pathways of 
the emetic reflex.

Other gastrointestinal side effects may also occur as 
sequelae to chemotherapy drug administration. Diarrhea 
occurs much less often than vomiting and nausea and is 
generally readily treated with loperamide (0.08 mg/kg orally 
thrice daily). Doxorubicin sometimes produces a severe hem-
orrhagic colitis in dogs, for which hospitalization and symp-
tomatic treatment with antibiotics and intravenous fluids may 
be necessary; rarely, this side effect caused by doxorubicin can 
be life-threatening. Anorexia may be noted with several drugs, 
especially in cats with doxorubicin or vincristine administra-
tion. Appetite stimulation with drugs such as cyprohepta-
dine may help in these cats, but enteral feeding is sometimes 
necessary.

Phlebitis and Necrosis
Several commonly used chemotherapeutic drugs will produce 
phlebitis or local necrosis (or both) at the site of administra-
tion if extravasated. Drugs that can be expected to produce 
severe reactions include the vinca alkaloids, doxorubicin, and 
dactinomycin; moderate reactions may be seen with bleomy-
cin, cisplatin, dacarbazine, and mitoxantrone. These cytotoxic 
drugs may irritate the lining of access veins during admin-
istration, producing phlebitis, or may escape the cutaneous 
vasculature and spread throughout the surrounding tissues, 
causing a local inflammatory reaction (chemical celluli-
tis). Alternatively, some of the drugs will produce local tis-
sue necrosis if extravasated. Doxorubicin produces the most 
dramatic and severe reactions. Extravasation will produce 
marked epidermal hyperplasia, with mitosis of many epider-
mal cells at the margins of the lesion; the reaction will con-
tain individual necrotic keratinocytes, lobular panniculitis, 
and reactive fibroblasts and endothelial cells. No inflamma-
tory reaction will be seen. In the area of direct extravasation, 
pan-epidermal, dermal, and subcutaneous tissue necrosis will 
be present. This necrosis begins 1 to 2 weeks after the drug 
is extravasated and may continue for up to 4 months. With 
all these drugs, extreme precautions should be taken to pre-
vent extravasation, particularly with venipuncture and cath-
eter placement. A “first-stick” catheter should always be used; 
infusion through a preexisting catheter is not advised. The 
animal should be observed closely (and possibly restrained) 
during the entire time of the infusion, in case movement 
should dislodge the catheter.

Infusion of the chemotherapy drug should be terminated 
immediately if the patient shows signs of pain during drug 
administration or if there is blebbing at the catheter or needle 
entrance site. If the catheter or needle is still present, the cli-
nician should aspirate any fluid from the extravasated area. 
A continuing dilemma in the management of extravasation 
injuries is the absence of evidence-based management strat-
egies. Almost all the recommendations in the literature are 
(of course) based on anecdotes; even knowing for sure that 
an extravasation occurred is sometimes difficult, so assessing 
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whether there has been a positive response to a particular 
treatment is also questionable. However, the current recom-
mendations for vinca alkaloid extravasation are to inject 150 
units of hyaluronidase (if available; hyaluronidase has become 
difficult to obtain) through the patent catheter or needle and 
then apply local heat for 15 to 30 minutes four times daily for 
48 hours. For anthracycline extravasation, the clinician should 
apply an ice pack for 15 to 30 minutes four times daily and 
90% dimethyl sulfoxide (DMSO) topically several times daily 
for 7 to 14 days; surgical removal should be considered if the 
area of extravasation is confined. DMSO is a free radical scav-
enger that causes potent vasodilation and has pain reduction 
and antiinflammatory mechanisms. Dexrazoxane is a drug 
that has been used to prevent anthracycline-induced cardio-
toxicity. It may also decrease free radical formation, and when 
given intravenously immediately after extravasation (1000 mg/
m2 intravenously, repeated at the same dose the next day), it 
appears to prevent the tissue necrosis associated with anthra-
cycline extravasation. Growth factors regulate and coordinate 
wound healing, and they may also be helpful in altering dam-
age from chemotherapy drug extravasation. In animal models 
both G-CSF and GM-CSF have been shown to be significantly 
better than saline or no treatment in decreasing the severity 
and extent of necrosis with doxorubicin extravasations. In one 
human patient who did not respond to injected dexrazoxane, 
GM-CSF injected into an ulcerated area of extravasation led to 
tissue granulation and complete healing within 8 weeks. With 
any luck, clinicians will never have to use the following pro-
tocol: A 1-mL vial of GM-CSF was diluted with saline. Sev-
eral small injections were then given within the borders of the 
ulcer. As new granulation tissue formed, GM-CSF injections 
were given three times weekly for 2 weeks, then twice a week 
for 2 weeks. Because treatment of extravasation injuries is not 
yet uniformly effective in preventing the local irritation and 
necrosis caused by extravasation of these drugs, prevention is 
the best answer.

Alopecia
Alopecia is common in certain breeds of dogs after chemo-
therapy, particularly after administration of doxorubicin or 
cyclophosphamide. Hair loss is predictable in Poodles and 
in mixed-breed dogs of Poodle lineage; it is also commonly 
seen in Terriers and Old English Sheepdogs. Occasionally, it 
may be noted in other breeds as well. It is common for cats 
to lose their whiskers during chemotherapy. For some owners 
the alopecia induced by chemotherapy is very distressing, and 
owners of breeds in which this is likely to occur should be pre-
pared for this possibility. Hair regrowth begins 1 to 2 months 
after chemotherapy is discontinued. However, an alteration in 
the color or texture of the new hair may be noted; the regrown 
hair may be a lighter or darker shade and may be softer or 
curlier than the animal’s previous hair.

Reproductive Side Effects
Although generally less important in dogs and cats with cancer 
than in humans, the effects of chemotherapy on gonadal func-
tion should be explained to owners considering treatment, 

particularly if the animal is shown or has been used for breed-
ing. Most chemotherapy drugs will cause hypofertility or 
infertility by impairing production of sperm and oocytes. In 
the male animal, loss of libido may result from Leydig cell 
dysfunction and decreased testosterone levels, especially with 
corticosteroid treatment for lymphoma. Owners should con-
sider cryostorage of sperm from the dog before beginning 
chemotherapy. However, it is common to find on semen evalu-
ation that general debility from the cancer itself has resulted 
in poor semen quality even before chemotherapy drugs have 
been given. Reversibility of gonadal dysfunction produced by 
chemotherapy is variable depending on the agent adminis-
tered, the dose intensity of the protocol used for treatment, 
and the age of the patient itself. During chemotherapy and for 
a variable period after the treatment is completed, a male dog 
or cat should not be used for breeding and a female should 
not become pregnant because congenital malformations may 
result in the offspring.

Palmar–Plantar Erythrodysesthesia
Palmar–plantar erythrodysesthesia (PPES), also known as 
hand–foot syndrome in humans, has been seen with con-
stant-rate infusions of doxorubicin, cyclophosphamide, ifos-
famide, 5-fluorouracil, and other agents in humans. In dogs 
PPES has been most commonly associated with the adminis-
tration of liposome-encapsulated doxorubicin (Doxil).6 PPES 
is a primarily a dermal toxicity characterized by reddening of 
the skin. It is followed by edema and eventual ulceration of 
the skin. PPES tends to occur in areas of friction, such as the 
weight-bearing portions of the feet and the axillary regions. 
Histologically, these lesions are described as focal areas of 
parakeratosis, acantholysis, and chronic active inflamma-
tion of the skin and underlying dermis. PPES often resolves 
quickly after discontinuation of the drug but may recur if the 
drug is reinstituted. Oral pyroxidine may help ameliorate 
some of the side effects, although it will not completely pre-
vent PPES.7

Human Health Hazards
Exposure of hospital personnel and owners to carcinogenic, 
mutagenic, and teratogenic drugs and drug-containing ani-
mal waste must be considered. In the days before clinicians 
took appropriate precautions when mixing and administer-
ing chemotherapy, there were many reports in the human 
literature of fetal loss and birth of infants with congenital 
defects among nurses and pharmacy staff members who 
were frequently exposed to chemotherapy drugs.8,9 Proper 
storage, preparation, and administration of chemotherapeu-
tic agents, as well as proper disposal of cytotoxic drug waste 
and urine and stool of the animal being treated, should be 
a concern of every clinician who treats an animal for can-
cer.8,9 Reviews on proper handling of chemotherapy in the 
workplace are available; the Occupational Safety and Health 
Administration (OSHA) publication “Controlling Occupa-
tional Exposure to Hazardous Drugs” may be downloaded 
from OSHA’s website (www.osha.gov/dts/osta/otm/otm_ 
vi/otm_vi_2.html).
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DRUGS USED IN CANCER 
CHEMOTHERAPY

The following sections cover drugs commonly used in veteri-
nary oncology for the treatment of canine and feline neopla-
sia (Table 33-2). Included are cautionary comments regarding 
administration, toxicity, and effectiveness. Note that dosages 
for chemotherapy drugs vary greatly depending on tumor type 
and protocol used. It is extremely important that a clinician 
considering the use of one of these drugs as a single agent or 
in a combination protocol carefully consider all of the drug’s 
possible toxicities rather than merely look up a dose from a 
chart or formulary.

Alkylating Agents
Nitrogen Mustards

Cyclophosphamide
Mechanism of action. Cyclophosphamide is a classic 

alkylating agent that is extensively metabolized in the liver 
to the active cytotoxic metabolites phosphoramide mustard 
and acrolein. The metabolite phosphoramide mustard is 
responsible for most of the antineoplastic effects of the drug. 
Cyclophosphamide is cell cycle specific at normal dosing 
schedules but may be cell cycle nonspecific at extremely high 
doses. Resistance to treatment with cyclophosphamide does 
develop in tumor cells, probably related to increased ability 
of the tumor cells to produce glutathione and obtain protec-
tion from oxidative damage. Excretion takes place principally 
by the kidneys, and modification of dose and dose interval 
should be considered when a patient has significant renal 
disease.

Preparations. Cyclophosphamide is available as 25-mg and 
50-mg tablets for oral administration as well as an intravenous 
preparation in vials containing 100 mg, 200 mg, or 500 mg. 
The drug is equally effective when given orally or parenterally. 
Cyclophosphamide cannot be used for intracavitary treatment 
because it must be metabolized to its active form in the liver.

Side effects. Cyclophosphamide has the potential for 
extremely dangerous marrow suppression as well as nausea 
and vomiting. Of all the chemotherapeutic drugs in common 
use in veterinary oncology, neutropenia occurs most pre-
dictably with cyclophosphamide. As a result, the drug must 
initially be administered with great caution; the degree of 
myelosuppression varies from patient to patient but may be 
early and profound. For this reason neutrophil counts must be 
carefully assessed whenever the drug is used for the first time 
in a patient. Some animals will develop myelosuppression after 
a week of cyclophosphamide; in others the drug will have to be 
discontinued after 3 to 5 days because of severe neutropenia 
or thrombocytopenia. A baseline total white blood cell count, 
differential, and platelet estimate should be taken before the 
drug is administered. Usually, depression in the absolute neu-
trophil count begins on the third day of administration, so the 
next blood count is taken on that day. From that day on during 
the first cycle of cyclophosphamide therapy, a total leukocyte 
count, differential, and platelet estimate are obtained every day 
until the cycle of cyclophosphamide therapy is completed. If 

the absolute neutrophil count drops below 3000/μL, the drug 
is discontinued entirely for that cycle; on the next cycle, it is 
reinstituted at a dose 25% less than the initial daily dose. If 
the neutrophil count drops to less than 1500/μL, the drug is 
stopped and reinstituted on the next cycle at a dose 50% less 
than the initial dose. If the number of neutrophils drops to less 
than 1000/μL and fever ensues, empirical antibiotic therapy 
should be begun. Recombinant human G-CSF may also be 
given for several days if necessary until the animal’s neutro-
phil count returns to normal. After the animal’s individual tol-
erance for cyclophosphamide is determined, fewer CBCs will 
need to be checked during therapy. In maintenance protocols 
one CBC per cycle before administration of the drug begins is 
generally adequate.

Hemorrhagic cystitis may result from cyclophosphamide 
administration, usually after long-term use; however, it has 
been reported after one intravenous administration.10 It is 
caused by the metabolite acrolein, which is excreted in urine 
and reaches a urine level of 100 to 200 times the serum con-
centration; this metabolite is extremely irritating to the blad-
der mucosa and produces necrosis of smooth muscle. Chronic 
cystitis leading to bladder fibrosis may occur with long-term 
use. Affected dogs and cats will present with clinical signs of 
gross hematuria, often with blood clots, and will be reported 
to be straining to urinate. Concurrent treatment with predni-
sone decreases the incidence of hemorrhagic cystitis, probably 
by causing polydipsia and polyuria. Lymphoma patients rarely 
develop this complication, insofar as prednisone administra-
tion is generally a part of the treatment protocol. Any animal 
that is to receive cyclophosphamide should have a urinalysis 
performed before the drug is administered to rule out preex-
isting hematuria caused by bacterial cystitis or prostatitis. The 
client should be warned to watch for hematuria during the 
course of treatment with cyclophosphamide, and administra-
tion should cease immediately if the problem is noted. Several 
precautions can help prevent this problem while an animal is 
receiving cyclophosphamide. The animal should be encour-
aged to drink more fluids; salting food and offering beef or 
chicken bouillon may help increase fluid intake. Because the 
cystitis is caused by acrolein producing local irritation on the 
bladder mucosa, the owner should encourage frequent urina-
tion by walking his or her dog more frequently and should 
make sure that the dog is allowed to urinate before retiring for 
the night. It is better not to administer cyclophosphamide in 
the evening because acrolein will then concentrate in the urine 
overnight. Although the free radical scavengers acetylcysteine 
and mesna have been reported to prevent cyclophosphamide-
induced hemorrhagic cystitis in humans treated with high-
dose cyclophosphamide before bone marrow transplantation, 
it is not clear that they are necessary in dogs and cats treated 
with standard chemotherapy protocols. The incidence of this 
side effect seems to be low with most current cyclophospha-
mide dosing regimens, which use intermittent “pulse” doses 
of cyclophosphamide rather than continuous daily dosing of 
the drug.

Alopecia occurs in susceptible dogs as another side effect 
of cyclophosphamide. When cyclophosphamide is used in 
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Table 33-2  Commonly Used Chemotherapy Agents
Drug Indications Dose Route Common Side Effects
Alkylating Agents
Cyclophosphamide LSA, MCT,  

carcinoma,  
sarcoma

Given orally divided over 4 days or 
intravenously at 200-250 mg/m2

Metronomic: 10 mg/m2 per day

PO or IV Myelosuppression, gastrointestinal 
upset, alopecia, sterile hemor-
rhagic cystitis

Chlorambucil Small cell LSA, CLL, 
thymoma, MCT, 
IBD, in place of 
cyclophospha-
mide

20 mg/m2 PO every 14 days
15 mg/m2 per week divided into 

3 doses
0.8 mg/kg in COP protocol
1.4 mg/kg in the CHOP protocol

PO Myelosuppression, gastrointestinal 
upset, alopecia

Dacarbazine LSA rescue 200 mg/m2 IV slow push daily for 
5 days;

1000 mg/m2 IV over several hours 
every 3 weeks

IV Vesicant, myelosuppression,  
vomiting during administration, 
gastrointestinal upset, alopecia

Lomustine LSA rescue, 
cutaneous LSA, 
MCT, histiocytic 
neoplasia, brain 
tumors, GME

50-70 mg/m2 PO every 21 days PO Severe myelosuppression,  
hepatotoxicity, possible renal 
toxicity

Mechlorethamine LSA rescue 3 mg/m2 IV in the MOPP protocol IV Vesicant, myelosuppression,  
gastrointestinal upset, alopecia

Melphalan Multiple myeloma, 
plasma cell 
tumors, anal sac 
adenocarcinoma, 
melanoma

For multiple myeloma dose 0.1 mg/kg 
daily for 10 days, then decrease to 
0.05 mg/kg daily every other day.

Pulse dosing: 7 mg/m2 daily for 5 days 
every 3 weeks

PO Myelosuppression (can be severe), 
mild gastrointestinal upset,  
alopecia.

Antimetabolites
5-Fluorouracil Carcinomas and  

sarcomas, gastro-
intestinal tumors

150 mg/m2 once weekly IV, topi-
cally

Fatal to cats, myelosuppression, 
neurotoxicity, alopecia,  
gastrointestinal upset

Cytosine arabino-
side

LSA, GME, renal 
LSA in cats

150 mg/m2 SC bid for 2 days 
(consecutively) or

600 mg/m2 IV once weekly

SC, IM or 
IV

Myelosuppresion, gastrointestinal 
upset, alopecia

Methotrexate LSA, OSA 0.8 mg/kg in combination with other 
chemotherapy drugs

IV or PO Myelosuppression and gastrointesti-
nal upset

Antitumor Antibiotics
Doxorubicin LSA, various  

sarcomas and 
carcinomas

30 mg/m2 IV every 14-21 days (dogs);
1 mg/kg IV every 14-21 days (cats and 

small dogs)

IV Vesicant, myelosuppression, 
cardiovascular (dogs), nephro-
toxic (cats), hypersensitivity-like 
reactions, hemorrhagic colitis, 
alopecia, gastrointestinal upset

Mitoxantrone TCC, Prostatic 
carcinoma, in 
place of doxoru-
bicin, malignant 
effusions

Dogs: 5-5.5 mg/m2 IV every 21 days;
Cats: 6 mg/m2 IV every 21 days

IV or IC Myelosuppression, alopecia,  
gastrointestinal upset, blue color 
to urine, sclera or saliva

Actinomycin D LSA, in place  
of doxorubicin

0.75-0.8 mg/m2 IV every 21 days IV Vesicant, myelosuppression,  
alopecia, gastrointestinal upset

Antitubululin Agents
Vincristine LSA, MCT, TVT, 

ITP,
0.5-0.7 mg/m2 IV Vesicant, peripheral neuropathies, 

myelosuppression, alopecia,  
gastrointestinal upset

Vinblastine MCT, in place of 
vincristine

2-2.3 mg/m2 IV weekly or every other 
week

IV Vesicant, alopecia, gastrointestinal 
upset

Vinorelbine Primary lung 
tumors

12-15 mg/m2 weekly or every other 
week

IV Vesicant, alopecia, gastrointestinal 
upset
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Drug Indications Dose Route Common Side Effects
Paclitaxel Carcinomas Dogs: 132 mg/m2 every 21 days;

Cats: 80 mg/m2 every 21 days
IV Not recommended in cats because 

of hypersensitivity reactions (also 
seen in dogs, but less severe), 
arrhythmias, myelosuppression, 
alopecia, gastrointestinal upset

Docetaxel Carcinomas 1.25 mg/m2 IV every 21 days IV Hypersensitivity, acceptable in cats, 
arrhythmias, myelosuppression, 
alopecia, gastrointestinal upset.

Platinum Agents
Cisplatin OSA, seminoma, 

thyroid carci-
noma, SCC, 
malignant  
effusions

70 mg/m2 IV every 21 days IV or IC Fatal to cats, nephrotoxicity, 
 immediate emesis, myelosup-
pression, gastrointestinal upset, 
alopecia, ototoxicity

Carboplatin OSA, carcinomas 250-300 mg/m2 every 21 days (dogs);
200-250 mg/m2 every 21 days (cats)

IV Myelosuppression, dose reduction in 
animals with renal insufficiency, 
gastrointestinal upset, alopecia

Miscellaneous Drugs
Hydroxyurea Polycythemia vera, 

brain tumors, 
myelodysplastic 
disease

50 mg/kg per day tapering to every 
other day once in remission (dogs);

10 mg/kg/day tapering to every other 
day once in remission (cats)

PO Toe nail sloughing, myelosuppres-
sion, alopecia, gastrointestinal 
upset (mild)

L-Asparaginase LSA 400 IU/kg or 10,000 IU/m2 SC, IM, or 
IP

Myelosuppression when given with 
vincristine, hypersensitivity

Procarbazine LSA 50 mg/m2 daily for 14 days with 
the MOPP protocol

PO Myelosuppression and gastrointesti-
nal toxicity

Receptor Tyrosine Kinase Inhibitors
Toceranib MCT, various other 

tumors
3.25 mg/kg every other day or 

 Monday/Wednesday/Friday 
 schedule

PO Myelosuppression, proteinuria, 
 gastric ulceration, diarrhea,  
vomiting, rash, muscle pain

Masitinib MCT, various other 
tumors

12.5 mg/kg daily PO Myelosuppression, proteinuria,  
gastric ulceration, diarrhea,  
vomiting, skin rash

LSA, Lymphosarcoma; MCT, mast cell tumor; IV, intravenously; PO, by mouth; CLL, chronic lymphocytic leukemia; IBD, inflammatory bowel disease; COP, cyclophosphamide, 
vincristine, prednisone; CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; GME, granulomatous meningoencephalitis; MOPP, mechlorethamine, oncovin, pro-
carbazine, and prednisone; SC, subcutaneously; IM, intramuscularly; OSA, osteosarcoma; TCC, transitional cell carcinoma; IC, intracavitary; TVT, transmissible venereal tumor; 
ITP, immune-mediated thrombocytopenia; SCC, squamous cell carcinoma; IP, intraperitoneally. 

Table 33-2  Commonly Used Chemotherapy Agents—cont’d

combination with doxorubicin or dactinomycin, cardiotoxic-
ity of these compounds may be potentiated.

Dosing regimen. Cyclophosphamide is usually given in 
doses from 50 to 100 mg/m2 daily orally for 4 to 7 days per 
week according to the particular tumor protocol. It may also 
be given intravenously at 200 mg/m2 once weekly, but this 
protocol is likely to be dangerously myelosuppressive in some 
dogs.

Melphalan (phenylalanine mustard)
Mechanism of action. Melphalan is an alkylating agent 

that is a phenylalanine derivative of mechlorethamine, the 
first chemotherapeutic agent discovered. In World War I, it 
was noted that troops who had received poisoning with mus-
tard gas often had aplastic anemia and severe lymphopenia, 
with depletion of lymphocytes in the spleen and lymph nodes. 
This finding caused clinicians to study the effects of nitrogen 
mustard on lymphoma, first in the mouse and later in humans. 

Many derivatives of this original compound have been discov-
ered, but melphalan remains one of the most useful.

Spectrum of activity. In dogs and cats, melphalan is gener-
ally used for the treatment of plasma cell tumors, either plasma 
cell myeloma or extramedullary plasmacytoma.11

Preparations. Melphalan is available for oral use as a 
scored 2-mg tablet and for intravenous injection as a 50-mg 
vial. In dogs and cats, the drug is conventionally used orally.

Side effects. Myelosuppression is the most common side 
effect of melphalan, but it is not generally severe. Monitoring 
of a CBC should be done every 2 weeks during induction and 
then monthly during maintenance.

Dosing regimen. The recommended dose for melphalan is 
0.1 mg/kg daily for 7 to 10 days, then 0.05 mg/kg daily until 
remission is achieved. The drug is then given as a maintenance 
agent for 7 days out of every month at 0.1 mg/kg per day. 
Because food can apparently decrease the oral absorption of 
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the drug, it should be given several hours before the animal 
is fed.

Mechlorethamine
Mechanism of action. Mechlorethamine (Mustargen), 

is the prototypical nitrogen mustard. These drugs alkylate 
DNA by initially losing a chlorine molecule and allowing the 
β-carbon to react with the nucleophilic nitrogen atom to form 
the cyclic, positively charged, and very reactive aziridinium 
moiety. The reaction between this aziridinium ring and the 
electron-rich nucleophile creates the initial alkylated product. 
Cross-linking of the DNA occurs when a second aziridinium 
ring is formed by the remaining chloroethyl group, allowing 
for a second alkylation.

Spectrum of activity. In dogs it is used as a rescue agent 
in the MOPP protocol (mechlorethamine, oncovin, procarba-
zine, and prednisone) for high-grade lymphoma.

Preparations. Mechlorethamine is available in 5-g and 
25-g bottles for reconstitution. It is also available in a topical 
preparation for mycosis fungoides; however, because of the 
risk of human exposure, the topical preparation is not recom-
mended for veterinary use.

Side effects. Myelosuppression is the most common side 
effect of this drug; however, it is a potent vesicant and is irri-
tating topically. The gastrointestinal side effects appear to be 
more severe with this drug than the other nitrogen mustards. 
A CBC should be performed 7 to 10 days after each dose and 
before each dose.

Dosing regimen. In the MOPP protocol, this drug is dosed 
at 3 mg/m2 on days 1 and 7 of the 28-day protocol.

Chlorambucil
Mechanism of action. Chlorambucil is another of the 

derivatives of nitrogen mustard; it is the slowest acting and 
least toxic of the alkylating agents commonly used in veteri-
nary medicine. The drug is easily absorbed by passive diffu-
sion when administered orally, so any food given with it may 
interfere with its absorption.

Spectrum of activity. Chlorambucil is used as a mainstay 
for treatment of chronic lymphocytic leukemia,12 small cell 
lymphoma, Waldenström’s macroglobulinemia, and thymoma 
in dogs and cats. It has been substituted in combination che-
motherapy protocols for cyclophosphamide when hemor-
rhagic cystitis has ensued but is not especially effective for 
maintenance therapy of high-grade lymphomas. Activity may 
also be seen against plasma cell myeloma and ovarian carci-
noma.

Preparations. Chlorambucil is available as a 2-mg tablet 
for oral administration only.

Side effects. Marrow suppression is quite late, gradual 
in onset, and rapidly reversible in dogs and cats but may be 
profound if it is not discovered sufficiently early. In general, 
myelosuppression is not seen until the drug has been given 
daily for at least 1 month; it is recommended that a CBC be 
obtained once every 2 weeks during induction. As soon as 
remission occurs, the drug should be administered only inter-
mittently as a maintenance protocol (i.e., alternate weeks or 
1 week out of 4). Chlorambucil should not be administered 
with food.

Dosing regimen. The dose for chlorambucil is 0.1 to 0.2 
mg/kg orally per day for 4 to 7 days, then 0.1 mg/kg daily 
until remission occurs. Alternatively, the drug may be given 
once every 2 weeks at a dose of 0.4 mg/kg. After remission 
is obtained, a maintenance protocol may be started, with the 
drug administered intermittently as indicated by the tumor 
treated (e.g., 0.1 mg/kg daily for 7 consecutive days, followed 
by 21 days off).

Nitrosoureas
Mechanism of action. CCNU (lomustine) and BCNU 

(carmustine) are drugs that are very lipid soluble and cross the 
blood–brain barrier with ease. Excretion is primarily renal, so 
dose modification must be considered if the patient has renal 
disease.

Spectrum of activity. Although CCNU and BCNU are 
used in humans to treat certain lymphomas, the drugs find 
their principal use in veterinary medicine for treatment of 
central nervous system (CNS) neoplasia.13,14 The two drugs 
are unique in their ability to attain therapeutic levels in brain 
tissue. Recent information suggests that CCNU may also have 
some efficacy in treatment of canine mast cell tumor.

Preparations. BCNU is available in a 100-mg vial for intra-
venous administration; CCNU is given orally and is available 
as 10-, 40-, and 100-mg capsules.

Side effects. Both the nitrosoureas may be quite emeto-
genic immediately after administration. The vomiting and 
nausea usually last less than 24 hours after administration, 
and the animal’s discomfort can generally be ameliorated 
with butorphanol given subcutaneously at 0.4 mg/kg thrice 
daily. In some cases, ondansetron will be necessary to relieve  
symptoms.

Prolonged bone marrow suppression is common with both 
of the nitrosoureas. Neutropenia may be noted as early as 1 
week after administration but may persist for up to 6 weeks. 
In some cases neutropenia is severe enough to adversely affect 
the animal’s quality of life, and treatment with intravenous 
antibiotics and recombinant human G-CSF may be necessary 
if the animal becomes febrile.

Dosing regimen. BCNU must be given intravenously. The 
product is reconstituted with alcohol and then added to saline 
or 5% dextrose in water to be given as an intravenous infusion 
over 1 to 2 hours. Severe pain may be seen at the injection site 
even if no extravasation is occurring; a longer infusion time 
may help decrease discomfort from the administration. The 
conventional dose of BCNU is 50 mg/m2 given intravenously 
once every 6 weeks. CCNU is available as an oral preparation, 
and it is given as a single oral dose of 75 to 100 mg/m2 once 
every 6 to 8 weeks.

Dacarbazine
Mechanism of action. The major mode of action of dacar-

bazine against tumor cells appears to be alkylation of nucleic 
acids. Its complete chemical name is 5-(3,3-dimethyl-1-
triazeno)-imidazole-4-carboxamide, which is why it is also 
called DTIC. Dacarbazine is cycle specific.

Spectrum of activity. Dacarbazine is not often used in vet-
erinary oncology. At one time, it was suggested as a treatment 
for canine melanosarcoma, but results were disappointing. 
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Dacarbazine has its major use for treatment of relapsed lym-
phoma in combination with doxorubicin.15

Preparations. Dacarbazine is available for intravenous 
administration in vials of 100, 200, and 500 mg.

Side effects. Local pain is often seen during administra-
tion; concentrated solutions of the drug are very irritating to 
veins, and extravasation will produce severe phlebitis. Myelo-
suppression is mild and does not occur until the second or 
third week after treatment, but a CBC should be checked 
before each subsequent treatment is administered. Vomiting 
and nausea are common during the first few days of treatment 
but can usually be blocked by prior administration of chemo-
receptor trigger zone–blocking antiemetics. These gastrointes-
tinal symptoms may be lessened by using a lower dose initially 
and gradually escalating the dose during the course of treat-
ment, but the signs seem to subside after 1 or 2 days of treat-
ment despite continued therapy with dacarbazine.

Dosing regimen. Dosage is 150 to 250 mg/m2 given slowly 
intravenously for 5 days. Treatment is repeated every 3 weeks.

Mitotic Inhibitors
Vinca Alkaloids

Mechanism of action. The vinca alkaloids are extracted from 
the common periwinkle plant, Vinca rosea. This plant was orig-
inally investigated by pharmacologists because of its reported 
ability to lower blood glucose levels in several native popu-
lations. Although its efficacy as a hypoglycemic agent proved 
unimpressive, it was discovered that extracts of the plant had 
cytotoxic effects. Eventually, vincristine and vinblastine came 
into common clinical use as anticancer agents; the two com-
pounds differ only slightly, with vincristine having a formyl 
side chain and vinblastine having a methyl side chain on the 
larger parent molecule. A third vinca alkaloid has recently 
become more popular in the veterinary market. Vinorelbine 
(Navelbine) acts similarly to the other vinca alkaloids, with 
the exception that it achieves very high concentrations within 
the lung parenchyma. All of the drugs appear to act as spindle 
poisons by binding to microtubular proteins within cells. The 
spindles are thus unable to act during mitosis, leading to arrest 
of the cell in metaphase. Generally, vincristine is thought of as 
a phase-specific drug effective only in the M phase of the cell 
cycle. Vinblastine, however, also blocks the cell’s utilization of 
glutamic acid, thus inhibiting purine synthesis. For this reason 
vinblastine acts against cells in active mitosis but also in other 
phases of the cell cycle.

Spectrum of activity. Vincristine and vinblastine have their 
major use in veterinary medicine in combination chemo-
therapy protocols for treatment of lymphoma and lymphoid 
leukemias. Some efficacy of vincristine may be seen either 
as a single agent16 or in combination with doxorubicin and 
cyclophosphamide for treatment of soft tissue sarcomas,17 and 
vincristine is the drug of choice for treatment of transmissible 
venereal tumors.18,19 Although it was previously suggested 
that vincristine might be effective in the treatment of mast cell 
tumor in the dog, a recent report has discounted the drug’s 
role in management of this tumor; only 2 of 27 dogs with mast 
cell tumors had even a partial response to vincristine given at 

0.75 mg/m2.20 The principal use of vinblastine in veterinary 
oncology at this time is in the treatment of mast cell tumors. 
It has been shown to be much more effective than vincristine 
at treating this disease, with reported response rates of 40% 
when combined with prednisone.21 It may also be used as a 
substitute for vincristine in a combination chemotherapy pro-
tocol when a vincristine-induced neuropathy has been noted. 
Vinorelbine has been used primarily against primary lung 
tumors, especially well-differentiated ones such as broncho-
genic carcinomas and bronchoalveolar carcinomas.

Preparations. Vincristine is available for intravenous use in 
1-mg, 2-mg, and 5-mg vials. Vinblastine is also for intravenous 
administration only and is supplied in 10-mg vials. Vinorel-
bine comes in 10-mg or 50-mg vials of a 10 mg/mL solution.

Side effects. Because of its phase-specific effects, vincristine 
is not generally myelosuppressive in the dog; occasionally, it 
may produce significant neutropenia in the cat.22 Anorexia and 
nausea are sometimes seen in both dogs and cats treated with 
vincristine, especially at the higher levels of the dose range. 
Unlike vincristine, vinblastine is quite myelosuppressive, and 
the interval between doses is often prolonged because of the 
duration of neutropenia produced by the drug. Vinorelbine is 
similarly myelosuppressive to vinblastine.

Local phlebitis and severe pain occur if any of the vincas 
is extravasated. Although a catheter may be placed, conven-
tionally a butterfly needle is used to administer vincristine, 
vinorelbine, or vinblastine. The vein is punctured with the but-
terfly needle in the usual fashion, and blood flow is observed 
into the tubing. Several mL of saline are infused into the vein 
so that leakage may be observed. The vinca alkaloid is then 
given as a bolus injection and is followed by several more mL 
of sterile saline to ensure that not a drop of the drug remains 
on the tip of the needle.

One of the principal limitations of long-term treatment 
with vincristine in clinical practice is the development of a 
drug-induced sensory and motor neuropathy, the pathogen-
esis of which is poorly understood. The cat may be more sensi-
tive to the development of this phenomenon than the dog.23 
Severe nerve fiber degeneration may be seen, as well as focal 
axonal swellings with secondary demyelination of peripheral 
nerves.24,25 Vincristine administration should be discontin-
ued immediately as soon as any signs of neuropathy are noted 
because further treatment may produce severe, generalized 
motor weakness. The neurotoxicity will generally improve 
within several months after the drug is discontinued, but some 
of the signs may be irreversible. Although neurologic prob-
lems are rare with vinblastine administration, they may rarely 
occur with this drug as well.

Dosing regimen. The appropriate dose of vincristine is 0.5 to 
0.75 mg/m2 intravenously once weekly according to the treat-
ment protocol used. Treatment with vinblastine should begin 
at 2 mg/m2 by intravenous injection once every 2 weeks. At 
each cycle, the clinician should increase the vinblastine dose 
in increments of 0.25 mg/m2 until myelosuppression is seen 
(absolute neutrophil count less than 3000/μL). Then a mainte-
nance dose of vinblastine, which is one increment smaller than 
the dose that produced leukopenia, should be  administered. 
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Because vinblastine is so myelosuppressive, the clinician 
should not administer the drug when the animal’s absolute 
neutrophil count is less than 3000/μL. The dose range for 
vinorelbine is 10 to 12.5 mg/m2 intravenously, using the same 
dosing schedule as vinblastine.

Taxanes
Mechanism of action. The taxanes are one of the most sig-

nificant additions to the anticancer arsenal added during the 
twentieth century. Paclitaxel, the parent drug, was discovered 
by a National Cancer Institute program in which extracts from 
thousands of plants were evaluated for anticancer activity. Pacl-
itaxel is derived from the bark of the Pacific yew tree (Taxus 
brevifolia). Paclitaxel and its semisynthetic analog, docetaxel, 
have demonstrated significant antitumor activity in humans. 
Both drugs have a unique mechanism of action compared with 
other microtubule inhibitors. The taxanes bind to the interior 
surface of the microtubule lumen at the N-terminal 1-31 amino 
acids and residues 217-233 of the β-tubulin subunit. Binding to 
this site does not interfere with the binding of other microtu-
bule inhibitors to their respective sites. Ultimately, the taxanes 
disrupt microtubule dynamics by suppression of microtubule 
instability and treadmilling. Like the vinca alkaloids, these 
drugs are considered to be cell cycle specific for the M phase; 
however, the majority of cell death occurs in the S phase.

Spectrum of activity. In humans these drugs have been 
used primarily as anticarcinoma agents with Food and Drug 
Administration approval for carcinomas of the breast, ovar-
ian carcinomas, prostatic carcinoma, head and neck carci-
nomas, gastric carcinoma, Kaposi’s sarcoma, and non–small 
cell lung cancer. In dogs paclitaxel has been reported to have 
activity against mammary tumors, squamous cell carcinoma, 
transitional cell carcinoma, osteosarcoma, and malignant his-
tiocytosis.26,27 In vitro, paclitaxel has shown activity against a 
number of feline vaccine–associated cell lines; however, no in 
vivo information exists. Docetaxel has similar uses but is safer 
for cats. Paclitaxel has also been used with some success as 
an inhalation chemotherapy agent, although administration is 
difficult and not routinely available.28

Preparations. Paclitaxel is available in various sizes of a 
20 mg/mL solution available for intravenous administration 
(30-mg, 100-mg and 300-mg multidose vials). This drug is 
not water soluble and therefore must be dissolved in a spe-
cific carrier, Cremophor. Docetaxel is available in various sizes 
of a 40 mg/mL solution for intravenous administration (20-
mg and 80-mg single dose vials). Docetaxel must also be dis-
solved in a carrier solution of Polysorbate 80. These carriers 
are responsible for a number of the side effects seen, including 
hypersensitivity reactions. This drug is available in the United 
States only in an injectable form. It has low oral bioavailabil-
ity on account of the high numbers of ABC transporters and 
P-glycoprotein efflux pumps within the intestinal lumen cells, 
as well as significant first-pass metabolism by the liver. None-
theless, oral fomulations available in Europe have shown real 
promise against high-grade mast cell tumors. These formula-
tions are given in conjunction with oral modulators of ABC 
transporters or cytochrome P-450 (or both).

Side effects. Side effects in dogs are fairly consistent with 
those seen in humans. Myelosuppression is common and typi-
cally occurs 5 to 7 days after injection. Gastrointestinal upset, 
including anorexia, nausea, diarrhea, and vomiting, can be 
seen as well. Alopecia has not been reported in the dog with 
this particular drug, although it stands to reason that this 
could be a possible sequela of drug administration. Peripheral 
neuropathies are more common with the vinca alkaloids, but 
they can be seen with administration of the taxanes as well. In 
humans arrhythmias are a common side effect of this drug. 
Indeed, the Taxus species of plants are known for causing 
arrythmias in cattle who ingest their bark. Though this has not 
been a reported side effect in the dog, it is recommended that 
an electrocardiogram be performed before administration. 
If underlying arrhythmias are noted, the clinician is advised 
not to use the taxanes in these patients. One of the most sig-
nificant side effects of these drugs is hypersensitivity. This is 
related to the carriers (Cremophor and Polysorbate 80) that 
are necessary to keep these drugs in solution. Careful admin-
istration and monitoring during drug administration are rec-
ommended. Because of the severe hypersensitivity reaction of 
cats to paclitaxel, it is recommended that this drug be avoided 
in the species all together. Docetaxel has been safety adminis-
tered to cats and is the preferred taxane for this species. This 
drug is not extremely myelosuppressive, and its myelosuppres-
sion is typically resolved at the next dose, 3 weeks later. The 
dose should be delayed if the mature neutrophil count is less 
than 2000 cells/μL.

Dosing regimen. The dose for paclitaxel is 165 mg/m2 intra-
venously every 3 weeks. The dose range for docetaxel is 25 to 
30 mg/m2 given intravenously every 3 weeks. A specific pre-
medication protocol is necessary to prevent severe hypersen-
sitivity reactions. Animals are premedicated the night before 
treatment with 1 mg/kg of prednisone. Approximately 30 to 60 
minutes before injection, diphenhydramine (4 mg/kg) is given 
intramuscularly, cimetidine (4 mg/kg) is given intravenously, 
and dexamethasone SP (1.5 to 2 mg/kg) is given intravenously. 
The diluted taxol (diluted 10:1 0.9% saline to drug) is started 
at a rate of 30 mL/hr for 30 minutes. If no allergic reaction is 
seen at that time, then the rate is increased to 60 mL/hour. 
The catheter is flushed with 25 to 30 mL of 0.9% saline after-
wards. If signs of a hypersensitivity reaction do occur, the 
clinician should stop the infusion, medicate if necessary, and 
then restart at a slower rate. Therapy should be discontinued if 
severe hypersensitivity reactions occur.

Antitumor Antibiotics
Doxorubicin

Mechanism of action. Doxorubicin is an anthracycline gly-
coside derived from Streptomyces peucetius. It is directly cyto-
toxic, binding irreversibly with DNA and preventing both 
RNA and DNA synthesis. Cellular damage caused by doxoru-
bicin results in enzyme-catalyzed, iron-mediated free radical 
formation, which produces further tissue damage. Ultimately, 
these effects result in induction of apoptosis in both nor-
mal and neoplastic cells. After intravenous administration 
doxorubicin is metabolized in the liver to active and inactive 
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 metabolites. The drug is excreted primarily in the bile but per-
sists in plasma for prolonged periods.

Spectrum of activity. Doxorubicin has been proved effective 
in the treatment of a number of tumors of the dog and cat, 
including lymphoma, leukemias, and certain sarcomas and 
carcinomas.29-33 It appears that doxorubicin may be syner-
gistic with cyclophosphamide in the treatment of some sar-
comas,34 and it is combined with cytosine arabinoside as an 
extremely effective (although very myelosuppressive) protocol 
for leukemia.

Preparations. Doxorubicin is available for intravenous use 
only in vials of 10, 20, and 50 mg.

Side effects. Cardiotoxicity is generally the dose-limiting 
factor for doxorubicin administration in dogs.35 It results from 
free-radical damage to the myocardium, with oxidation and 
death of myocardial cells in the presence of iron. Doxorubicin 
is an active iron chelator, and the resulting iron–doxorubicin 
complex catalyzes free radical reactions, leading to myocar-
dial damage. Acute cardiac toxicity may occur at any time and 
after any dosage; it commonly takes the form of an arrhyth-
mia, which resolves with time in most animals. Arrhythmias 
are more common if there is previous cardiac disease, previous 
or concurrent thoracic irradiation, or concurrent cyclophos-
phamide administration. The second form of cardiac toxic-
ity induced by doxorubicin is congestive heart failure, with 
myocardial degeneration and cardiac muscle fibrosis leading 
to heart failure; this generally occurs with cumulative doses 
greater than 240 mg/m2. Once congestive heart failure induced 
by doxorubicin is present, patients may respond to aggressive 
therapy for heart failure, but some patients will die despite all 
treatment. Many attempts have been made in humans to diag-
nose incipient cardiac toxicity before clinical manifestations 
of heart failure begin, but it remains impossible to predict 
which patients will develop these changes. Echocardiographic 
measurement of ventricular fractional shortening and serial 
electrocardiography are probably the best methods to monitor 
dogs and cats that are receiving treatment with doxorubicin.

Both humans and dogs have shown a great deal of indi-
vidual variation in susceptibility to doxorubicin-induced car-
diotoxicity. Even though clinical cardiac disease may not be 
evident after treatment with doxorubicin, subclinical damage 
to the heart is common. In a study of 115 children with lym-
phoblastic leukemia treated with doxorubicin and followed for 
many years, 57% had abnormal cardiac function later in life.36 
The EDTA-derivative drug ICRF-187 (dexrazoxane), given 
at 0.8 mg/kg 30 minutes before doxorubicin administration, 
apparently decreases cardiotoxicity without reducing cancer 
cell cytotoxicity,37 but no large clinical trials of this compound 
in dogs or cats with cancer have been reported. Dexrazoxane 
acts as a cardioprotectant by chelating iron, helping to prevent 
the free radical–induced damage caused by doxorubicin; the 
product is not commercially available at this writing.

Although cats do not generally show clinical cardiac 
disease associated with doxorubicin treatment, histologic 
and echocardiographic evidence of damage to the myocar-
dium occurs in cats treated with cumulative doses of 170 to  
240 mg/m2.38 Renal damage also occurs in cats after chronic 

treatment with doxorubicin; this is manifested by azotemia, 
dilute urine, and gradually decreasing creatinine clearance 
values during the course of administration.39 Another serious 
side effect in cats is the profound anorexia that may accom-
pany administration of doxorubicin at the conventional dose 
given to dogs (30 mg/m2); cats given this dose do not act as 
though they are nauseated, but they may not eat voluntarily 
for weeks, sometimes requiring placement of a feeding tube. 
Small dogs weighing less than 10 kg may also experience 
unexpected nausea and anorexia at this treatment dose. For 
cats and small dogs, a doxorubicin dose of 1 mg/kg has proved 
to be much better tolerated.

Myelosuppression may occur several days after administra-
tion, usually beginning on day 4. Peak action on the bone mar-
row occurs from days 10 to 14. Because doxorubicin has a high 
affinity for mast cells, causing them to degranulate, anaphy-
laxis, urticaria, generalized erythema, and head shaking have 
been seen in the dog. To prevent this, the patient may be pre-
medicated with antihistamines and steroids before adminis-
tration. Alopecia may also occur in susceptible breeds of dogs.

Extreme phlebitis and necrosis occur if doxorubicin is 
extravasated. This necrosis begins 1 to 2 weeks after the drug 
is extravasated and continues for 1 to 4 months. Doxorubicin 
also produces an unusual “radiation recall” effect; if previous 
radiation damage has occurred, even years before, doxorubi-
cin administration will cause its recurrence. This is not likely 
to be a problem in dogs and cats, given that radiation therapy 
to the thorax is rarely performed in these species, but it is often 
a serious complication of doxorubicin treatment in humans. 
Radiation to the thoracic cavity (when the heart is in the radia-
tion field) may also potentiate the cardiotoxicity of doxorubi-
cin, which could be an important consideration for dogs and 
cats with thymoma or mediastinal lymphoma.

Dosing regimen. Although the conventional dose of doxo-
rubicin in medium-size to large dogs is 30 mg/m2 given every 
3 weeks, in very small dogs or cats this dose may produce 
profound myelosuppression and anorexia. For this reason the 
dose in very small animals (less than 10 kg) should be reduced 
to 1 mg/kg every 3 weeks. Doxorubicin should be adminis-
tered slowly into the tubing of a freely running intravenous 
infusion of saline or 5% dextrose solution. The tubing should 
be attached to a catheter that was placed on the first stick to 
prevent any leaking of drug through holes in the vein. At least 
5 minutes should be taken to give the drug. Alternatively, 
doxorubicin may be mixed in a small volume of saline (50 to 
100 mL) and dripped intravenously over 20 to 30 minutes. 
Because doxorubicin is physically incompatible with many 
other drugs, including heparin, aminophylline, cephalothin, 
dexamethasone, diazepam, hydrocortisone, and furosemide, 
care should be taken not to give other drugs through the same 
line during the doxorubicin infusion.

Doxorubicin Analogs
Mechanism of action. Because doxorubicin is so cardiotoxic, 

much effort has been devoted to development of analogs that 
might have less toxicity but that would maintain the level of 
tumor response. Epirubicin (4′-epidoxorubicin) is an analog 
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that has been claimed to be less cardiotoxic in humans for 
equivalent doses. The mechanism of this drug is similar to 
that of doxorubicin. Idarubicin (4-demethoxydaunorubicin) 
is another anthracycline glycoside that is unusual in that it is 
the only antitumor antibiotic that can be given orally.

Spectrum of activity. The spectrum of canine and feline 
tumors that will respond to epirubicin therapy is probably 
similar to that for doxorubicin. Epirubicin’s principal use has 
been as a single agent in dogs with canine lymphoma; response 
rate and duration of response are not significantly different 
from what would be expected with doxorubicin therapy.40 Ida-
rubicin has been used orally in cats for maintenance therapy 
of lymphoma after remission is obtained with other drugs.41

Preparations. Epirubicin is not commercially available 
at this time. Idarubicin is commercially available only in an 
injectable form, in 5-mg, 10-mg, and 20-mg vials.

Side effects. The claim that epirubicin has an advantage 
over doxorubicin in lessened toxicity has not proved to be 
particularly persuasive. Myelosuppression is similar, with the 
neutrophil nadir seen 10 days after administration. A signifi-
cant number of dogs treated with epirubicin still show evi-
dence of cardiotoxicity, as measured by ventricular fractional 
shortening on echocardiography. Idarubicin may produce 
gastrointestinal signs and myelosuppression in treated cats, 
and dose modification may be necessary. Because idarubicin 
is very cardiotoxic in humans, it presumably has the same 
effect in dogs and cats; appropriate precautions and monitor-
ing should be considered.

Dosing regimen. Epirubicin is given intravenously at a dose 
of 30 mg/m2 for dogs weighing more than 10 kg and 1 mg/kg 
for dogs less than 10 kg. Similar precautions for administra-
tion to those taken with doxorubicin should be followed. Ida-
rubicin has been given orally at 2 mg/cat daily for 3 days once 
every 3 weeks; injectable doses of idarubicin for dogs and cats 
have not been reported.

Dactinomycin (Actinomycin D)
Mechanism of action. Dactinomycin is one of the actino-

mycins, a group of antibiotics produced by various species 
of Streptomyces. The drug binds to DNA by intercalation and 
causes single-strand DNA breaks. Ultimately, dactinomycin 
causes apoptosis in susceptible tumor cells. As with doxorubi-
cin, drug resistance to dactinomycin is caused by overexpres-
sion of P-glycoprotein; it is therefore unlikely that response to 
dactinomycin will be seen in lymphomas in which the tumor 
cells have become resistant to doxorubicin.

Spectrum of activity. Dactinomycin has chemotherapeu-
tic activity against canine lymphoma; activity has been seen 
in some drug-resistant lymphomas but generally only when 
the tumor is not yet doxorubicin resistant. Partial responses 
have been seen with dactinomycin treatment of nephroblas-
toma and botryoid rhabdomyosarcoma in the dog. Certain 
carcinomas may also respond, including anal sac adenocarci-
noma, squamous cell carcinoma, thyroid carcinoma, and tran-
sitional cell carcinoma.42 The principal use of dactinomycin, 
however, is as a substitute for doxorubicin when a potentially 
cardiotoxic cumulative dose of doxorubicin has been reached 

and it is desirable to continue administration of an antitumor 
 antibiotic.

Preparations. Dactinomycin is administered intravenously 
and is supplied in vials containing 0.5 mg.

Side effects. Dactinomycin is extremely necrotizing when 
extravasated, similar to the effects produced by doxorubi-
cin; it must be given through a “first-stick” catheter. Minimal 
myelosuppressive activity is noted when the drug is given as a 
solitary agent. Nausea and vomiting may occasionally occur 
during the first few hours after administration but may be par-
tially prevented by administration of chemoreceptor trigger 
zone–blocking antiemetic agents. As with doxorubicin, dacti-
nomycin potentiates the effects of radiation therapy and has 
a radiation-recall effect. Cardiotoxicity is extremely rare with 
this drug.

Dosing regimen. Dactinomycin is given intravenously at 
a dose of 0.5 to 1 mg/m2 once every 3 weeks. Because it is 
extremely corrosive to soft tissue, catheter placement should 
be meticulous. The calculated dose should be mixed with nor-
mal saline or 5% dextrose in water and dripped intravenously 
over 20 to 30 minutes.

Bleomycin
Mechanism of action. Bleomycin is an antitumor antibiotic 

derived from a strain of Streptomyces first isolated from the 
soil of a Japanese coal mine. Its cytotoxic effect is mediated 
by DNA binding and fragmentation, with single- and dou-
ble-strand breaks. Interestingly, bleomycin seems to be more 
damaging to nonproliferating cells than to those actively pro-
liferating. It has a unique lung toxicity in most animal species 
studied.

Spectrum of activity. Bleomycin is most effective for treat-
ment of squamous cell carcinoma in cats and dogs;43 remis-
sions are usually partial and of short duration, however. 
Recently, impressive results were obtained with intralesional 
injections of bleomycin into acanthomatous epulides in three 
dogs.44 These benign oral tumors are generally treated with 
surgical removal, sometimes involving a partial mandibulec-
tomy or maxillectomy. The tumors were markedly smaller 
after three weekly bleomycin injections and had disappeared 
by 8 to 10 injections. No recurrence was noted in any of the 
cases during the follow-up periods, which ranged from 1 to 
2 years. Bleomycin is also effective in humans as a sclerosing 
agent in the treatment of malignant pleural effusion, but there 
are no reports of this use in dogs or cats.

Preparations. Bleomycin is given intravenously or by intra-
lesional or intracavitary injection; it is supplied in 15-mg or 
30-mg vials.

Side effects. Unlike the other antitumor antibiotics, myelo-
suppression is unlikely with bleomycin. Chronic administra-
tion of bleomycin to dogs every other day for more than 8 
months resulted in the development of a pneumonitis, which 
progressed to pulmonary fibrosis.45 The earliest symptom 
was dyspnea, with patchy opacities of the lung fields noted on 
radiographs. Microscopic changes included squamous meta-
plasia of the bronchiolar epithelium, fibrinous edema, and 
a diffuse interstitial fibrosis. Cutaneous ulceration and loss 
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of nails also occurred in these dogs. Because bleomycin in 
clinical patients is principally used for short-term palliation 
of tumors, none of these chronic changes is likely to occur in 
clinical patients.

Dosing regimen. Bleomycin is given subcutaneously at a 
dose of 10 to 20 U/m2 once weekly.

Mitoxantrone
Mechanism of action. Mitoxantrone is a derivative of 

anthracene and is related to doxorubicin and daunorubicin. 
It intercalates into DNA and causes cross-linking, with inhibi-
tion of both DNA and RNA synthesis. It is cell cycle specific 
but phase nonspecific.

Spectrum of activity. Partial and complete remissions have 
been reported when mitoxantrone is used as a solitary che-
motherapeutic agent in lymphoma.46 Because the drug is 
very expensive, it is not generally used for induction or main-
tenance therapy. Its principal use is in lymphomas in which 
the tumor cells are resistant to other drugs; a response rate 
of 26% can be expected.47 Rare partial remissions and even 
rarer complete remissions are associated with administration 
of mitoxantrone to dogs and cats with various carcinomas and 
sarcomas, but the use of this drug in tumors other than lym-
phoma has been generally disappointing.

Preparations. Mitoxantrone is supplied in 20-, 25-, and 
30-mg vials for intravenous use only.

Side effects. Side effects of mitoxantrone administration 
are mild to moderate gastrointestinal toxicity and myelosup-
pression. Although the myelosuppression associated with 
mitoxantrone is generally not marked, some dogs and cats will 
develop dangerously low neutrophil and platelet counts; for 
this reason it may be prudent to begin treatment at the lower 
end of the dose range, with gradual escalation of the dose 
as treatment proceeds. Extravasation of the drug may result 
in severe local reactions, including ulceration and cellulitis. 
Although mitoxantrone is a relative of doxorubicin, its cardio-
toxicity in dogs appears to be much less; no clinical evidence 
of cardiac effects was noted in a study of mitoxantrone admin-
istration in 129 dogs with different malignancies.48 However, 
because mitoxantrone does induce both acute and chronic 
congestive heart failure in humans, it probably is not a good 
choice for dogs or cats in which the maximum safe dose of 
doxorubicin has been reached or in patients with preexisting 
cardiac disease. A blue-green color may be noted in the sclera 
and urine of treated animals after therapy.

Dosing regimen. The dose of mitoxantrone in dogs and cats 
is 5 to 6.5 mg/m2 given once every 3 weeks. The drug is diluted 
to at least 0.5 mg/mL in sterile saline and is given through a 
catheter over at least 3 minutes.

Antimetabolites
Methotrexate

Mechanism of action. Methotrexate is one of the anti-
metabolites, which as a class act as structural antagonists of 
normal metabolites or as cofactors of nucleic acids, generally 
having their greatest effect on cells in the S phase of the cell 
cycle. Methotrexate exerts its cytotoxic effect by competing 

for a binding site on the enzyme dihydrofolate reductase. This 
reversible binding prevents the synthesis of folate, which is 
important in production of the purine nucleotides and thymi-
dine. An “antidote” for methotrexate cytotoxicity is leucovo-
rin (citrovorum factor), which provides folate for biochemical 
activity in the cell. Methotrexate is principally eliminated in 
urine; in humans 80% to 90% of the administered dose is 
excreted unchanged in the urine within 24 hours. Assessment 
of renal function is important before administration of metho-
trexate, and dose modification in patients with compromised 
renal function may be necessary to prevent toxicity caused by 
delayed drug clearance. Because the antimetabolites have a 
short half-life in the body, they are most effective when given 
by constant-rate infusion, thus killing cells as they enter the S 
phase; however, a protocol for safe and effective constant-rate 
infusion of methotrexate has not been published for the dog.

Spectrum of activity. Although methotrexate has been 
widely used in human oncology, often at very high doses with 
“leucovorin rescue,” it has found only limited use in veterinary 
medicine as a part of combination protocols for lymphoma.

Preparations. Methotrexate sodium may be adminis-
tered intramuscularly, subcutaneously, or intravenously; the 
product for injection is available in 20-mg, 50-mg, 100-mg, 
200-mg, 250-mg, and 1-g vials. For oral administration it is 
supplied as 2.5-mg scored tablets. Leucovorin calcium is avail-
able in vials of 100 mg for parenteral administration as well as 
5- and 15-mg tablets for oral administration.

Side effects. Gastrointestinal side effects are the most 
important toxicities produced by methotrexate, with nausea 
occurring commonly. Oral ulceration and diarrhea may also 
be seen, and methotrexate should be used with great caution 
or not at all in patients with ulcerative colitis. Myelosuppres-
sion is mild at low-dosage ranges. With long-term, low-
dose therapy, hepatic dysfunction is a significant problem in 
humans, and methotrexate hepatotoxicity has been reported 
in the dog.49 Because nonsteroidal antiinflammatory drugs 
and aspirin may decrease renal excretion of methotrexate and 
thus increase its toxicity, these drugs should not be given along 
with methotrexate. Concurrent administration of methotrex-
ate with a trimethoprin–sulfa antibiotic would be likely to lead 
to severe folate deficiency and therefore increase the severity 
of myelosuppression.

Dosing regimen. The oral dose of methotrexate is 2.5 mg/
m2 given daily for 5 days, followed by a 2-day rest period. 
This is repeated weekly until remission is achieved; 10 mg/m2 
given twice weekly followed by a 7-day rest period would be 
another acceptable protocol. Toxic hematopoietic effects may 
be reversed by 6 to 12 mg of leucovorin given subcutaneously 
four times a day for 4 doses.

Cytosine Arabinoside (Cytarabine, ara-C)
Mechanism of action. Cytosine arabinoside is highly specific 

for the S phase of the cell cycle, and its effectiveness is there-
fore dependent on maintaining constant drug levels; constant-
rate infusion or frequent, closely-spaced doses are necessary 
for successful treatment of tumors using this drug. Cytosine 
arabinoside is transported into the cell and metabolized to 
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5′-triphosphate ara-C, which inhibits DNA polymerase. The 
metabolite is then incorporated into DNA, preventing tem-
plating from DNA and inhibiting DNA repair. Cytosine arabi-
noside is one of the few chemotherapeutic drugs that crosses 
the blood–brain barrier easily, and it can therefore be used to 
treat CNS lymphoma, as well as to kill leukemic cells in the 
cerebrospinal fluid.

Spectrum of activity. In veterinary oncology cytosine ara-
binoside is generally used in combination protocols for treat-
ment of canine and feline lymphoma. It may also be used to 
treat acute leukemias of both lymphoid and nonlymphoid 
types.50

Preparations. Cytosine arabinoside is available for intrave-
nous or subcutaneous injection in vials containing 100 mg, 
500 mg, 1 g, or 2 g.

Side effects. Because of its specificity for cycling cells in 
the S phase, cytosine arabinoside will usually cause myelo-
suppression, with the degree of myelosuppression increasing 
with the frequency and duration of administration. When 
large intravenous doses are given by bolus injection intra-
venously rather than by infusion, nausea and vomiting are 
common.

Dosing regimen. For lymphoma single-agent cytosine ara-
binoside may be given at a dose of 600 mg/m2 intravenously 
once a week; lower doses of 200 to 300 mg/m2 weekly should 
be used if cytosine arabinoside is part of a combination drug 
protocol. For treatment of acute leukemias, 100 mg/m2/day 
given by constant-rate infusion or divided into 4 daily subcu-
taneous injections repeated for 5 days will produce the greatest 
response against leukemic cells. It is important to note that 
cytosine arabinoside, especially when used with doxorubicin, 
is extremely effective in clearing the bone marrow of tumor 
cells in leukemia patients. In general, patients will have a 
period of severe bone marrow aplasia for 7 to 21 days after the 
cycle is completed, often with neutrophil numbers less than 
1000/μL and platelet counts less than 50,000/μL. Infection or 
hemorrhage may ensue during this period, and treatment with 
recombinant human G-CSF should ideally be used daily along 
with chemotherapy.

5-Fluorouracil
Mechanism of action. 5-Fluorouracil is a pyrimidine analog 

that exerts its cytotoxic effect by inhibiting thymidylate syn-
thetase and thus DNA synthesis and, to a lesser extent, RNA 
synthesis. The cytotoxic effects of 5-fluorouracil are greatest 
on cells in the G1 and S phases; with longer periods of expo-
sure to the drug, cells in other phases of the cell cycle may also 
be killed. Because the drug is erratically absorbed from the 
gastrointestinal tract, it is generally given intravenously. It is 
also available as a topical cream.

Spectrum of activity. In humans 5-fluorouracil is the drug of 
choice for gastrointestinal carcinomas; it is effective in the pal-
liative management of carcinoma of the colon, rectum, stom-
ach, and pancreas. In the dog and cat, however, it has found 
limited usage because of neurotoxicity.

Preparations. For injection 5-fluorouracil is available in 
500-mg vials. For topical use it is supplied in 25-g tubes.

Side effects. 5-Fluorouracil treatment in dogs is often 
accompanied by CNS reactions (behavior changes such as 
barking incessantly, running in circles, aggressiveness)51-53; 
continuing administration of the drug in the face of such neu-
rologic signs may lead to seizures and death.54 Mild myelo-
suppression and nausea are sometimes noted. Stomatitis and 
mucositis resembling pemphigus vulgaris may be seen in 
dogs receiving several weeks of treatment. Because unpro-
voked rage, extreme dementia, and sudden death may occur 
in cats treated with 5-fluorouracil, it should not be used in this 
 species.55

Dosing regimen. 5-Fluorouracil may be given intravenously 
at 150 to 200 mg/m2 for 3 days, then 100 mg/m2 on the fifth, 
seventh, and ninth days. No drug is given on the fourth, sixth, 
and eighth days. Blood count should be monitored at the end 
of the cycle and before the next cycle begins. If gastrointesti-
nal signs, stomatitis, neurologic signs, or falling white blood 
cell count (less than 4000/μL) are noted, the drug should be 
discontinued. Generally, cycles of 5-fluorouracil are repeated 
monthly. In the dog 5-fluorouracil is useful for small skin car-
cinomas or solar keratosis as a topical cream. This is applied 
twice daily until there is an erosive inflammatory response 
with ulceration (usually 2 to 4 months), at which time use of 
the drug should be stopped. Healing may take several months 
after the topical treatment is discontinued. Owners should 
wear gloves while administering the cream. 5-Fluorouracil 
should not be used in cats.

Hydroxyurea
Mechanism of action. Hydroxyurea inhibits ribonucleotide 

reductase, leading to depletion of essential DNA precursors; 
cells accumulate in the S phase of the cell cycle.

Spectrum of activity. Hydroxyurea is used for the palliative 
treatment of chronic myelogenous leukemia,56 eosinophilic 
leukemia–hypereosinophilic syndrome in cats,57 and baso-
philic leukemia in dogs.58 It is also effective for management 
of polycythemia vera in the dog and cat.59

Preparations. Hydroxyurea is available in 500-mg capsules 
for oral administration.

Side effects. Side effects of hydroxyurea are generally mild 
and well tolerated and include nausea and myelosuppression. 
In the dog loss of toenails may occur with chronic hydroxy-
urea administration, and a seborrhea sicca–like syndrome 
may be noted.

Dosage regimen. Hydroxyurea is given orally at a dose of 
35 to 50 mg/kg once daily for 7-10 days, then every other 
day until remission. After remission is obtained (leukemic 
cell counts are reduced in leukemia patients, or packed 
cell volume is normal in patients with polycythemia vera; 
neutrophil and platelet counts are in the normal range), a 
dose of hydroxyurea is determined that will maintain remis-
sion. In some patients daily administration of hydroxyurea 
will continue to be necessary, but at a lower dose—20 mg/
kg/day, for example. In other patients administration of a 
higher dose (such as 50 to 75 mg/kg) twice weekly will be 
adequate. The dose of hydroxyurea is titrated to the patient’s 
CBC results.
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Platinum Drugs
Cisplatin

Mechanism of action. Cisplatin is a very useful drug in 
human and veterinary oncology. Its complete chemical name 
is cis-dichlorodiammineplatinum (DDP), reflecting the fact 
that it is formed by platinum surrounded by chlorine and 
ammonia atoms in the cis position of the horizontal plane. Its 
cytotoxic effects are thought to be due to alkylation of DNA.

Spectrum of activity. Cisplatin has been shown to pro-
duce objective responses in many types of carcinomas in the 
dog.60-63 Administration of cisplatin as an adjuvant agent 
with amputation in canine osteosarcoma has produced sig-
nificantly longer survival times than seen with amputation 
alone.64,65 Complete remission has also been seen in dogs with 
metastatic seminoma. Intracavitary cisplatin has resulted in 
complete and durable palliation of pleural effusion resulting 
from mesothelioma and carcinomatosis of unknown origin66; 
intraperitoneal treatment with cisplatin for patients with car-
cinomatosis caused by ovarian carcinoma would also be rea-
sonable.

Preparations. Cisplatin is available for parenteral injection 
in 50-mg and 100-mg vials.

Side effects. Treatment of cats with cis-platinum is contra-
indicated; dyspnea and death with pulmonary edema occur 
within 48 and 96 hours after cisplatin administration, even 
with only one treatment.67 Cisplatin is extremely nephrotoxic 
in the dog, especially if prehydration is not performed with 
treatment. Before each treatment, blood urea nitrogen (BUN) 
and creatinine evaluations and a urinalysis should be per-
formed; elevation of BUN and creatinine in the face of a dilute 
urine should signal the onset of renal toxicity, and additional 
treatments of cisplatin should not be given. Carboplatin, which 
is much less nephrotoxic, may be substituted for cisplatin.

Acute gastrointestinal toxicosis with nausea, anorexia, 
and vomiting is common after cisplatin administration, usu-
ally beginning 2 to 4 hours after treatment (most dogs will 
vomit for less than 6 hours); the severity of the emesis can be 
decreased with administration of butorphanol or ondanse-
tron. Hypomagnesemia, hypocalcemia, hyponatremia, hypo-
kalemia, and hypophosphatemia may occur after repeated 
doses of cisplatin, probably as a result of renal tubular damage. 
Myelosuppression is generally mild but lengthy, with a dou-
ble neutrophil nadir at 6 and 15 days after treatment. A CBC 
should be performed before administration of each cisplatin 
treatment; neutropenia may persist as long as 28 days after a 
single treatment, causing delay in the administration of the 
next course of therapy.

Dosing regimen. The dose for cisplatin in dogs is 60 to 70 
mg/m2 given once every 21 days. An antiemetic such as butor-
phanol (0.4 mg/kg) is generally given before beginning the 
treatment; another dose may be given 2 hours later if vom-
iting becomes a problem. Intravenous saline solution should 
be given to prehydrate the patient at the rate of 25 mL/kg per 
hour for 3 hours (18.3 mL/kg per hour for 4 hours in dogs 
that might become volume overloaded), followed by a 20-min-
ute intravenous infusion of cisplatin mixed in saline. This is 

followed by additional fluids given for an additional hour (2 
hours for a heart failure patient because the fluid rate is lower) 
at the same rate. Needles or intravenous sets containing alu-
minum parts that may come into contact with cisplatin should 
not be used for preparation or administration because a pre-
cipitate will form, causing loss of potency. For intracavitary 
treatment of mesothelioma or carcinomatosis, the animal is 
prehydrated with intravenous saline, as previously described. 
For intraperitoneal therapy 50 mg/m2 of cisplatin is diluted in 
0.9% NaCl to a total volume of 1 L/m2; for intrapleural deliv-
ery the dose is 250 mg/m2 . The solution is warmed to body 
temperature and instilled through an aseptically placed cath-
eter over 15 minutes, and posttherapy hydration is performed 
in the manner previously described. Treatments are repeated 
once every 4 weeks as needed to maintain remission. Cisplatin 
must not be given to cats.

Carboplatin
Mechanism of action. Because of the effectiveness of cispla-

tin in the treatment of many tumors, great interest developed 
in the search for another platinum compound that would 
maintain the same level of cytotoxicity without being as toxic 
to the patient. Carboplatin was developed at Michigan State 
University to fulfill these requirements; it is similar to cispla-
tin in pharmacology and antitumor effects. The major route 
of elimination of carboplatin, like cisplatin, is renal excretion; 
however, carboplatin causes significantly less renal toxicity, so 
fluid diuresis before and after administration is not required.

Spectrum of activity. In the treatment of human cancers, 
carboplatin and cisplatin appear to share the same spectrum 
of activity; this is presumed to be the case also in the dog. 
Because of its very different level of toxicity compared with 
cisplatin, carboplatin is a logical alternative to cisplatin for 
patients with renal disease or in patients with cardiac disease, 
in which the large amount of fluids administered with cispla-
tin treatment might be dangerous. Carboplatin is also safe to 
use in cats, unlike cisplatin, and intralesional injections of a 
carboplatin–oil emulsion into squamous cell carcinomas of 
the nasal planum in cats have resulted in objective responses 
and apparent cures in some cats.68

Preparations. Carboplatin is available for intravenous infu-
sion in 50-, 150- and 450-mg vials.

Side effects. Carboplatin is significantly less nephrotoxic 
than cisplatin and only rarely produces nausea and vomiting. 
However, dose-dependent neutropenia and thrombocytopenia 
are common, and the myelosuppression produced by the drug 
may be prolonged. In general, carboplatin treatment should not 
be repeated until neutrophil and platelet counts are in the normal 
range. Toxicity in the cat is principally associated with myelo-
suppression, as in the dog.69 Although carboplatin has limited 
renal toxicity, concomitant treatment with aminoglycosides may 
result in enhanced kidney toxicity as well as hearing loss.

When carboplatin in purified sesame oil has been used to 
treat squamous cell carcinomas in cats intralesionally, systemic 
toxicosis was not observed in any of the cats. Plasma concen-
trations of carboplatin did not significantly increase during the 
course of treatment. Water in sesame oil emulsions have been 
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shown to be effective carriers for intratumor administration 
of antineoplastic agents, preserving drug activity and enhanc-
ing concentration of drug locally by allowing slow release into 
tissues. This allows for intensification of carboplatin chemo-
therapy without dose-limiting adverse effects.

Dosing regimen. Carboplatin is given as a 15- to 20-minute 
intravenous infusion at a dose of 250 to 300 mg/m2 once every 
3 to 4 weeks for dogs; unlike cisplatin, intravenous carboplatin 
is safe for cats at a dose of 150 to 200 mg/m2 once every 3 to 
4 weeks. As with cisplatin, aluminum reacts with carboplatin, 
causing a precipitate; needles with aluminum parts should not 
be used for the preparation or administration of carboplatin.

For intralesional injection of the nasal planum in cats with 
squamous cell carcinoma, treatments should be done with the 
animal under general anesthesia because of the pain that the 
injection procedure is likely to produce. Carboplatin is pre-
pared in a water–oil emulsion that includes 10 mg of carbo-
platin in 1 mL of water mixed with 2 mL of sterile, purified, 
medical-grade sesame oil; a viscous, yellowish liquid is created 
by this mixture. The emulsion is injected into the tumor and 
surrounding borders so that approximately 1.5 mg of carbo-
platin is injected per cubic centimeter of tumor tissue. Four 
weekly doses are given.

Miscellaneous Drugs
Receptor Tyrosine Kinase Inhibitors

Mechanism of action. A new class of drugs, receptor tyrosine 
kinase inhibitors (RTKIs), has now entered the veterinary mar-
ket. Receptor tyrosine kinases are a family of receptors expressed 
on the surface of all cells. These receptors play a large role in 
normal cell signal transduction and, when functioning nor-
mally, are tight regulators of cellular growth and differentiation. 
The ligands for these receptors are typically growth factors that 
are secreted by the cells themselves, released from the extracel-
luar matrix, or are secreted by other cells in the vicinity.70 Once 
activated, these receptors work by phophorylating proteins on 
tyrosine residues using adenosine triphosphate (ATP) in the 
process. They can activate tyrosine residues on themselves or 
other proteins as part of the initiation of a cell signaling process 
that will eventually lead to alterations in gene transcription. 
Small molecule inhibitors such as the RTKIs inhibit the phos-
phorylation of tyrosine residues, thereby stopping the signal 
transduction process. In many neoplastic cells these receptors 
are overexpressed, mutated to be constitutively turned on, or 
both. In most cases these small molecule inhibitors competi-
tively bind the ATP binding site on the receptor, preventing the 
binding of ATP that is necessary to drive the phosphorylation 
of tyrosine residues.70 Two RTKIs are currently available or will 
soon be available to the veterinary market: toceranib (Palladia) 
and masitinib (Kinavet) has been recently approved by the FDA 
and will be available soon in the United States.

Spectrum of activity. Toceranib has been shown to have 
activity against members of the split kinase family of RTKs 
and inhibits vascular endothelial growth factor receptor, 
 platelet-derived growth factor receptor, and c-kit (CD117).71 
This drug is thought to have antiangiogenic and antitumor 
effects. It is labeled for use against mast cell tumors in dogs; 

however, anecdotal reports suggest that it may be useful against 
other tumors as well (anal sac adenocarcinomas, osteosarco-
mas, and soft tissue sarcomas). Masitinib has been shown to 
have activity against c-kit and platelet-derived growth factor 
receptor. This drug has been approved in Europe for canine 
mast cell tumors and is currently undergoing approval by the 
Food and Drug Administration for use in the United States.

Preparations. Toceranib is available in 10-mg, 15-mg, and 
50-mg oral tablets. Masitnib is available in 50-mg tablets, 
although smaller formulations may be available soon. Cur-
rently, toceranib is available only to board-certified veterinary 
pathologists; however, Pfizer plans to release the drug to gen-
eral practitioners sometime in 2011.

Side effects. Although RTKIs have relatively targeted 
mechanisms of action, they also produce quite a few toxicities. 
It is important to remember that these drugs are still consid-
ered chemotherapy and should be treated with as much care 
and respect as other oral chemotherapy drugs.

Procarbazine
Mechanism of action. The mechanism of action of procarba-

zine is not clearly understood, although it is thought to work 
through DNA alkylation and methylation, thereby decreasing 
DNA and RNA synthesis. The drug is metabolized by the liver 
and excreted almost entirely in the urine.

Spectrum of action. Procarbazine is typically used as a part 
of the MOPP rescue protocol for lymphoma (see the section 
on mechlorethamine).

Preparations. Procarbazine is available in nonscored, 
unbreakable 50-mg tablets. It may be necessary to compound 
for smaller sizes in small dogs and cats.

Side effects. Myelosuppression is the primary side effect 
associated with procarbazine. Gastrointestinal side effects may 
also be seen. As with all chemotherapy drugs, alopecia is an 
additional possible side effect.

Dosing regimen. This drug is used at 50 mg/m2 daily for 
14 days.

L-Asparaginase, Pegaspargase
Mechanism of action. L-asparaginase, an enzyme derived 

from E. coli, exploits a qualitative biochemical defect found in 
some tumor cells. In acute lymphoid leukemia and lymphoma, 
most malignant cells depend on an extracellular source of aspar-
agine for survival. Normal cells, however, are able to synthesize 
asparagine and thus are affected less by the rapid extracellular 
depletion of asparagine produced by L-asparaginase. Although 
most susceptible tumors respond with dramatic reduction in 
size with the first administration of L-asparaginase, drug resis-
tance of these cells develops quickly; a population of tumor cells 
is selected for in which the enzyme asparagine synthetase is 
present, asparagine can be made intracellularly, and the tumor 
cells are therefore unaffected by the enzyme’s administration. 
Pegaspargase is modified from L-asparaginase by covalently 
conjugating monomethoxypolyethylene glycol to the enzyme, 
forming the active ingredient PEG-L-asparaginase; pegaspar-
gase produces fewer hypersensitivity reactions with adminis-
tration than does conventional L-asparaginase.
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Spectrum of activity. L-asparaginase is principally useful in 
the treatment of lymphoma and lymphoid leukemia. Because 
hypersensitivity and drug resistance develop relatively rapidly, 
L-asparaginase is a useful agent for induction of remission 
or in relapsed lymphoid malignancies, but it should not be 
employed as part of a maintenance protocol.

Preparations. L-asparaginase is available in vials containing 
10,000 IU for parenteral administration. Pegaspargase is sup-
plied in vials containing 3750 IU.

Side effects. Because asparaginase is a foreign protein, severe 
allergic reactions may be seen on repeated administration. In 
humans this is a significant problem, and it is recommended 
that an intradermal skin test be performed if the drug is to be 
given repeatedly; in the dog, however, anaphylactoid reactions 
are rare.72 Extreme facial edema and swelling or pain at the 
site of injection have been noted in some dogs within 24 hours 
after L-asparaginase administration, however, presumably as a 
manifestation of an allergic reaction to the drug. Pegaspargase 
was developed in an attempt to decrease the allergic reactions 
associated with administration of the drug; it is conjugated 
with polyethylene glycol and is indicated when L-asparaginase 
therapy is necessary despite a hypersensitivity reaction to pre-
vious treatment. Studies with the polyethylene glycol–modi-
fied enzyme in dogs have indicated that it is also active against 
lymphoma.73 The necessity for its use in veterinary medicine is 
limited because of the comparative rarity of allergic drug reac-
tions with the use of conventional L-asparaginase.

Side effects associated with the administration of 
L- asparaginase in the dog are quite rare. Hyperamylasemia 
occurs in some patients and may progress to acute necrotiz-
ing pancreatitis.74 L-asparaginase administration in humans 
causes a temporary but fairly dramatic inhibition in protein 
synthesis by the liver, resulting in reduced levels of clotting 
factors. Levels of antithrombin III and fibrinogen in dogs with 
lymphoma after L-asparaginase administration have not been 
found to be abnormal, however, and other clotting parameters 
were not significantly affected either.75,76 Clinically important 
bleeding or thrombosis may occur in the dog but is extremely 
rare.77 L-asparaginase deaminates extracellular asparagine 
to L-aspartic acid and ammonia. In patients with preexist-
ing hepatic disease or significant liver function abnormalities 
related to tumor infiltration, treatment with L-asparaginase 
may result in a syndrome resembling ammonia encephalopa-
thy, with confusion and stupor. If serum ammonia levels are 
found to be high in these patients, treatment with lactulose 
should be instituted until signs abate.

Dosing regimen. Dosage is 10,000 to 20,000 IU/m2 or 400 
IU/kg (maximum dose is 10,000 IU) weekly or as part of a 
combination protocol. The drug may be given subcutaneously, 
intramuscularly, or by intravenous administration. If L-aspar-
aginase is given intravenously, the drug should be given over a 
period of not less than 30 minutes through the side arm of an 
already running infusion of sodium chloride or 5% dextrose.

Piroxicam
Mechanism of action. Piroxicam is a nonsteroidal antiin-

flammatory agent that has antiinflammatory, analgesic, and 

 antipyretic properties in animals; edema, erythema, and tis-
sue proliferation can be inhibited by the administration of the 
drug. Piroxicam inhibits the generation of thromboxane B2 
in the blood of dogs by more than 70%, and more than 50% 
inhibition was maintained in most of the dogs for 48 hours.78 
The drug has also been reported to have antitumor activity in 
animal models and in metastatic tumors in humans. The exact 
mechanism for the role of piroxicam in cancer treatment is not 
established at this time, but it is unlikely that the effects can be 
attributed to a direct cytotoxic effect.79

Spectrum of activity. Piroxicam has produced objective 
responses in several types of carcinomas, including transi-
tional cell carcinoma,80 squamous cell carcinoma, mammary 
adenocarcinoma, and pulmonary metastatic carcinoma.81 Its 
principal use is in palliation of transitional cell carcinoma 
of the urinary tract; relief of stranguria and hematuria often 
associated with transitional cell carcinoma may be seen for 4 
to 11 months after the beginning of treatment.

Preparations. Piroxicam is supplied as 10-mg and 20-mg 
capsules for oral administration.

Side effects. Serious gastrointestinal toxicity with muco-
sal ulceration and bleeding, sometimes with perforation, may 
occur with piroxicam administration, especially if the drug is 
given daily. If daily administration of piroxicam is necessary, 
concurrent misoprostol at a dose of 5 μg/kg orally thrice daily 
should be considered to prevent gastrointestinal ulceration. 
Nephrotoxicity with renal papillary necrosis has also been 
reported with higher doses.

Dosing regimen. Dose is 0.3 mg/kg given orally once daily 
for 5 days, then every other day indefinitely, as long as efficacy 
is noted.

Corticosteroids
Mechanism of action. Several glucocorticoid hormones are 

used in the treatment of patients with cancer. In increasing 
order of potency, these are hydrocortisone, prednisone, and 
dexamethasone. The antiinflammatory effects of these hor-
mones may help control pain in patients with terminal disease. 
Reduction of edema in the CNS with primary brain tumors or 
brain metastases occurs, especially with dexamethasone; bar-
rier permeability within the tumor is decreased, thus reducing 
the rate of edema formation.

Corticosteroids are effective in lymphoid tumors by pro-
ducing a direct lymphocytotoxic effect, apparently binding 
to intracellular receptors and inducing apoptosis. However, a 
population of steroid-resistant tumor cells (possibly lacking ste-
roid receptors) develops rapidly if the steroid is used as a single 
agent, usually within 3 to 4 months after treatment of lymphoma 
begins. Because glucocorticoids are transported out of the cell by 
the multidrug resistance gene product P-glycoprotein, remission 
may be shorter and more difficult to achieve with certain other 
chemotherapeutic agents after steroid resistance develops.82

Spectrum of activity. Corticosteroids are most useful for 
their direct cytotoxicity in the management of lymphomas, 
lymphoid leukemias, thymomas, and plasma cell tumors. 
They are also important in the symptomatic management 
of mast cell tumors, shrinking these tumors by decreasing 



1232 Drugs Targeting Inflammation or Immunomodulation  SECTION 5

edema and inflammation and by reducing the eosinophilic 
and neutrophilic infiltrate commonly seen in these tumors. 
Whether neoplastic mast cells are actually killed by cortico-
steroid administration has not been determined. Corticoste-
roid administration may produce a dramatic improvement 
in clinical signs when used in patients with intracranial and 
spinal cord neoplasms, relieving signs of compression tempo-
rarily. These hormones are also useful in relieving the general 
debility, fever (noninfectious), and anorexia of cancer. Because 
corticosteroids produce a kind of euphoria, their administra-
tion to animals with terminal metastatic disease may improve 
quality of life transiently, even though tumor growth is not 
inhibited by the drug.

Preparations. Prednisone and dexamethasone are available 
for oral and parenteral use in a variety of tablet and solution 
strengths. The drugs are also available in preparations for oph-
thalmic administration.

Side effects. Side effects associated with the high doses of 
corticosteroids used in cancer treatment are numerous. For 
most dog owners, polydipsia and polyuria are the side effects 
of lymphoma or mast cell tumor treatment that are most dif-
ficult to accept; methylprednisolone, although much more 
expensive, may produce less polydipsia and polyuria. Owners 
should also be warned of the ravenous appetite often associ-
ated with steroid administration in dogs and cats. Temporal 
muscle atrophy, gastrointestinal ulceration and perforation, 
impaired wound healing, endocrine alopecia, increased inci-
dence of bacterial infections, acute necrotizing pancreatitis, 
and personality changes are all occasional side effects seen with 
steroid administration, especially in dogs. Owners should be 
warned not to discontinue steroid treatment suddenly if their 
pet has been receiving corticosteroids for longer than 2 weeks 
because the hypothalamic–pituitary–adrenal axis is probably 
suppressed at the high doses being given.

Dosing regimen. Steroids may be administered orally, sub-
cutaneously, intramuscularly, or intravenously, depending on 
the patient’s condition. A conventional dose of prednisone for 
treatment of lymphoma would be 30 to 40 mg/m2 orally once 
daily through induction, then on alternate days during main-
tenance. Edema induced by intracranial or spinal neoplasia 
may be treated with prednisone at the aforementioned dose or 
with dexamethasone at 0.1 mg/kg twice daily.

Monoclonal Antibodies
In humans, monoclonal antibody (Mab) therapy has been used 
successfully to treat non-Hodgkin’s lymphoma (NHL) and 
colon cancer. Monoclonal antibodies such as rituximab (an 
anti-CD20 antibody) and bevicizumab (an anti-VEGF anti-
body) have been used successfully and are approved for use in 
human oncology. However, in the dog, these humanized anti-
bodies do not have broad enough specificity to cross species. 
Two studies in the dog have evaluated the ability of rituximab 
to bind to canine CD20, a B-cell marker. However, in both 
studies, this antibody failed to bind CD20 and no tumor cell 
killing was identified.83,84 Canine CD20 is not similar enough 
to human CD20 for cross reaction. Likewise, a study evaluating 
the efficacy of bevacizumab in canine mast cell tumors failed to 

show down regulation of VEGF and failed to decrease prolifer-
ation in this cell line.85 Therefore, specific canine monoclonal 
antibodies for these receptors will have to be developed before 
these therapies will be made available for veterinary oncology.

Immunotherapy
Currently, only one FDA-approved anti-cancer immunother-
apy is available for dogs, and no therapies are approved for 
cats. The Merial ONCEPT melanoma vaccine is the first DNA-
based vaccine for canine cancer.

Mechanism of action. The canine melanoma vaccine uses 
a plasmid with DNA for a non-canine tyrosinase protein 
inserted. Tyrosinase is a protein found ubiquitously in mela-
nocytes and functions in the packaging of melanin granules 
within the cells. The foreign tyrosinase produced by the vac-
cine is different enough from canine tyrosinase that it can 
break tolerance and be recognized by the dog’s immune system 
as a foreign protein inducing an active immune response.86,87 
Cross-reactivity between the foreign tyrosinase response and 
canine tyrosinase can occur leading to destruction of neoplas-
tic melanocytes.

Spectrum of activity. This drug is only approved for canine 
melanoma in the microscopic disease setting. Therefore, ide-
ally, it should be combined with more local therapies such as 
radiation or surgery to delay or prevent the development of 
metastasis. This vaccine is often used in an extra-label fashion 
in the gross disease setting; however, long-term survival analy-
ses, and response rates are not available. There are anecdotal 
reports of the vaccines use in other species such as horses and 
cats with no noted adverse events, however, efficacy data in 
these species is lacking.

Preparations. The melanoma vaccine is available in single 
dose vials and is administered at a total volume of 0.4 mL per 
dog intradermally using the specific applicator, the Canine 
Transdermal Device. The vaccine is administered initially 
once every other week for a total of 4 doses at induction and 
then a booster is administered once every 6 months for the 
remainder of the dog’s life.

Side effects. The side effects of this immunotherapy are 
very minimal. A local pain reaction with vaccine administra-
tion may be seen in some dogs. The area may also appear red 
for 24 to 48 hours after vaccination. Additionally a transient 
low-grade fever may be seen in some dogs.

Other Immunotherapy
Many experimental treatments using immunotherapeutic 
principles are being explored including autologous T cell infu-
sions, bone marrow transplantation, and dendritic cell vac-
cines. These therapies are only in the earliest stages of canine 
clinical trials and will likely not be commercially available for 
several years to come.

SUMMARY

Chemotherapeutic drugs can become common place in any 
general practice as long as the proper safety and handling 
precautions are instituted. These drugs can be dangerous to 
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the veterinary hospital staff as well and the patient if handled 
or administered incorrectly. No one should ever administer 
a chemotherapy drug that they are uncomfortable handling 
for any reason. These drugs have varied clinical uses and side 
effects and a good understanding of each and every drug is 
necessary before administration. That being said, clinicians at 
veterinary hospitals who do not administer chemotherapy still 
need a basic knowledge of the side effects and their manage-
ment for patients whom they have referred for chemotherapy 
elsewhere. Many clients will come to their general practitio-
ner first for these conditions. Additionally, clients often seek 
advice from a trusted general practitioner regarding their 
options about cancer treatment in animals. The decision to 
treat their pet is often an emotional one, and a good under-
standing of the drugs and therapies that can be offered to them 
will put an owner at ease.

Cancer chemotherapy is a field that is constantly changing. 
New information is available almost daily and new drugs are 
approved every year. Indeed, cancer therapy is one of the most 
dynamic research fields. It is recommended that a practitio-
ner who commonly uses chemotherapy frequently review the 
literature for new administration techniques, new drugs, and 
new uses for conventional chemotherapy drugs.
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Appendix

THE FOOD AND DRUG ADMINISTRATION

The Food and Drug Administration (FDA) is one of several 
agencies that regulate the use of drugs, biologics, and medi-
cal devices in humans and nonhuman animals (Table 1). The 
FDA focuses its activities on ensuring the efficacy and safety of 
drugs to animals (including humans), drug handlers, and the 
environment. As such, the FDA develops and enforces regula-
tions and written policies for statutory responsibilities in pro-
tecting public health through public hearings, public notices, 
and consultants. The history of the FDA begins in the mid-
1800s, although the United States Pharmacopeia (USP) was 
established earlier by 11 physicians in 1820. The USP was the 
first organization to address drugs through the formulation of 
the first compendium of drug standards in the United States, 
which is one of many activities it continues to do today. The 
activities of the FDA began when the Bureau of Chemistry was 
formed as part of the newly created US Department of Agricul-
ture (USDA) during Abraham Lincoln’s presidency. Its primary 
function was analysis of agricultural products. The regulatory 
activities of the FDA were formalized to include prohibition 
of interstate commerce of misbranded or adulterated drugs 
with the passage of the Pure Food and Drug Act of 1906. In 
1927, the agency was named the Food, Drug and Insecticide 
Administration, and its current name was acquired in 1930. In 
1937, 107 persons, including many children, died after inges-
tion of the antibiotic sulfanilamide prepared in a diethylene 
glycol vehicle. In response to this incident, Congress empow-
ered the FDA to assure safety of drug products with passage of 
the Federal Food, Drug, and Cosmetic Act in 1938. In 1962, in 

response to birth defects associated with the sleeping pill tha-
lidomide, Congress passed the Kefauver- Harris Drug Amend-
ment, which not only empowered the FDA to have greater 
input regarding drug safety but also provided regulation for 
assurance of drug efficacy. It was not until 1968, with passage of 
the Animal Drug Amendment, that animal drugs were defined 
and placed under the regulatory actions of the FDA. The cur-
rent offices of the FDA are delineated in Figure 1. Other acts 
involving the FDA’s oversight of veterinary or human issues 
can be found at the FDA website (see Table 1).

Laws regarding food and drugs are not passed by the FDA; 
rather, they are passed by Congress and enforced by the FDA 
through its regulations. Current activities of Congress, includ-
ing those related to drugs, are noted in the Federal Register. 
FDA regulations (Table 2) also are printed in Title 21, Code 
of Federal Regulations (21CFR), which is updated on April 1 
of each year. These books can be purchased from the US Gov-
ernment Printing Office. To facilitate implementation of its 
regulations by field officers, the FDA also publishes compli-
ancy policy guidelines. Although not legally binding, they do 
provide insight into the Agency’s current thinking.

The Center for Veterinary Medicine (CVM) identifies 
itself as a consumer protection agency that fosters public and 
animal health by approving safe and effective products for 
animals and by enforcing other applicable provisions of the 
Federal Food, Drug, and Cosmetic Act and other authori-
ties. The organization of the FDA reveals that only a fraction 
of its efforts are directed toward the CVM. The organization 
of the CVM is shown in Figure 1. The CVM website at the 
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time of printing was http://www.fda.gov/AnimalVeterinary/ 
default.htm. A publication,  FDA and the Veterinarian, is avail-
able at the FDA website.

Several publications define the FDA’s laws and regula-
tions: Requirements of Laws and Regulations Enforced by the 
U. S. Food and Drug Administration, which can be obtained 
from the US Department of Human Health Services, and Code 
of Federal Regulations (CFR). A more user-friendly account of 
the laws regulating veterinarians can be found in FDA and the 
Veterinarian. The most recent issue was published in 1989, but 
a newer version is being prepared. Finally, James E. Wilson, 
DVM, JD, has written a book, Law and Ethics of the Veterinary 
Profession, that provides a more focused perspective on the use 
of drugs in animals.

Keeping abreast of changes in the FDA’s response to veteri-
nary use of drugs can be difficult. Generally, the Journal of the 
American Veterinary Medical Association and the American 
Veterinary Medical Association (AVMA) have done an 
excellent job in putting together and publishing symposia 
that delineate and discuss the implications of FDA actions. 
In addition, the American College of Veterinary Clinical 
Pharmacology and the American Academy of Veterinary 
Pharmacology and Therapeutics provide guidance through 
publications and consultation. Finally, the FDA appears to be 
willing to answer any questions or concerns one might have 
regarding the use of drugs in animals. In the CVM, the Office 
of New Animal Drug Evaluation consists of the Division of 
Therapeutic Drugs for Non-Food, which in turn contains a 

section for Companion and Wildlife Drugs. Note that there 
are other federal agencies that regulate the use of drugs in ani-
mals, including the Environmental Protection Agency (EPA), 
the Animal and Plant Health Inspection Service, and others 
(see Table 1).

Drugs Defined
A drug is well defined by the FDA (see Table 1). It must be 
recognized as such (e.g., by the USP); intended for diagno-
sis, cure, mitigation, or prevention of disease in humans or 
other animals (note that the FDA defines humans as ani-
mals); intended to affect body structure or function; or a 
component of any of these. In 1968, the FDA first made a 
distinction between human and veterinary-labeled drugs. 
As with most regulations since that time, the distinction 
reflected a concern for human food safety. At that time, an 
animal drug was adulterated if used in an extralabel fash-
ion. Thus a veterinarian could not modify a dosing regimen, 
therapeutic intent, and so on of a drug without being liable 
in both criminal and civil courts. Currently, a new animal 
drug (NAD) is “any drug intended for use in animals other 
than man … not recognized … as safe and effective under 
conditions on the label.” A drug’s label includes the label 
on the product, as well as any accompanying material (see 
Box 1). A prescription drug is defined by whether or not 
adequate directions can be prepared for use of the drug by 
a layperson. Any drug for which this is possible must be 
sold as an over-the-counter (OTC) preparation; any other 
product is a prescription (Rx) product that must bear the 
phrase: “Caution: Federal law restricts this drug to use by 
or on the order of a licensed veterinarian.” Trying to iden-
tify the approval status of a drug can be difficult. Obviously, 
if the label has this cautionary statement, a new animal 
drug application (NADA) exists for the drug and it can be 
used legally according to the label specifications. Determin-
ing whether an NADA exists for a drug can, however, be 
difficult. If the drug is listed in the veterinary versions of 
the Physician’s Desk Reference (i.e., the Veterinary Drugs 
and Biological Products, published by Medical Economics, 
or the Compendium of Veterinary Products, published by 
Bayer Animal Health [both basically are copies of package 
inserts]), then the drug has an NADA. Note that drugs listed 
in veterinary textbooks, including formularies, pharmacol-
ogy texts, internal medicine texts, and so on, do not neces-
sarily have an NADA. Other sources include members of the 
 American College of Veterinary Clinical Pharmacology, the 
FDA Green Book (http://www.fda.gov/AnimalVeterinary/
Products/ApprovedAnimalDrugProducts/ucm042847.htm, 
last accessed May 25, 2010), or the Handbook of New Animal 
Drugs, published by Shotwell and Carr.

The Drug Approval Process
From discovery of a new compound (including isolation and 
synthesis) through its development (including establishing 
safety and efficacy) to its marketing involves researchers and 
clinicians and a consortium of regulatory, industrial, and often 
academic investigators.

Table 1  Federal Regulatory Agencies Dealing 
with Animal Drugs, Biologics, and 
Medical Devices

Agency Function
Department of Interior: 

Environmental Protection 
Agency (EPA)

Regulates human drugs, biological 
devices, radiation products and 
issues, and food safety

Food and Drug Administra-
tion (FDA)

Regulates human drugs, biological 
devices, radiation products and 
issues, food safety, cosmetics, 
and veterinary drugs (through 
the Center for Veterinary 
 Medicine [CVM])

US Department of Agricul-
ture: Animal and Plant 
Health Inspection Service

Regulates animal biologics, helps 
the FDA monitor proper use 
of drugs in animals, prohibits 
repackaging and relabeling 
of veterinary biologics for 
 over-the-counter (OTC) sale  
or  distribution

Department of Justice: Drug 
Enforcement Agency 
(DEA)

Regulates and enforces the 
 Controlled Substances Act of 
1970

Department of Interior Controls licensing of topical animal 
pesticide use and distribution 
under the Federal Insecticide, 
Fungicide, and Rodenticide Act
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Figure 1 Extralabel drug use algorithm offered by the Food and Drug Administration (FDA) to veterinarians. *Record requirements include animal identification (individu-
als or as group; species; number treated; condition; drug name and active ingredient; dosing regimen; duration; and specified withdrawal, withholding, or discard time(s) 
(both label and that specified by veterinarian) when applicable (meat, milk, eggs, or animal-derived food). **Label requirements include name and address of prescribing 
veterinarian, name of drug, specified direction for use (class/species; identification of the animal or group; dosing regimen including route; and duration of therapy), and 
cautionary statements. ***The compounding of preparations from bulk drugs is generally considered by the FDA to be illegal.
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Human Drugs
The approval process for human drugs in the United States has 
been described as the most vigorous in the world, costing on 
average $359 million to move a drug from the laboratory to 
the patient. After identification and isolation of a compound, 
its safety is established in laboratory animals. Preclinical test-
ing studies include acute and chronic toxicity studies focusing 
on the reproductive status, mutagenicity, and carcinogenicity 
of the drug. A safe dosing range is established, requiring both 

pharmacokinetic and pharmacodynamic (dose-response) 
studies. At this point, if the compound is considered a poten-
tial candidate for approval, an investigational new drug (IND) 
is filed by the sponsor, with protocols for clinical testing. This 
phase requires approximately 5 to 8 years, and generally only 1 
drug in 5000 evaluated succeeds in this phase. At this point, if 
the compound is considered a potential candidate for approval, 
an IND is filed by the sponsor, along with protocols for clinical 
testing. Approximately 2000 INDs are filed with the FDA each 

Table 2 Drug Laws or Guidelines Affecting the Use of Human and Veterinary Drugs
Law or Guideline Year Action
Federal Pure Food and Drug Act 1906 Established standards for safety and purity.
Federal Food, Drug, and Cosmetic Act 1938 Prohibited marketing of new drugs until adequately tested under label conditions 

for safety.
Durham-Humphrey Amendment to the 

Food, Drug, and Cosmetic Act
1952 Defined over-the-counter (OTC) products by distinguishing them from 

 prescription-only products.
Kefauver-Harris Amendment to the Food, 

Drug, and Cosmetic Act
1962 Required scientific proof of efficacy and safety before marketing of a drug and that 

the Food and Drug administration (FDA) be notified before testing of drugs in 
humans. Investigational new drug (IND) applications established. Safety and 
efficacy data needed retroactive to all drugs introduced between 1938 and 1962. 
Drugs introduced before 1938 are considered “grandfather” drugs as long as 
labeled use does not change (e.g., phenobarbital, levothyroxine, digoxin).

Animal Drug Amendments to the Food, 
Drug, and Cosmetic Act

1968 Animal drug regulations placed under one section of the Food, Drug, and 
Cosmetic Act; the use of animal drugs is restricted to the species and usage as 
specified on the label.

Poison Prevention Packaging Act 1970 Required that hazardous substances be dispensed in child-resistant containers.
Comprehensive Drug Abuse Prevention and 

Control Act (Controlled Substances Act)
1970 Controlled the manufacture and prescription of habit-forming drugs.

Orphan Drug Act 1983 Addressed the development of drugs indicated for rare diseases.
Compliance Policy Guidelines 1984 Addressed extralabel use of new animal drugs in food-producing animals and dis-

tribution and use of human-labeled drugs for animals. Note, however, that the 
policies and guidelines were in contradiction to the Food, Drug, and Cosmetic 
Act. Created the legal veterinary prescription.

Drug Price Competition and Patent 
 Restoration Act

1984 Addressed new drug applications for generic drug products.

Generic Animal Drug and Patent Term 
 Restoration Act (GAPTRA)

1988 Extended to veterinary products the right of companies to produce and sell  
generic versions of animal drugs approved after October 1962 without 
 duplicating research done to prove them safe and effective.

Compliance Policy Guides 1991 Same as the 1984 Guidelines.
Animal Medicinal Drug Use Clarification Act 

(AMDUCA)
1994 Legalized extralabel drug use of certain approved animal drugs and approved 

human drugs for animals as long as specified criteria are met. Final act effective 
in 1996.

Dietary Supplement Health and Education 
Act

1994 Established specific labeling requirements, provided a regulatory framework, and 
authorized FDA to promulgate good manufacturing practice regulations for 
dietary supplements. This act defined “dietary supplements” and “dietary ingre-
dients” and classified them as food. The act also established a commission to 
recommend how to regulate claims. The Center for Veterinary Medicine (CVM) 
subsequently determined that this act does not apply to products intended for 
use in animals.

Animal Drug Availability Act (ADAA) 1996 Provided additional legislation to address the lack of legally available animal drugs. 
Facilitated approval of new animal drugs through flexibility in the approval 
process.

Food and Drug Administration 
 Modernization Act (FDAMA)

1997 Enhanced FDA’s mission in ways that recognized the Agency would be operating 
in a twenty-first century characterized by increasing technologic, trade, and 
public health complexities. Many issues were addressed in the ADAA.
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Defined
The drug package insert (DPI) is a legal document that accompa-
nies a finished dosing form of an approved drug product. As such, 
it applies only to the approved product that it accompanies. The 
DPI for a product includes the label on the product itself as well 
as any and all accompanying materials (i.e., inside the package. 
All information included must be approved by the Food and Drug 
Administration). The label does not include technical monographs 
or advertisements that might be distributed by a manufacturer. 
Although the manufacturer may sponsor post-market surveillance 
studies that can be cited in and provide the basis for information 
in monographs used for promotion of the product, care must still 
be taken not to promote a use not stated on the label. Changes to 
labels that might accommodate new findings regarding the disease 
targeted by the drug or its use require approval by regulatory agen-
cies, a cost the manufacturer may not want to pursue. Any use of the 
product beyond that specifically delineated in the label constitutes 
extra label drug use (EDLU). Data provided in current drug package 
inserts (DPIs) might be categorized as Product Description, Product 
Efficacy, or Product Safety with some overlap among the categories.

Product Description: Drug or Drug Product Name
 1.  Finished dosing form: The approved product includes the com-

bined presentation of the (a) active pharmaceutical ingredient 
(API; often referred to as the drug substance, which may or may 
not include the salt [co-ion] or ester modification); (b) the route 
(which may not be included if implied by the dosing form); the 
dosage form (tablet, solution, topical); and release character-
istics (e.g., extended-release tablets), if appropriate. Each drug 
label provides three names to the product: a generic name for the 
drug product, which includes the generic name for the API, and 
the trade name for the specific drug product (see Box 2). In addi-
tion to the API, the product description includes any excipients, 
including fillers, stabilizers, or preservatives. These should be 
assessed as well for components that may contribute to allergies 
(i.e., meat flavoring) or adversities (benzyl alcohol as preserva-
tives for cats, xylitol as flavoring agent or carrier in dogs).

 2.  Dosage and administration: USA dosing units for veterinary 
products have not been standardized to kilogram (kg) and thus 
are often offered in terms of pounds (lbs) and kg. Attention 
should be given to the basis of dosing for API modified as salts 
or esters: is the dose based on the total weight or the active ingre-
dient? Newer drugs generally are named and dosed based on the 
active ingredient. However, older drugs may be described and 
dose on either the active ingredient or the salt/ester.

 3.  Preparation for use and storage conditions: Any variation 
beyond that stated on the label may increase the risk of loss of 
activity. The impact of freezing, refrigeration, or other storage con-
ditions should not be assumed; queries should be directed toward 
the manufacturer. Products provided in protective packaging gen-
erally should be assumed to need the packaging to remain stable.

 4.  Expiration date: Generally, the expiration date should be 
respected, although the manufacturer may have additional infor-
mation and may be willing to share this if specifically queried.

 5.  Indications: The approved indication often is not the applied 
indication. However, any deviation from the approved indica-
tion reflects ELDU. Efficacy and to a lesser degree, safety infor-
mation can be used to support an ELDU indication.

Product Efficacy
 1.  Mechanism of action (MOA): The FDA requires scientific sup-

port for the MOA that is claimed on the DPI. As such, a MOA 
may not be provided.

 2.  Clinical pharmacology: As important as it may be to under-
standing the proper use of a drug in healthy and unhealthy 
animals, important pharmacokinetic information may not be 
provided on the package insert: studies may not have been per-
formed and may not have been required by the FDA. Example 
of information that may or may not be included follows: bio-
availability, non-linear clearance or kinetics (a) Absorption: 
Both rate and extent, Cmax, (the maximum plasma drug concen-
tration) that occurs at Tmax,; area under the curve (AUC); oral 
bioavailability (F = fraction); the impact of food (or other fac-
tors) on absorption; first pass metabolism; the potential impact 
of P-glycoprotein. (b) Distribution: volume of distribution 
(Vd); fraction of drug not bound to plasma proteins (fub); tissue 
drug concentrations (note that tissue homogenate data can be 
misleading because it includes both intracellular and interstitial 
tissue). (c) Elimination: Clearance (Cl, the organ of clearance 
should be identified, including the role of hepatic metabolism; 
and non-linear clearance identified); elimination half-life (t1/2), 
or elimination rate constant, kel). The mean elimination half-
life may be arithmetic, harmonic (mean is determined from the 
inverse of half-life, which is averaged and then inversed again) or 
geometric (for numbers that increase non-linearly).

 3.  Microbiology: Pharmacodynamic data (MIC) should be based 
on an adequate sample of the target population (i.e., >100 iso-
lates). The FDA may not allow microbiologic data for organisms 
not included in the approved use. Data generally includes the 
range, the MIC 50 (median) or MIC 90 (90th percentile).

 4.  Effectiveness: field trials: Efficacy field trials focus on the 
approved indication, reflect use as intended in target animals, 
and must be controlled. Controls may be, negative placebos, for 
which superiority must be demonstrated and accompanied by 
ethical constraints or positive controls for which non-inferiority 
is generally the target.

Product Safety
 1.  Adverse reactions: Adverse drug reactions in the medical lit-

erature generally refer to reactions that can cause harm to a 
patient and as such, may require a therapeutic intervention. This 
includes all side effects observed in all studies of the drug Side 
effects generally are not associated with harm but may be unde-
sirable and may be sufficient to cause the drug to not be used. 
Foreign marked adverse reaction information reflects infor-
mation that may have emerged as a result of the study or use of 
the drug in foreign markets.

 2.  Safety information: Three sources of safety data may be present 
on a package insert. (a) Toxicity studies: Collected in normal 
animals, as directed for each drug by the FDA, generally reflect-
ing several magnitudes of the dose (i.e., 3, 5, or 10 X) and a dura-
tion several magnitudes beyond that recommended. Sample size 
is small. The FDA may compel inclusion of studies implemented 
but not necessarily in support of the approved indication.  
(b) Field studies: The drug is studied in animals with spontane-
ous disease, for the approved indication, under expected condi-
tions. Sample size often exceeds 100 to 200 for each indication; 

Box 1
Package Drug Inserts/Labels
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response generally is compared to negative control (placebo) or 
positive control. (c) Post-market surveillance: This process may 
be added after approval if warranted sufficiently important by 
the FDA.

 3.  Contraindications represent the strongest warning and are 
established situations under which the drug should not be used. 
Such use should be expected to result in an adverse even. These 
might include, medical conditions such as kidney problems or 
known or anticipated allergies.

 4.  Warnings cover possible serious side effects that may occur.

 5.  Precautions explain how to use the medication safely, including 
physical impairments and potential drug interactions.

 6.  Information for the owner is not included for all drugs, but 
may emerge during post market surveillance in an attempt 
to reduce the risk of adversity. This information may be pro-
vided as a separate document that may be sent home with the 
client.

 7.  Drug Interactions may or may not be included; the absence of 
described drug interactions should not be interpreted as the lack 
of clinically relevant interactions.

Box 1
Package Drug Inserts/Labels—Cont’d

A drug by any other name may not be the same. The name of the 
active moiety (AM; drug substance) must be distinguished from 
the drug product name. The AM will have a chemical name (deter-
mined by the Chemical Analytical Society [CAS] based on its 
structure) and a generic name. In contrast, the drug product will 
have a non-proprietary (established) name and proprietary (brand) 
name. In the United States, the generic AM is initially named by the 
United States Adopted Name [USAN] Council. Ideally, the name 
will also be approved by the International Nonproprietary Name 
(INN) Expert Committee, such that the generic name is globally 
applicable. As such, only one generic name should exist for any AM, 
although exceptions exist (e.g., epinephrine versus adrenaline; acet-
aminophen versus paracetamol, and occasional differences in spell-
ing [alfa versus alpha]).

The generic AM name consists of three parts that logically apply 
to the AM activity. The stem, generally located at the end of the 
name, is the most important. It indicates an action unique to and 
shared by all drugs with the same stem. The stem can be based on 
a chemical relationships (e.g., azepams, cefalosporins), therapeutic 
activity (terone for antiandrogens or poietins for erythropoiten), or 
mechanism of action (statin for cholesterol-lowering drugs). Cur-
rently more than 300 stems exist. The prefix of a generic AM is used 
to discriminate among members having the same stem (e.g., diaze-
pam, clonazepam). The importance of racemates in the past decade 
has led to the use of logical prefixes indicating the enantiomer status 
of an AM. These include dextrorotatory (dextromethorphams) or 
R (arformeterol), and levorotatory (levofloxacin, levatiracetam) or 
S (esmolol). The infix of the drug name is irrelevant unless further 
subclassification is necessary. Because many approved drug prod-
ucts may have the same AM, it is the generic AM that is preferred 
for general use in order to facilitate the flow of scientific informa-
tion within and among nations.

Some drug substances are accompanied by a salt or ester. In such 
cases, USAN will also provide an API that contains the AM (e.g., 
zonisamide, pancuronium, triamcinolone, or penicillin) is added to 
the associated salt (e.g., sodium zonisamide or pancuronium bro-
mide) or ester (e.g., triamcinolone acetate or procaine penicillin). 
The AM (or API) becomes part of the established (non-proprietary) 

drug product name, which is established nationally (e.g., the United 
States Pharmacopeia) and approved by the regulatory agency (e.g., 
the FDA). Generally, the non-proprietary drug product name 
includes the USAN generic AM or API (with the choice by USP 
depending on how important the salt or ester is to drug use), the 
route of administration (e.g., oral [excluded if implied by the dosing 
form], topical, ophthalmic) and the dosage form (e.g., tablet, solu-
tion, lotion, suspension, aerosol).

Other descriptors (e.g., altered release rate [e.g., delayed, 
extended release] or delivery system [e.g., transdermal patch) 
may be included. It is the USP generic drug product name (e.g., 
carprofen tablet, enrofloxacin otic solution) that is generally on 
the package insert of the drug product approved by the Food and 
Drug Administration. The USAN names and the possible options 
for drug product names can be found in the United States Phar-
macopeia Dictionary and National Formulary (USP-NF), respec-
tively, each published annually by the USP. Note that the AM (API) 
is likely to be only one of several ingredients found in the finished 
drug product that is approved by the regulatory agency (e.g., the 
Food and Drug Administration [FDA] in the United States); other 
ingredients might be excipients intended as filler, stabilizers or anti-
bacterial.

The proprietary or brand name of the approved drug product 
(e.g., Rimadyl, Baytril Otic) belongs to the manufacturer, although 
the FDA offers guidelines that are intended to avoid inappropri-
ate public perceptions of drug action or safety based on the brand 
name. A generic drug product that has been demonstrated by the 
manufacturer to be therapeutically equivalent to the pioneer pro-
prietary drug product may be subsequently approved by the FDA. 
The two products will have the same USP established drug prod-
uct name. However, the generic drug product must either not 
have a brand name or have a brand name that differs from the 
pioneer drug product (e.g., Novox as a generic Rimadyl). Finally, 
it is important to note that a manufacturer may actually change 
the AM (or API) associated with a brand name product; this is 
particularly common to over-the-counter products (e.g., Kaopec-
tate). For other information that may be found on a package drug 
inserts, see Box 1.

Box 2
What’s in a (Drug) Name?
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year. Long-term safety studies continue in animals as the drug 
enters Phase I clinical trials in humans.

The clinical phase of drug approval involves three distinct 
phases of clinical trials that provide the basis of the drug label. 
Phase I is conducted on a small number of normal volunteers 
(generally 20 to 80; most commonly, young adult Caucasian 
males are studied) to determine a safe dosing range and the 
disposition of the drug (pharmacokinetics). Phase II begins 
studies in clinical effectiveness and safety in several hun-
dred persons with target illnesses. In Phase III, the number 
increases to several thousand to establish risk:benefit ratios. 
Phases I through III last approximately 3 to 10 years; if the 
drug demonstrates a favorable risk:benefit ratio, the spon-
sor can submit a new drug approval (NDA). A typical NDA 
is approximately 100,000 pages or more in length. The FDA, 
by law, must review the NDA within 6 months, although gen-
erally this time period is exceeded. During this phase, the 
sponsor and FDA determine the detailed information that 
will accompany the label, including contraindications, precau-
tions, side effects, dosages, routes of administration, and fre-
quency of administration. Only one of five drugs studied for 
human use receives FDA approval.

After approval, the manufacturer can promote the drug, 
but large-scale clinical trials will continue to further define the 
safety profile. Additional Phase IV studies may be required. 
Once the drug is in widespread use, adverse effects previously 
undetected may be recognized. Occasionally, if the adversi-
ties are serious (fatal), the drug may be withdrawn from the 
market. Postmarket studies also may identify efficacy for indi-
cations not previously identified during the approval process. 
New information from postmarket studies are used to update 
the NDA. During this time period, reports of adverse reac-
tions, particularly those not previously recognized or unex-
pected, are important to evaluating the safety of the drug. For 
human drugs, reports can be made on the Drug Experience 
Form, through MedWatch (a voluntary reporting program), 
and through the sponsoring pharmaceutical company.

Animal Drugs
The approval process for new animal drugs is not as clear cut 
as for human drugs. This reflects in part the variabilities pre-
sented by species differences, economic considerations, and 
the importance of food (human) safety. Thus, although the 
legal standards for safety and efficacy data are the same for both 
human and animal drugs, design of safety and efficacy studies 
and the criteria for approval differ, and the approval process 
for an NAD generally is tailored to the particular drugs. The 
differences are most marked for food animal drugs for which 
efficacy and safety data in the target species must be weighed 
in the context of economic considerations. The path of human 
drug approval does not apply to animals, although many of 
the same data are collected. The regulations for the approval 
of an animal drug can be found in 21CFR 514.1; however, sev-
eral recent drug laws (e.g., the FDA Modernization Act and 
the Animal Medicinal Drug Use Clarification Act) and the 
Generic Drug Law of 1988 have impacted several aspects of 
this law, which is currently being updated by the FDA.

The approval process for animal drugs is changing but cur-
rently occurs in two distinct phases. (http://www.fda.gov/ 
AnimalVeterinary/GuidanceComplianceEnforcement/Guida
nceforIndustry/ucm123821.htm; last accessed May 25, 2010). 
During the investigational new animal drug (INAD) phase, 
five technical areas are reviewed by the FDA. These include 
composition, manufacturing, and chemistry (CMC, basic 
manufacturing data); target animal safety; evidence of clinical 
efficacy; environmental considerations; and human food safety, 
which includes tissue residue data, for animal tissues intended 
for human consumption. During this phase, the FDA, in con-
cert with the sponsor, determines product development plans, 
reviews protocols for the study design, implements the stud-
ies, and generates the raw data intended to support approval; 
the FDA then decides whether the data are sufficient to address 
concerns. The protocols for toxicology and tissue residue chem-
istry studies are straightforward, but more creative and innova-
tive approaches are taken for target animal safety and efficacy 
because of the diverse issues surrounding new animal drugs.

Once the technical sections are completed, the second 
phase, the NADA is filed. This phase is in transition and repre-
sents a new approach to drug approval by the FDA (an “admin-
istrative” NADA) in that the majority of data supporting the 
approval of a drug may have already been reviewed by the time 
this phase is begun. The drug may be known to be approv-
able before this phase is reached because of the phased INAD 
review. The review process becomes largely interactive through 
the phased review process (http://www.fda.gov/downloads/ 
AnimalVeterinary/GuidanceComplianceEnforcement/ 
GuidanceforIndustry/UCM052464.pdf).

Orphan Drugs
The Orphan Drug Act of 1983 provided incentive for develop-
ment of drugs used to treat rare diseases, which did not pres-
ent sufficient economic incentive for a sponsor to undergo 
the traditional approval process because they benefit only a 
small number of patients. The added incentives include tax 
advantages and marketing exclusivity to the sponsoring com-
pany. The National Institutes of Health often participates 
in the development of orphan drugs. Examples of the 300 
human drugs given orphan status include erythropoietin, α1-
antitrypsin, and human growth hormone. Criteria that a drug 
must meet to become an orphan drug include intent to treat a 
serious or life-threatening disease; lack of a comparable or sat-
isfactory alternative; involvement in a clinical trial as an IND; 
and active pursuit of full approval by the sponsor. If these cri-
teria are not met, the drug may still be obtained for compas-
sionate use. The clinician in essence becomes the investigator 
by submitting a treatment IND.

Generic Drugs
Pharmacists can dispense an equivalent, less expensive, non-
proprietary (generic) drug without prescriber approval. An 
exception occurs if a state has a mandatory substitution law or 
if the brand name product is dispensed along with a Dispensed 
as Written (DAW.) order. Generics may be pharmaceutically 
equivalent but may not be therapeutically equivalent. Those 
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tested by the FDA and found to be therapeutically equivalent 
are listed in Approved Drug Products with Therapeutic Equiva-
lence Evaluations, known as the Orange Book (http://www.
accessdata.fda.gov/scripts/cder/ob/default.cfm; last accessed 
May 25, 2010). Generic products not only contain the same 
active ingredient as the proprietary drug but also meet bio-
equivalence standards. Substitutions of generic drugs for pro-
prietary drugs are recommended only for those drugs shown 
to be therapeutically equivalent. Examples of drugs that are 
not therapeutically equivalent to their brand name counter-
parts include digoxin, phenytoin, conjugated estrogens, and 
slow-release theophyllines. The Orange Book addresses thera-
peutic equivalence in human medicine. Veterinary clinicians 
should not mistake therapeutic equivalence established in 
humans to be the same in animals.

The Drug Availability Crisis
In the mid-1990s, the Animal Health Institutes focused on 
an issue they termed the drug availability crisis. It is based on 
the fact that veterinarians are faced with the need and desire 
for improved veterinary care for their patients; there is a great 
availability of human-labeled drugs but fewer NADA applica-
tions. Simplistically, the FDA requirements of NAD approval 
have not allowed for flexibility in keeping up with the scientific 
advancements in the diagnosis, treatment, and prevention of 
animal diseases. For example, in 1994, for dogs, there were only 
369 Rx drug products and 67 OTC drug products. For cats, 
there were only 169 Rx and 40 OTC drug products. For cats, 
these 209 products reflect only 84 drugs, many of which are 
no longer used. Approximately 15% of drugs discussed by the 
author used to treat or prevent illnesses in dogs are approved 
for that use; the number is even smaller for cats (less than 10%).

Two potential reasons preclude pharmaceutical compa-
nies pursuing the approval of human drugs for animals. First, 
adverse reactions that may occur in animals receiving the drug 
may impact the human market even if the adverse reaction 
is not likely to occur in humans. The second detractor is eco-
nomic recovery. The cost of approving drugs has progressively 
increased, in part because of the “moving target” presented 
by the FDA to pharmaceutical companies. Requirements are 
constantly changing, and it is often difficult for the company 
to predict or keep up with changes. All changes are costly.  
A common misconception is that veterinary drugs do not have 
to undergo the same intensive scrutiny for approval as do human 
drugs. In fact, the opposite might be considered true. Because of 
the concern with tissue residues, far more time and effort might 
be put into animal drug approval, particularly food animal 
approval, than human drug approval. Environmental impact 
studies may also be more intense. Thus the cost for approval of 
an animal drug is disproportionately higher than of a human 
drug, particularly when the cost is compared with the recovery 
of costs. The animal market is very small compared with the 
human pharmaceutical market (millions compared with bil-
lions). The time for development of a drug (from identification of 
a potential compound to its final FDA approval) is 5 to 10 years, 
and the cost is approximately 1 to 2 million dollars per year (the 
longer time for food animals). As drug approval costs increase, 

the number of NADAs may decline. Extralabel use of human 
generic versions of animal-approved drugs or compounding 
in lieu of prescribing approved drugs are also disincentives for 
manufacturers to pursue approval of a veterinary drug.

Extralabel Drug Use
If a new NADA exists for a drug, to use the drug in a legal 
manner the veterinarian must adhere to the specifications 
noted on the label (which includes both the label adhered to 
the medication and the accompanying package insert). Other-
wise, an NAD is used in an extralabel manner. In 1994, Con-
gress passed the Animal Medicinal Drug Use Clarification Act 
(AMDUCA), which legalized extralabel drug use (ELDU) by 
veterinarians as long as specific criteria or restrictions are met 
(see Table 2). ELDU, whether actual or intended, occurs when 
the drug is used in a manner that is not in accordance with 
the approved label directions. This includes but is not limited 
to a different dose, interval, route, indication, or species. Vet-
erinary ELDU is legalized by AMDUCA (see Table 2) only 
for approved drugs (human or animal) and not for products 
intended for use as drugs but are not approved drugs. The lat-
ter substances are perceived by the FDA to be unapproved 
drugs and as such, fall under their regulatory jurisdiction. This 
includes novel ingredients, such as herbs and nutraceuticals, 
as well as products compounded outside the stipulations of 
AMDUCA. However, the FDA recognizes that there are dis-
eases in animals for which there is no approved drug treat-
ment and that strict enforcement of their law precludes the 
practice of veterinary medicine. To address these concerns, in 
1984 and 1991, the FDA published Compliance Policy Guide-
lines for ELDU, including ELDU of animal drugs (Compliance 
Policy Guideline 7125.06) and ELDU of human drugs in ani-
mals (Compliance Policy Guideline 7125.35). The guidelines 
focused on ELDU in food animals and have been updated  
(http://www.fda.gov/AnimalVeterinary/ResourcesforYou/ 
FDAandtheVeterinarian/ucm077390.htm). These include EDLU  
is permitted only by or on the order of a veterinarian; it is allowed 
only for FDA-approved animal and human drugs (which 
excludes compounded products; see Compounding); it must 
be implemented in the context of an existing valid veterinary-
client-patient relationship (VCPR; (Box 3). For food animals, 

Requirements of a Valid Veterinary-Client-Patient 
Relationship (VCPR) as Defined by the Food 
and Drug Administration (FDA)
 1.  The veterinarian has assumed responsibility for making  clinical 

judgments about the health of the animal.
 2.  The client has agreed to follow the veterinarian’s instructions.
 3.  The veterinarian has sufficient knowledge to initiate a 

 preliminary diagnosis of the animal’s medical condition.
 4.  The veterinarian has examined the patient and is personally 

acquainted with the keeping and care of the animal.
 5.  The veterinarian is readily available for follow-up evaluation 

in the event of an adverse reaction to the treatment or therapeutic 
failure.

Box 3
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further restrictions apply. An interactive algorithm is  available 
from the AVMA that directs the veterinarian using ELDU  
(http://www.avma.org/reference/amduca/amduca1.asp).

Compounding
The guidelines regarding the compounding of pharmaceuticals 
under the direction of a veterinarian are delineated in Compli-
ance Policy Guideline 7125.40. Conditions under which com-
pounding is legal are specified in the AMDUCA. Compounding 
includes any manipulation of the drug beyond that stipulated on 
the label (such as reconstitution of a powdered drug) (Table 4). 
Conditions under which compounding is not subject to regu-
latory actions include a legitimate practice (pharmacy or vet-
erinary; includes licensure), operation within the conformity 
of state law, for pharmacists in response to a prescription, and 
for veterinarians in response to a valid VCPR. Compounding is 
likely to result in conversion of an approved animal drug into one 
that is unapproved. Compounding of human drugs and occa-
sionally bulk drugs into appropriate dosage forms may be accept-
able in certain circumstances (e.g., combinations of anesthetics 
to titrate administration, dilution of drugs for pediatric or small 
exotic animals). A legitimate medical need must be identified 
(e.g., health or life of the animal is threatened or suffering may 
occur). Additionally, there must be no marketed, approved ani-
mal or human drug, regardless of whether it is used in a labeled or 
extralabeled fashion that may be substituted for the compounded 
agent. Occasionally, other rare circumstances may be considered.

The compounded product must be dispensed by a veteri-
narian or prescribed and subsequently dispensed by a phar-
macist. For companion animals, the safety and efficacy of 
the compounded drug must be consistent with current stan-
dards, appropriate steps should be taken to minimize the risk 
of human exposure to harmful ingredients, patient records 
must be kept, and the compounded drug must bear labeling 
information to ensure adequate and proper use of the prod-
uct (including name and address of the veterinarian; the active 
ingredient; date dispensed and expiration date; directions for 
use; cautionary statement; and if dispensed by the pharmacist, 
appropriate pharmacist information). The compounded prep-
aration cannot be sold to another veterinarian or pharmacist.

A number of pharmacists throughout the United States 
compound drugs for veterinarians. The Professional Com-
pounding Center of America (PCCA) is a resource for educa-
tion in compounding drugs for both human and veterinary 
medicine. Veterinarians seeking compounded products would 
be prudent to work with a pharmacist who is a member of 
the PCCA to be more certain of quality control concerns. The 
PCCA can be reached at 800-331-2498.

Compounded products are not regulated; assurance of 
quality, safety and efficacy is incumbent on the prescrib-
ing veterinarian. Because compounded products may be less 
safe that an approved product (other than increase accuracy 
in dosing), attention to patient response is important. Thera-
peutic failure may be a common adverse event that is easily 
forgotten with compounded products. Care must be taken 
to not misinterpret the availability of a compounded prod-
uct as evidence of safety or efficacy. The discerning clinician 

should ensure, through contact with the pharmacist, that state 
pharmacy laws are followed. Sources of drugs should be con-
firmed with regard to quality. Manufactured products should 
be avoided for both ethical and safety reasons. The Pharmacy 
Compounding Accreditation Board (http://www.pcab.info/) 
offers accreditation to pharmacies willing to meet a robust set 
of criteria that ensure products meet both quality and ethical 
standards as intended by both the Food and Drug Administra-
tion and the pharmacy associations. Veterinarians are encour-
aged to identify those pharmacies that are PCAB accredited.

Alternative Mechanisms for Use of Human 
Drug in Animals
There are two other mechanisms by which a practitioner can 
legally use a human drug. Regulatory discretion (discretionary 
enforcement) has been applied by the FDA to selected drugs 
with no NAD. Recommendations for regulatory discretion of 
a drug are made by the Division of Drug for Non-Food Ani-
mals to the Division of Compliance. Digoxin is an example for 
which regulatory discretion has existed for a long time; label-
ing for animal use is even allowed for this product because 
it is so old. Newer regulations, however, prevent labeling for 
animals without an NADA. If a drug has been shown through 
illegal use to be safe and efficacious for the treatment of a dis-
ease in animals, the FDA will allow its use without an NADA 
(notification by letter). Examples include potassium bromide 
for treatment of refractory seizures, 4-methylpyrrazole for 
treatment of ethylene glycol toxicity, and calcium ethylene 
diaminetetra-acetic acid for treatment of lead poisoning. To 
obtain regulatory discretion, the practitioner needs to contact 
the Division of Compliance (see Box 3).

An alternative route to using a drug in an extralabel fashion 
legally for an animal is to procure an INAD application from 
the Division of Drug for Non-Food Animals (301-594-1722). 
The INAD provides statutory authority to exempt the drug 
from the NADA requirement. It limits the use of the drug to 
experts qualified by training and experience. A compassionate 
use INAD can be obtained in 1 day by calling the previous tele-
phone number to treat an animal whose life is threatened. Note 
that the INAD is not necessary if the drug is approved for use in 
any species. The INAD is needed only if the drug is unapproved, 
meaning that there is no approved version for humans or ani-
mals (i.e., a drug approved in Canada, Mexico, or Europe but not 
the United States). Occasionally, the FDA may recommend that 
an INAD be obtained for the use of a drug recently approved for 
use in humans because data regarding the safety of the drug are 
probably still being collected for humans. An INAD may also be 
recommended if the drug is toxic (especially carcinogenic) or it 
is scheduled (regulated by the Drug Enforcement Agency). If an 
INAD is obtained, veterinarians must keep records regarding 
the use of the drug and must notify the FDA every time a ship-
ment is requested or an adverse reaction occurs.

Extrapolation of human drugs to animals should be accom-
panied, whenever possible, by scientific studies that support 
proper dosing regimens. Recommendations regarding the 
extrapolation of dosing regimens among species is addressed 
in Chapter 2.
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Table 3 Scheduled Drugs

Schedule Definition
Drugs (lists are NOT 
inclusive)

I Highest risk of 
abuse and 
dependence and 
no medicinal 
use

Heroin, hallucinogens (LSD, 
mescaline, marijuana), 
amphetamines

II High risk of abuse 
and dependence 
and limited 
medicinal use

Carfentanil, cocaine, codeine, 
diprenorphine, etorphine, 
fentanyl, hydrocodone, hydro-
morphone, methylphenidate, 
morphine, meperidine, 
opium extracts and so on, 
oxymorphone, pentobarbital, 
sufentanil, thebaine

III Moderate potential 
for abuse and 
dependence, but 
accepted thera-
peutic use

Anabolic steroids, barbiturates, 
buprenorphine, codeine 
combinations, hydrocodone 
combinations, ketamine, 
morphine combinations, 
pentobarbital combinations, 
thiamylal, thiobarbiturate, 
tiletamine-zolazepam

IV Low potential for 
abuse or depen-
dence

Alprazolam, butorphanol, chlo-
ral hydrate, chlordiazepoxide, 
clonazepam, clorazepate, 
diazepam, flurazepam, loraz-
epam, midazolam, oxazepam, 
pentazocine, phenobarbital, 
propoxyphene

V Lowest potential 
for abuse

Diphenoxylate; selected (low 
strength) codeine prepara-
tions; hydrocodone and so on, 
as part of drug combination 
product; low-strength opium 
preparations

From http://www.justice.gov/dea/pubs/scheduling.html (last accessed May 25, 2010); 
note that the list of drugs may vary with some states.

Schedule Drugs
Drug (substances) considered to be associated with a poten-
tial for abuse or physical dependence are restricted (con-
trolled) by the FDA. The Controlled Substances Act delineates 
requirements that must be met when such drugs are admin-
istered, dispensed, or prescribed. The Drug Enforcement 
Agency (DEA) is charged with enforcement of the act, its 
amendments, and their regulations. The act includes federal 
requirements regarding the purchase, storage, prescription, 
and record keeping for controlled substance use. States may 
have additional requirements regarding purchase, dispens-
ing, inventory, record keeping, and storage. Requirements are 
likely to vary from state to state (http://www.legislature.state. 
al.us/CodeofAlabama/1975/50719.htm).

Requirements for controlled substance use vary for prac-
titioners, researchers, teachers, and pharmacists. Practitioners 
dispensing or prescribing Class I and II substances annually 
must obtain both federal and state registration; an exception is 
made if done in the confines of an employer (hospital)/employee 
(student) relationship and the employer is registered. Federal 
registration occurs through the DEA. For practitioners, use of 
Classes III to V must be preceded by a notice of intent to the 
DEA, although registration also may be required for Classes 
III to V, if certain conditions are not met (www.dea.gov). Reg-
istering practitioners must submit evidence of a professional 
degree. Licensure must be voluntarily surrendered on retire-
ment. Mechanisms for state registration also vary; in the state 
of Alabama, registration of veterinarians occurs through the 
State Board of Veterinary Medical Examiners.

The DEA publishes a Practitioner’s Manual (http://www.
deadiversion.usdoj.gov/pubs/manuals/pract/index.html; last 
accessed May 25, 2010), which delineates requirements for 
the use of these substances. Among the major requirements, 
selected states require a special prescription blank (and often 
multiple copies). Generally, both state controlled substance 
registration (SCSR) and federal (DEA) numbers must appear 
on prescriptions. Purchase of controlled substances also 
requires a special triplicate form obtained from the DEA. All 
actions with controlled substances must be within the confines 
of a veterinary client–patient relationship. Containers must be 
designed such that children under the age of 5 cannot open 
the product, and a label stating “This Package for Households 
Without Young Children” must be applied when a childproof 
container is not used. Specific requirements also vary with the 
class or schedule of the controlled substance.

The classification of controlled substances reflects the per-
ceived level of potential abuse or physiologic or psychological 
dependence (Table 3). The schedule of a controlled substance 
is indicated on the label of the product. Schedule I drugs have 
the highest potential of abuse and physical dependence. These 
drugs have no acceptable or safe medical use in the United 
States and are not to be prescribed, but they can be obtained 
for research purposes. Heroin is the most notable example. 
Schedule II drugs, exemplified by cocaine and morphine, are 
considered to have a high potential for abuse and dependence 
but have some medicinal worth. These drugs must be stored 

in a securely locked, well-constructed cabinet or safe. Loss 
or theft requires immediate contact of the nearest DEA field 
office. Prescription refills are not allowed for these drugs, and 
they cannot be prescribed by telephone unless in an emer-
gency (with a follow-up written prescription provided within 
72 hours). Schedule III drugs, exemplified by selected opioids 
and barbiturates, have an accepted therapeutic use. Although 
abuse of the substance may lead to moderate or low physical 
dependence, the risk of abuse is less than that of Schedule I 
or II drugs. Schedule IV drugs, exemplified by diazepam and 
butorphanol, are considered to present a low potential for 
dependence or abuse. These drugs can be refilled but only to 
a maximum of five times; the prescription is effective only for 
6 months. Schedule V drugs, such as diphenoxylate, have the 
lowest potential of abuse or dependence. Restrictions for drugs 
in this schedule are limited to age (humans), distribution by 
a pharmacist, and purchase in limited quantities. Schedule V 
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drugs include narcotics in Schedules II to IV included as part 
of a combination with other drugs (e.g., antitussives, antidi-
arrheals) with restrictions, including the concentration of the 
substance in the final product.

Reporting Adverse Drug Reactions
Adverse drug reactions are described in Chapter 3. Report of 
adverse reactions is an important means of monitoring the 
safety of products, as well as communicating unexpected adver-
sities. In addition to the vehicles listed here, letters to the editors 
or case reports in veterinary journals or continuing education 
programs can be effective tools for reporting adverse drug 
reactions. Additionally, the adversity should be reported to the 
pharmaceutical company. Note that adverse events to biolog-
ics and pesticides should be reported to the respective agency 
(see Table 1). The steps to reporting an adverse event include 
contacting the technical services of the appropriate pharmaceu-
tical manufacturer, if it is an animal-approved drug. If it is not 
an FDA-approved product for animals or if direct reporting to 
the FDA is desired, a report may be submitted via telephone at 
1-888-FDA-VETS, or more appropriately, to the FDA on Form 
1932a: Veterinary Adverse Drug Reaction, Lack of Effectiveness, 
Product Defect Report (postage prepaid and preaddressed). The 
form can be downloaded at the CVM website (http://www.fda.
gov/downloads/AboutFDA/ReportsManualsForms/Forms/Ani
malDrugForms/UCM048810.pdf; last accessed May 25, 2010) 
or can be obtained by written request at ADE Reporting System, 
Center for Veterinary Medicine, US Food & Drug Administra-
tion,7500 Standish Place, Rockville, MD 20855-2773.

Prescription Writing
Prescriptions are intended to provide direction to the pharma-
cist regarding the dispensing of a specific medication to a specific 
patient and must be written for all legend drugs. Specific guide-
lines regarding who may legally issue a prescription vary among 
states; however, licensed professionals may prescribe only 
within the profession in which they are licensed. Prescriptions 
must be issued only in the context of a valid VCPR (see Box 3).  
Prescriptions should be written in ink (includes typewritten 
and computer-generated forms) and must be signed by the 
prescriber. Pharmacies are not likely to stock veterinary drugs 
but may be willing to order them or infrequently used human 
products. The basic elements of a prescription (Box 4) may vary 
among states. Common mistakes made in prescription writing 
that can lead to mismedication include the inappropriate use of 
decimal points (a decimal point with a zero [e.g., 1.0] should 
not be used after a whole number because the decimal may be 
missed; a zero is always used to designate a fraction [e.g., 0.5] 
because the decimal may be missed) and the use of abbrevia-
tions that are similar (e.g., use of U for units [easily mistaken 
for a 0]). Writing numbers as words in lieu of or in addition 
to numerals may facilitate safety, particularly with toxic drugs.

Labels for prescription drugs should include the name, 
address, and phone number of the prescriber; the patient and 
owner’s name (and for controlled substances, address and 
phone number); animal name (if appropriate) and species; dis-
pensing date; drug name, quantity, and strength; instructions 

for use; and appropriate precautionary statements. State reg-
ulations regarding the contents of the drug label may vary. 
Drugs should be dispensed in a childproof container unless 
requested otherwise by the owner; a signed request should be 
kept in the record if so requested.

ETHICAL CONSIDERATIONS IN CLINICAL 
TRIALS*

Assurance of Ethical Use of Animals
The use of animals in prospective research studies is becom-
ing increasingly controversial. In this section, considerations 
for client-owned animals are contrasted with experimental 
animals that are owned by the research facility. Included in 
this latter group are animals that have been donated by clients. 
This section also discusses ethical consideration for humans, 
experimental animals, and client-owned animals in clinical 
trials. General ethical considerations for all clinical trials are 
also be presented.

Rights of Human Subjects
It is not unreasonable to expect the same concern and con-
sideration for veterinary patients that is given human patients 
used as clinical research subjects. Human patients involved in 
clinical research are very well protected against inhumane use. 
The Nuremberg Code of Ethics in Medical Research (1948) 

*Excerpted from Boothe DM, Slater M: Proper implementation of 
clinical trials. In Dodds WJ (ed): Veterinary medical specialization: 
bridging science and medicine, vol 39 (Advances in Veterinary Science), 
Orlando, 1995, Academic Press.

Basic Elements of a Prescription
Standard Prescription
Prescriber name (legible), address, phone number
Animal owner name, address
Animal description, name (if appropriate)
Date written
Drug name, dosage form (e.g., tablet, capsule, suspension, 

 injection), strength
Quantity to dispense
Directions for use: how much, how often, route, special 

 instructions (e.g., with food, before food)
Signature of prescriber, with professional degree
Refills if appropriate
Other: indication for generic substitution, treatment indication

Controlled Substances
All scheduled drugs

Owner address
Quantity written as word and number

Schedules III-IV
Drug Enforcement Agency (DEA) number of prescriber

Schedule II
May require specific prescription form
Check regarding duration that records must be kept

Box 4
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emphasizes the rights of the experimental human subject. The 
Declaration of Helsinki (1964) as adopted by the World Medi-
cal Association went further and mandated the following:
 1.  Such research must conform to scientific principles.
 2.  Design and performance of the research must be clearly 

formulated in a protocol and transmitted to a specially 
appointed, independent committee.

 3.  Publication of results should accurately reflect the 
results of the study.

The Declaration emphasized the right of informed con-
sent and specifically addressed human medical research 
that is combined with professional patient care. Research 
facilities, such as academic institutions that direct clini-
cal research in humans, are guided by Institutional Review 
Boards whose primary charge is to ensure compliance with 
the Nuremburg Code and Declaration of Helsinki. With 
minor modifications, most of the guidelines delineated in 
these two documents also are applicable to the veterinary 
patient (client-owned animal) used in clinical research. Like 
human medical counterparts, veterinary clinical research 
facilities should institute a mechanism by which adherence 
to these guidelines is assured.

Welfare of Experimental Animals
Experimental animals are protected by guidelines offered by 
the Animal Welfare Act of 1966 and its subsequent amend-
ments. The Public Health Service (PHS) Policy on Humane 
Care and Use of Laboratory Animals (i.e., the National Insti-
tutes of Health Policy) requires compliance with this act of 
all institutions receiving PHS funds. Most research facilities 
(academic institutions) have laboratory animal care com-
mittees that assure compliance by individual investigators 
with the PHS policy. However, these committees are not 
necessarily charged with the care of client-owned animals 
and often (as at Texas A&M University) agree that research 
involving client-owned animals does not fall under their 
purview.

Welfare of Client-Owned Animals
To protect the welfare of client-owned animals, some type 
of review board should be in place. In a university setting, a 
Hospital Review Committee evaluates clinical trials and other 
types of clinical research. The term Health Review Committee 
(HRC) is used in this manuscript to distinguish from Insti-
tutional Review Boards (IRB) that address human subjects in 
clinical research. The goals of an HRC should be to protect 
the patient, client, institution and attending veterinarian(s) 
from the intended or inadvertent application of investigations 
that are inhumane or unethical and to promote the advance-
ment of science through clinical research. The HRC functions 
to safeguard the welfare of the patient through the approval 
of proposals involving clinical research. Although its mission 
is not to provide rigorous review of the scientific merits of a 
proposed study, decisions regarding the ethical nature of a 
proposed clinical trial may require the HRC to question the 
scientific basis and the scientific and statistical design of any 
proposals.

General Ethical Considerations
General considerations on the ethical use of animals in clini-
cal trials arise from the human research guidelines. Some of 
the following considerations are most applicable for clinical 
trials using client-owned animals. An over-arching truth is 
that it is more ethical to perform a randomized clinical trial 
than to use treatments of unproven efficacy. The patient’s 
best interest cannot be forsaken for the sole purpose of 
“therapeutic progress”; rather, treatment of the patient is the 
priority. Completion of the trial must not be rushed if it cre-
ates risks to the patient. In the study design phase, proto-
cols should be developed for use in the situation where the 
risk:benefit ratio of the therapeutic intervention becomes 
too high during the course of therapy (e.g., the trial will 
be terminated, the currently recommended therapy will be 
used, and so on). Trials should include methods to evaluate 
the incidence, frequency, type, and severity of side effects of 
test treatments. This is especially important if client-owned 
animals are used.

In determining the treatment protocol, if periodic therapeu-
tic withdrawal or use of a placebo is planned, assurance must 
be provided that the subjects’ life or comfort is not threatened. 
The use of an inactive placebo is not appropriate (except in very 
unusual, experimental situations) if there is a standard treat-
ment protocol for the disease to be investigated. The double-
blind technique (defined here as blinding of the investigator 
and client or caretaker) should be abandoned if one treatment 
can be clearly recognized by the investigators to be preferred 
because of its beneficial effects, or if a treatment entails any 
risks that prove to be unreasonable. The code indicating a sub-
ject’s treatment must always be available to appropriate par-
ticipants in case of an emergency. For trials using client-owned 
animals, if a client withdraws an animal from the study, assur-
ance should be given that patient care will remain available. 
There should be a system of verification of results that avoids 
the possibility of manipulating results after the study.

Additional questions regarding the scientific merits of the 
study that should be answered by the investigator include the 
following:
 1.  Is there a need for the study? The answer to this question 

includes evaluation of the importance and clarity of the 
primary objective without unnecessary duplication of 
previous studies (in target or other species). Consider-
ation of the applicability of the results is also important.

 2.  What is the justification for the study? Considerations 
include the inclusion of appropriate numbers of patients 
and controls, explicit inclusion/exclusion criteria, and 
ethical risk:benefit ratios.

 3.  Are the risks to the subject reasonable in relation to the 
possible benefits to the subject and/or the importance of 
the knowledge that may be reasonably realized from the 
study? A sound research design that does not unneces-
sarily expose subjects to risk is critical to address this 
question. Currently accepted or proven procedures that 
are already available for diagnostic or therapeutic pur-
poses should be applied when available.
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 4.  Has informed consent been obtained? The legal client 
representatives of the animal patients must be informed 
regarding the study and allowed voluntary choices. 
Informed consent should be sought from each prospec-
tive animal patient’s legally authorized representative 
and should be properly documented.

Guidelines for Completing an Informed Consent
The informed consent should be perceived as a document 
that provides information to the owner, in layman’s terms. 
The information should be pertinent to the study and should 
include anything that is likely to be important to the animal 
owner. This recommendation might seem nebulous and need-
lessly all-inclusive. However, the intent of the consent form 
might best be appreciated by answering the following ques-
tions: If you (or your child) were the subject of this study, what 
would you want to know about it? Is there anything left out of 
the consent form that the client is likely to get mad about when 
he/she finds out? The informed consent should be succinct, 
clear, and above all else informative to the animal owner. Bold-
ing might be used to emphasize points that the investigator 
feels are particularly important to the client.

The following consent form is organized for purposes of 
discussion. The organization should be tailored to the study 
in a manner that is not confusing to the animal owner. Use of 
lay terminology that the client can understand is paramount to 
an appropriate informed consent. Information should be clear 
and succinct.

Suggestions regarding generation of an informed consent 
follow. The first paragraph identifies the animal and animal 
owner. The reason for the animal’s inclusion should be stated. 
Additional information might be included in a brochure, 
which should be submitted along with the protocol. Note 
that information in the brochure is not part of the informed 
consent and cannot replace the information required in the 
consent document. The second paragraph should provide 
information about the experimental protocol. The following 
information should be included:
 1.  The study name and study location (this might include 

both the central location and the site where the animal 
is to be studied).

 2.  Statement that the study constitutes research; an expla-
nation of its purposes and the expected duration of 
involvement.

 3.  Description of the procedures to which the animal will 
be subjected.

Those that are experimental should be noted as such. Addi-
tional information might include the funding agency and the 
number of animals to be studied.

The third paragraph might focus on the risks and benefits 
associated with the study. The following must be included:
 1.  A description of the risks and discomforts that are rea-

sonably foreseeable (this should include the clinical 
signs that the animal owner will recognize).

 2.  A description of the possible benefits to the animal and 
animal owner, as well as other animals.

 3.  A description of appropriate alternative treatments.

If a placebo or negative control is included in the study, it 
must be clear to the animal owner that there is a possibility 
that the animal may receive no therapeutic benefit from the 
study.

Additional information that might be included in this sec-
tion is as follows:
 1.  A statement regarding the approval status of the drugs/

therapies/tests to be studied.
 2.  A statement that unforeseen risks may occur.
 3.  A statement about the safety of the test intervention.
 4.  A description of the costs of the study assumed by the 

investigators (e.g., 50% of all clinical laboratory tests).
 5.  A description of the obligations of the animal owner.

This last statement might include costs to be incurred by 
the owner for participating in the study, the number of follow-
up visits to a veterinarian, record-keeping, and telephone calls.

The fourth paragraph may focus on client options should 
an adverse reaction occur or client withdrawal be desired. Rel-
evant information that should be included in this section is as 
follows:
 1.  An explanation of whether compensation or treatment 

will be available if injuries occur.
 2.  A statement regarding the client’s right to withdraw at 

any time with no change in patient care.
 3.  Who is to be contacted in the event of an adverse reac-

tion/injury or if questions regarding the study arise.
 4.  Conditions that might lead the investigators to with-

draw a patient from the study (e.g., noncompliance, 
poor record keeping or “escape criteria,” such as a wors-
ening of the disease being tested).

 5.  A statement regarding financial obligations of the client 
should his or her animal be withdrawn from the study.

 6.  A statement allowing the client to seek a second opinion 
regarding the cause of death should his or her animal 
die while participating in the study.

The fifth paragraph ensures the confidentiality of the study. 
Points to be included are as follows:
 1.  A statement that assures that the data collected from the 

animal will be kept confidential.
 2.  A statement regarding notification of findings that 

might affect the willingness of the client to continue 
participation.

 3.  A statement regarding notification of the results of the 
study on its completion.

 4.  A statement verifying that the client has participated in 
this study willingly.

Each page of the informed consent should be numbered 
and accompanied by a place for the client’s initials next to the 
number.

Informed consent may be waived under extenuating cir-
cumstances if the investigator and an unbiased clinician (one 
not participating in the study) certify in writing all of the 
following:
 1.  The patient is confronted with a life-threatening situation 

that necessitates the use of the intervention being tested.
 2.  Informed consent cannot be obtained from a legal rep-

resentative of the patient (i.e., stray animals).
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 3.  There is not sufficient time to obtain informed consent 
from the patient’s legal representative.

 4.  There is no alternative method of approved or gener-
ally recognized therapy that provides an equivalent or 
greater likelihood of saving the patient’s life.

REPORTING AND REVIEWING CLINICAL 
TRIALS

Data Reporting
A clinical trial is not complete until the information is dissem-
inated. Publications of results should be prepared and made 
available as soon as possible. Although most manuscripts are 
prepared after closeout, in certain instances, interim publica-
tions are prepared.

Interim publications provide access to study results as they 
occur. Additional benefits might include easier preparation of 
the final manuscript and greater exposure of the study to the 
public. However, there are several disadvantages to interim 
reporting (Meinert, 1986). Results that are inconclusive may 
be confusing. If the results are discouraging, investigator 
enthusiasm may wane. Most critical is the possibility of bias in 
subsequent treatment assignment and data collection. Finally, 
data analysis and presentation may differ from and thus dimin-
ish the impact of the final report. Results of the study can be 
disseminated through publications in peer-reviewed journals 
and presentations at national meetings. Some journals (those 
that focus predominantly on human medicine) do not pub-
lish papers that have been presented nationally. The time gap 
between presentation and publication should be minimal. The 
choice of journal should be limited to referred journals that 
are covered in Index Medicus and Index Veterinarius. Unre-
ferred journals should be avoided if they lack a critical review 
process. Such journals may reach a smaller public and thus 
may be more difficult for other investigators to identify or 
retrieve. A specialty journal (i.e., Internal Medicine, Neurology, 
or Surgery) might be considered if the results are of primary 
interest to the specialty group.

The potential importance of many veterinary clinical tri-
als is not realized because of failure to publish the appropriate 
information. The goal of the publication should be to provide 
a clear, concise description of the study. Studies that report 
statistically insignificant findings should also be published. 
The clinical trial may only result in a single manuscript that is 
published on completion of the trials. The organization of the 
manuscript varies with the targeted journal. Typical compo-
nents include the following.

The title is one of the most important components of the 
publication. It should be concise and as short as possible while 
indicating the main thrust of the paper. The term clinical trial 
should be included in the title. The title section should also 
include the authors, source of financial support, acknowledge-
ments, and address for reprints. Finally, a list of key words 
selected by the author should be included to allow for retrieval.

The abstract is often the only part of a paper that is read and 
as such should provide a summary of the paper. The abstract 
will be included in Medline, the computerized version of 

Index Medicus, or other computerized databases. The abstract 
should include the study purpose or objective, primary out-
come measure, intervention; type of control, method of allo-
cation, blinding procedures, number of animals enrolled and 
studied, and conclusions.

The introduction should be short and succinct. Its purpose 
is to provide a historic background for the study. Included is 
a literature review, what led to the initiation of the study, the 
study objectives, and the rationale for the study. This might 
include a rationale for the study design, intervention, or out-
come measurements.

The methods section should be sufficiently detailed to allow 
readers to make informed judgments regarding the qual-
ity of the methods. Citation of a previously published paper 
describing the methods can reduce the content if the paper 
was devoted primarily to the design and methods of the trial.

The results section is generally the longest. The crux of the 
paper should be represented by tables, charts, and figures, 
which should be understandable without reference to the text.

The discussion should highlight the important findings of 
the study. Positive and negative findings should be reported. 
The clinical implications of these results and consistency with 
previous findings should be discussed.

The conclusion may either stand alone or complete the 
discussion. The conclusions must be drawn from the results 
of the trial. If appropriate, the statistical power of the study 
should be noted if the conclusion favors the null hypothesis. 
Finally, a statement regarding the extent of generalization 
should be included.

References should be limited to those that support the ratio-
nale of the objectives and document methods of data collec-
tion and analysis. The journal of publication will dictate the 
organization of the references. Original articles should be ref-
erenced whenever possible. Secondary sources are acceptable 
if the primary cannot be found; if the primary is published in 
a foreign language; or if the secondary expands on informa-
tion provided by the primary paper. Checks of accuracy of title 
name, spelling of author’s name, and so on should be based on 
the article itself and not on citations listed in other bibliogra-
phies (e.g., Medline).

The appendix section is optional and may not be allowed 
by some journals. Contents should be limited to information 
regarding methods that is too technical or detailed to include 
in the body of the text. Examples of information to be con-
tained in the appendices are details of sample size calculations; 
sample data forms; data collection schedules; special charts, 
figures, and equations; consent statements; and data listings.

The submission process can be facilitated if the manuscript 
is reviewed before submission. Authors should review the 
paper for inconsistencies in format and style (including tables 
and figures), for redundancy, and for reporting deficiencies. 
Figure and table numbers should match text citations. Cita-
tions should be reviewed to ensure that information cited is 
correct. Colleagues should provide the second review. Their 
primary function is to identify confusing aspects of the manu-
script. Total rewrites may result from this internal review. The 
final review by the authors should focus on the format of the 
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journal to which the manuscript is to be submitted. The num-
ber of copies and prints submitted, title page, style and for-
mat, and so on should match the specifications set forth in 
the journal’s “Instructions to Authors.” After publication, the 
primary authors should establish an archive consisting of all 
documents related to the paper, beginning with raw data and 
finishing with a copy of the printed manuscript. This informa-
tion should be kept at least 3 years (Meinert, 1986).

Reviewing a Clinical Trial
When reviewing a manuscript that reports the results of a 
clinical trial, the reviewer should be unbiased regarding the 
results. The reviewer’s opinion should be based on the mer-
its of the study rather than on the opinions and critiques of 
others. The purpose of the clinical report should be strongly 

considered, particularly if sponsor support was critical to the 
study and the sponsor stands to gain financially from it. The 
information provided in the report should allow adequate 
review of methodology so that critical aspects of the report 
can be evaluated. Reproducibility of results and generaliza-
tion of results to a large population (rather than a small sub-
set) should be assessed. Exclusion of patients should be well 
justified. The study design should be well safeguarded against 
biases during the assignment and administration of the inter-
vention and during data collection and analysis. Methods used 
to edit the data for errors or inadequacies should be cited. Sta-
tistical methods should be appropriately sophisticated. Major 
differences in baseline group comparability, dropout rates, or 
compliance should be evaluated for a possible role in treat-
ment differences.
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Table 1  Metrologic and Pharmaceutical Weights and Measures*

The Metric System of Weight
1 microgram (mcg) = 0.000,001 gram (g) (μg)
1 milligram (mg) = 0.001 g = 1000 mcg (μg)
1 gram (g) = 1.0 g = 1000 mg
1 kilogram (kg) = 1000.0 g

The Metric System of Liquid Measure
1 milliliter (mL) = 0.001 L
1 liter (L) = 1000 mL
The Avoirdupois System of Weights
437.5 grains (gr) = 1 ounce (oz)
16 oz = 1 pound (lb) = 7000 gr

Apothecaries’ System of Weights
20 gr = 1 scruple
3 scruples (ε) = 1 dram = 60 gr
8 drams = 1 oz = 480 gr
12 oz = 1 lb = 5760 gr

Apothecaries’ System of Liquid Measures  
(U.S. Wine Measure)
60 minims = 1 fluid dram
8 fluid drams = 1 fluid ounce (fl oz)
16 fl oz = 1 pint
8 pints = 1 gallon (cong.)

Remarks:
The avoirdupois system of weights is used in buying and selling in commerce. This includes drugs.
The apothecaries’ system is used only for writing, compounding, and dispensing prescriptions.
The grain is identical in both the avoirdupois and apothecaries’ systems, but the ounce and pound are not.
One minim does not weigh 1 grain, and 1 fluid ounce does not weigh 1 ounce, and 1 pint does not measure 1 pound.
The scruple and apothecaries’ pound may be disregarded insofar as they are seldom used. When pound is used, it usually means an avoirdupois pound. When ounce is used, it usually 
means an apothecaries’ ounce.
*See also Jag’s Apothecary at http://www.ourworld.compuserve.com/homepages/jbaluri/home.HTM
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Table 3 Conversions for Calculating Dosage

w/v%* mg/mL μg/mL (mcg/mL) Dilution g to mL

10% 100 100,000 1:10
5% 50 50,000 1:20
2% 20 20,000 1:50
1% 10 10,000 1:100
0.1% 1 1,000 1:1,000
0.2% 0.2 200 1:5,000
0.01% 0.1 100 1:25,000
0.004% 0.04 40 1:25,000
0.002% 0.02 20 1:50,000
0.001% 0.01 10 1:100,000
0.001% 0.001 1 1:1,000,000

Table 4 Dry Weight and Volume Conversions
1 pound (lb) 453.6 grams (g)
1 gram (g) 0.0022 pound (lb)
1 gram (g) 1000 milligrams (mg)
1 gram (g) 1,000,000 micrograms (μg)
1 kilogram (kg) 1000 grams (g)
1 kilogram (kg) 2205 pounds (lb)
1 milligram (mg) 0.001 gram (g)
1 milligram (mg) 1000 micrograms (μg)
1 microgram (μg) 0.001 milligram (mg)
1 microgram per gram (μg/g) 1 part per million (ppm)
1 part per million (ppm) 0.454 milligram/pound (mg/lb)
1 part per million (ppm) 0.907 gram per ton (g/T)
1 liter (L) 1000 milliliter (mL)
1 milliliter (mL) 1000 microliter (μL or lambda)

Table 2 Equivalents (Approximate)
1 grain (gr) 64.8 milligram (mg) 60 mg
1 ounce (oz) 28.35 gram (g) 30 g
1 pound (lb) 453.6 g 454 g
1 dram (60 gr) 3.9 g 4 g
1 apothecary ounce (480 gr) 31.1 g 30 g
1 minim 0.06 (mL) milliliter 0.06 mL
1 fluid dram 3.7 mL 4 mL
1 fluid ounce 29.573 mL 30 mL
1 pint 473.1 mL 480 or 500 mL
1 gallon 3785.4 mL 4000 mL
1 mg 1⁄64.8 gr 1⁄65 or 1⁄60 gr
1 g 15,432 gr 15 gr
1 kilogram (kg) 2.2 pounds (lb)
1 gallon (water) 8.337 lb (8 lb approx.) 3.8 kg (approx.)
1 gallon occupies 231 cubic inches
1 mL 1.000027 cubic centimeters
1 pint 473 mL 500 mL
1 quart 946 mL 1000 mL
1 drop 0.06 mL 1 minim
1 dessertspoonful 8 mL
1 teaspoonful (tsp) 5 mL
1 tablespoonful (Tb) 15 mL

*The definition of w/v is grams/dL (see Table 6).
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Table 5 Abbreviations
Abbreviation English Translation
ac before meals
AD right ear
ad lib as desired
AS left ear
AU both ears
bid twice a day (every 12 hours)
Ċ with
cap capsule
d/c discontinue
ft make
h hour
hs at bedtime
m mix
OD right eye
OS left eye
OU both eyes
pc after meals
po by mouth
PR rectally
PRN as needed
pulv powder

PV vaginally
qam every morning
qd every day
QD (SID) once a day
QH every hour
qid four times a day (every 6 hours)
qpm every evening
qod every other day
qs as much as needed
Rx recipe, Latin for “take thou”
Š without
sig directions, Latin for “to label”
SL sublingual
SOL solution
ss one half
stat now, immediately
supp suppository
tab tablet
tid three times a day (every 8 hours)
ud as directed
ung ointment

Table 6  Common Units and Conversion Factors
Common Units of Measure
Unit Abbreviation
Concentration of solutions
grams per deciliter g/dL*

grams per liter g/L
international units per liter IU/L
micrograms per deciliter μg/dL
micromoles per liter μmol/L
microunits per milliliter μU/mL
milliequivalents per liter mEq/L
milligrams per deciliter mg/dL
millimoles per kilogram mmol/kg
millimoles per liter mmol/L
milliosmoles per kilogram mOsm/kg
parts per million ppm
percent g/dL
units per liter U/L
Distance
centimeter cm
meter squared m{2}

millimeter mm

Fluids
deciliter (102 mL) dL
liter (103 mL) L
microliter (10-6) μL
milliliter (1 mL or 10-3 L) mL
Pressure
centimeters of water cm H2O
millimeters of mercury mm Hg
Time
every q
hour hr
minute min
month mo
second sec
week wk
year yr
Weights
grain (1 gr = 65 mg) gr
gram (1 g or 10-3 kg) g
kilogram (10-3 g) kg
microgram (10-6 g) μg

*Also known as % wv.
Continued
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Table 6  Common Units and Conversion Factors—cont’d
milligram (10-3 g) mg
nanogram (10-9 g) ng
pictogram (10-12 g) pg
Common Conversions

Volume or Weight Equivalent
1 dram 3.9 grams
1 drop (gt) 0.06 milliliter
15 drops 1 milliliter (1 cc)
1 fluid dram 3.7 milliliters
1 glass 240 milliliters (8 ounces)
1 grain 0.065 gram or 65 milligrams
1 gram 15.43 grains
1 kilogram 2.20 pounds (avoirdupois)
1 kilogram 2.65 pounds (Troy)
1 liter 1.06 quarts
1 liter 33.80 fluid ounces
1 measuring cup 240 milliliters (1⁄2 pint)

2 measuring cups 500 milliliters (1 pint)
1 milligram 1⁄65 grain
1 milliliter 16.23 minims
1 minim 0.062 milliliter
1 ounce 31.1 grams
1 ounce 30 milliliters or 28.35 grams
1 pint 473.2 milliliters
1 quart 946.4 milliliters
1 tablespoon 15 milliliters
2 tablespoons 30 milliliters
1 teacup 180 milliliters (6 ounces)
1 teaspoon 5 milliliters
1 unit (e.g., penicillin) 0.000625 mg

Temperature Conversions
°Celcius to °Fahrenheit: (°C) (9/5) + 32°
°Fahrenheit to °Celsius: (°F-32°) (5/9)
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Sample Pharmaceutical 
Calculations

DOSE CALCULATIONS

Dose may be calculated by the following formula:
Dose per unit of body weight

×Total wt *

Unit of drug per mL
= Total dose in mL

To convert pounds to kilograms, divide by 2.2 or multiply 
by 0.454.

20 × 0.454 × 10
20

= 4.54

Example: If an animal weighs 20 lb and the clinician wants 
to administer 10 μg/kg of 1:50,000 solution, what is the dose 
in mL?

SOLUTIONS

Concentration of an analyte in solution is routinely gener-
ally is expressed as percent solution, molarity, molality or 
normality.

See also: DoseCalcu Online http://www.meds.com/
Dchome.html

Percent Solutions
Definitions
Percent solutions are equal to parts per hundred or the amount 
of solute per 100 total units of solution. Three expressions of 
percent solution are as follows:
 1.  Percent weight in weight (w/w) expresses the number of 

grams of active constituent in 100 grams of solution.
 2.  Percent weight in volume (w/v) expresses the number of 

grams of an active constituent in 100 cubic centimeters of 
solution and is used in prescription practice regardless of 
whether water or some other liquid is the solvent.

 3.  Percent volume in volume (v/v) expresses the number of 
cubic centimeters of an active constituent in 100 cubic cen-
timeters of solution.

When percent is used in prescriptions without qualification, 
it means the following: for mixtures of solids, percent weight 
in weight; for solutions of solids in liquids, percent weight in 
volume; for solutions of liquids in liquids, percent volume in 
volume; and for solutions of gases in liquids, percent weight in 
volume. For example, a 1% solution is prepared by dissolving 
1 gram of a solid or 1 cubic centimeter of a liquid in sufficient 
solvent to make 100 cubic centimeters of the solution. A solu-
tion of approximately the same strength may be prepared by 
apothecary weight and measured by dissolving 4.5 grains of a 
solid or 4.8 minims of a liquid in sufficient solvent to make 1 
fluid ounce of the solution.

Calculation of Percent Concentrations
The following formula may be used to calculate percent 
composition:

e part
e total

× 100=% or (x/y)× 100= z

If any two quantities are known, the third can be easily 
 calculated by the preceding formula.

Consider the following examples:
 1.  What is the w/v strength of a solution made by dissolving 

6 grams of a drug in sufficient water to make 300 mL?

6 / 300× 100= x (x= 2)

 2.  How many mL of a 5% w/v solution can be made with 10 
grams of drug?

 3.  How many grams of a drug are needed to make 200 mL of 
a 6% w/v solution?

10 / x × 100= 5 (x = 200)

x / 200 × 100= 6 (x= 12)

 4.  What is the w/v percentage strength of a solution contain-
ing 50 mg per mL?

50 mg / 1mL= 0.05g /mL= 5g / 100mL

5 / 100 × 100 = 5%

Appendix

3
Dawn Boothe Murl Bailey

Appendix Outline

DOSE CALCULATIONS
SOLUTIONS

PERCENT SOLUTIONS
CONCENTRATION TERMS

*Can be substituted for body surface area or m2 using conversion 
 factor found in Appendix 2.
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Dilute with a pure diluent
Example: Dilute a 5% solution to a 2% solution.
Take two parts of 5% solution, and dilute to 5 parts. 

This will yield a 2% solution.

Proof : 2 parts × 0.05 = 0.1 ; 0.1 / 5 × 100 = 2%

Mixing of two solutions or solids of unequal concentrations.
Example: Mix a 10% and a 25% solution in proper portions 

to make a 15% solution.

25 5

10 10

15

Solution by Pearson’s Square
=    1 part of 25%                              3 total
=    2 part of 10%         15 Total           3 Total

Subtract 10 from 15 to determine parts of  25%  solution.
Subtract 15 from 25 to determine parts of 10%  solution.

Proof :1parts 25% = 25
2parts 10% = 20
3parts 15% = 45

Algebraic solution:
let a  =  parts of  25%

   b  =  parts of 10%
   15(a+b)  =  parts of 15%

25+ 10b  =  15a+ 15b
      10a  =  5b
        2a  =  b

Mixing of three or more solutions or solids of unequal 
concentrations:

Example: Mix 14%, 12%, 6%, and 4% solutions to make a 
10% solution.

14 = 6 = 3parts of 14%

12 = 4 = 2parts of 12%

6 = 2 = 1parts of 6%

4 = 4 = 2partss of 4%

8parts of 10%

Proof : 3 parts 14% = 42

2 parts 12 = 24

1 parts 6 = 6

2 parts 4 = 8

8 pa

×

×

×

×

rrts 10 = 80×

Algebraic solution:

let a = parts of 14%
b = parts of 12%
c = parts of 6%
d = parts of 4%

10(a + b + c + d) = parts of 10%
14a  +  12b  +  6c  +  4d  =  10a  +  10b  +  10c  +  10d
                       4a  +  2b  =  4c  +  6d
                         2a  +  b  =  2c  +  3d

By substituting values for any of three, the fourth can be 
found. This formula can give a great number of possible com-
binations. For example, if a = 3 parts, b = 2 parts, and c = 1 
part, then d = 2.

Concentration Terms
A dilute solution is one with relatively little solute, whereas 
a concentrated solution contains a large amount of solute in 
solution. A saturated solution contains an excess of undis-
solved solute particles, whereas a supersaturated solution has 
an even greater concentration of undissolved solute particles 
and therefore is thermodynamically unstable. The density of 
a substance is expressed in terms of mass per unit volume 
and often is referred to as specific gravity (usually expressed as 
gm/mL). Temperature and the presence of other ions can 
influence the solubility constant for a given solution and 
thus the saturation. Thus, in dispensing prescriptions, slight 
changes in volume owing to variations in room temperatures 
may be disregarded.

Molarity
Molarity (M) refers to the number of moles per liter of solution 
(i.e., the compound is added and the volume is brought up to 1 
liter total), with one mole equaling the gram molecular weight 
of the compound. The traditional molar concentration of the 
solution is moles of solute per volume of solution, with volume 
generally given in terms of liters: mol/L, mmol/L  (millimol), 
μmol/L (micromol), and nmol/L (nmol).

Example: How may grams are needed to make 1 liter of a 
1.5 M solution of hydrochloric acid (HCl)?

GMW HCl= 1+ 35.5= 36.5

                                  1M  =  1GMW / L
1.5M  =  1.5 GMW / L  =  1.5  ×  36.5 g HCl  =  54.75 gm HCl 
added to sufficient solvent to make 1 liter

Molality
Molality (m) is the amount of solute per kg of solvent (i.e., the 
total amount of solution might exceed 1 liter compared with 
molarity). It is distinguished from molarity in that it is always 
expressed as weight per weight, or moles per 1000 gm of sol-
vent. The preferred expression for molality is moles per kilo-
gram (mole/kg).
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Example: What is the equivalent weight, in grams, of NaCl, 
HCl, and H2SO4?

NaCl HCl H2SO4

Na = 23 H = 1 H2 = 2
C = 35 Cl = 35 SO4 = 32  +  4(16) 

= 96
Total = 58 Total = 36 Total = 98
Valence = 1 Valence = 1 Valence = 2
Equivalent 

weight = 58
Equivalent  

weight = 36
Equivalent  

weight = 49

Normality
Normality (N) is the number or gram equivalent weights per 
liter of solution. An equivalent of an electrolyte is the amount 
that produces one mole of either positive or negative charges 
when dissolved. The number of equivalents of an electrolyte 
is calculated by multiplying the number of moles of electro-
lyte by the total number of positive charges produced when 
one formula unit of the electrolyte dissolves. Alternatively, an 
equivalent weight is equal to the molecular weight of a sub-
stance divided by its valence. The valence of a molecule is the 
number of units that can combine with or replace one mole of 
hydrogen ions. Normality is not a commonly used expression; 
rather, milliequivalents per liter (mEq/L) or millimoles per 
liter (mmol/L) are used to express electrolyte concentrations.

Osmolarity
Osmolarity (Osm) is the total number of solute particles in a 
liter of solution (rather than relative weights of the specific 
solutes). It is calculated from the number of moles of solute 
particles that are present when 1 mole of the solute dissolves. 

Nonelectrolytes (glucose, etc.) do not dissociate, thus n=1 (i.e., 
molarity = osmolarity). However, electrolytes dissociate and 
their osmolarity is greater than their molarity, the magnitude 
depending on the number of ions produced upon dissociation 
(e.g., the Osm CaCl2 = 3 × M).

Table 1
Molecule Abbrev. Valence GMW

Barium Ba 137
Bromide Br 1 79
Carbon C 12
Calcium 2 40
Chloride Cl 1 35.5
Copper Cu 63.5
Fluoride F 19
Gold Au 108
Hydrogen H 1 1
Iron Fe transition 55.8
Lead Pb 207
Lithium Li 6.9
Magnesium Mg 2 24
Nitrogen N 14
Oxygen O 1 16
Phosphorus P 3 31
Potassium K 1 39
Sodium Na 1 23
Sulfur S 32
Zinc Zn 65
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Table 2 Role of Vitamins in Pharmacology

Essential Amino Acids Nonessential Amino Acids Essential Fatty Acids*
Arginine (cats) Arginine, asparagine Linolenic (omega-3 or n-3 family)
Histidine Alanine
Isolecithin Aspartic acid, cysteine Linoleic (omega-6 or n-6 family)
Leucine Glutamic acid
Lysine Glutamine
Methionine Glycine, proline
Phenylalanine Serine
Taurine (cats) Tyrosine
Threonine
Tryptophan
Valine
*See also Chapter 33.
Adapted from Atkinson RL: Nutrional aspects of pharmacology. In Brody TM, Larner JL, Minneman KP, editors: Human pharmacology: molecular to clinical, Mosby, St. Louis, 1998, 
Mosby, pp 843-860.

Table 1 Essential Fatty Acids

Vitamin Forms Role Comments
Vitamin B7, biotin 

(water- soluble 
vitamin)

Cofactor for enzymes that catalyze incorporation 
of bicarbonate into carboxyl groups. Substrates 
include pyruvate, acetyl coenzyme A (CoA),  
propionyl CoA, and β-methylcrotonyl CoA. 
Critical for fat and carbohydrate metabolism.

Bound tightly to avidin in raw egg white. 
Clinical deficiency rare due to micro-
bial formation.

Vitamin B9, folic 
acid (a water- 
soluble  
B vitamin)

Folates: all  
containing pterolglu-
tamic acid

Transfer of methyl groups; DNA and protein 
 synthesis.

Deficiencies in cells with rapid turnover, 
with macrocytic anemia most com-
mon followed by atrophy of intestinal 
mucosa. Supplementation may reduce 
homocysteine (humans), leading to 
atherosclerosis.

Vitamin B3, niacin 
(or niacinamide) 
(a water- soluble 
B  vitamin)

Nicotinic acid 
Nicotinamide

Present as nicotinamide dinucleotide (NAD) or 
nicotinamide adenine dinucleotide phosphate 
(NADP) serving as cofactor for enzymes catalyz-
ing oxidation-reduction reactions needed for 
cellular electron transfer; electron carrier for 
enzymes oxidizing fuel substrates (NAD);  
transfer of adenosine triphosphate–ribosyl moi-
eties to proteins; hydrogen donor for reduction 
reactions such as fatty acid synthesis (NADP).

Deficiency results in pellagra (“raw 
skin” [humans]), seen in predomi-
nantly grain diets. Marked over- 
supplementation can cause toxicity.
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Vitamin Forms Role Comments
Vitamin B5, panto-

thenic acid  
(a water-soluble 
B vitamin)

Pantoic acid linked to 
β-alanine

Synthesized to acyl carrier protein CoA, which is a 
cofactor for enzyme-catalyzed transfer of acetyl. 
Acetyl CoA is necessary for oxidative metabolism 
of carbohydrates, gluconeogenesis, fatty acid 
metabolism, synthesis of steroids and porphyrins, 
and posttranslational modifications of proteins.

Vitamin A (fat 
soluble)

All-trans-retinol 
(parent); acid form: 
retinoic acid; aldehyde 
form: rentinal

Plant precursors: 
 carotenoids

Synthetic forms: etretinate 
(no longer available?), 
arotinoids

Retinol: gene expression of facial structures and 
limb buds

Retinoic acid: epithelial tissues, bone, embryologic 
development, cell differentiation

Retinal: retinal function

Carotenoids have antioxidant proper-
ties and have been advocated for 
prevention of cancer and heart 
disease. β-carotene may promote 
certain types of cancer. Doses 100-
fold may produce acute toxicity 
(nausea, vomiting, vertigo, muscular 
incoordination), while 10 times the 
dose may cause chronic toxicity (skin 
changes, hepatomegaly, bone and 
joint disease).

Vitamin B1, 
thiamine

Purimidine and thia-
zole nucleus linked by 
 methylene bridge

Carbohydrate metabolism; in phosphorylated  
form, active as coenzymes, particularly in  
nonoxidative decarboxylation of α-ketoacids.

Deficiency referred to as beri beri 
(humans) leading to cardiac disease 
(hypertrophy and dilation of right 
heart); profound neurologic defi-
ciencies, including polyneuropathy, 
ophthalmic disorders.

Vitamin B2, 
riboflavin

Precursor to flavin 
 mononucleotide 
and  flavin adenine 
 dinucleotide

Act as coenzymes for flavoprotein enzymes  
catalyzing oxidation-reduction reactions  
critical for energy production; participates in 
cytochrome P450 metabolism (dehydrogena-
tions, hydroxylations, oxidative decarboxylations, 
reductions, and so forth).

Deficiency associated with increased 
lipid peroxidation, altered metabo-
lism of other B vitamins (folic acid, 
pyridoxine, niacin) and vitamin K 
leading to liver disease, anemia, sto-
matitis, glossitis, seborrheic derma-
titis, and, with prolonged deficiency, 
neuropathy.

Vitamin B6 Pyridoxine
Pyridoxal
Pyridoxamine

Cofactors for over 100 enzymes, especially  
aminotransferases, decarboxylases, decarboxyl-
ations with carbon–carbon bond formation,  
side-chain cleavages, dehydratases, and  
racemoses.

Deficiency results in seborrheic skin 
rash, glossitis and stomatitis. High 
doses may cause peripheral neuropa-
thy.

Vitamin B12, vari-
ous  cobalamins 
(cyanocobala-
min)  (minimally 
absorbed)

Dietary form (must be 
activated)

DNA synthesis; facilitates folic acid metabolism Cyclical structure similar to hemoglobin, 
with cobalt rather than iron in center. 
Deficiencies rare (see text) but result 
in combined systems disease or perni-
cious anemia that targets gastrointes-
tinal tract, blood cells, and neurologic 
system.

Vitamin C (water 
soluble), ascorbic 
acid

Reducing agent, serving as an electron donor for 
enzymatic reactions, especially hydroxylation  
and amidation. Synthesized in most mam-
mals (exceptions: humans and other primates, 
guinea pigs). Particularly important for collagen 
 synthesis, conversion of lysine to carnitine, and 
folic acid to folinic acid; converts ferric iron to 
ferrous iron, assisting iron absorption from gas-
trointestinal tract.

Antioxidant

Few scientific studies support claims 
regarding prevention or treatment of 
cardiac disease or cancer.

Continued

Table 2 Role of Vitamins in Pharmacology—cont’d
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Microminerals Role Comments
Chromium Glucose and insulin homeostasis; RNA synthesis (?) Ubiquitous nature renders deficiency rare.
Copper Red blood cell production; cofactor for enzymes, espe-

cially monoamine oxidase (inactivates catecholamines), 
 cytochrome-c-oxidase; needed to incorporate iron into 
hemoglobin.

Anemia; increased sensitivity of cardiac muscle to cat-
echolamines; collagen and elastin synthesis impaired: 
capillary fragility, weak arterial walls.

Iron Critical for hemoglobin structure and promotion of electron 
transfer in cytochromes and other iron-dependent enzymes, 
especially NADH dehydrogenase.

Most common nutritional deficiency (in humans); char-
acteristic microcytic anemia due to iron depletion of 
red blood cells. See text.

Selenium Antioxidant; component of several enzymes, most notably  
glutathione peroxidase.

Deficiency results in muscle degeneration, liver necrosis, 
growth retardation, reproductive failure.

Zinc Component of more than 50 metalloenzymes; stabilization  
of RNA, DNA, and ribosomes; productive binding of  
hormone receptor complexes; tubulin.  
polymerization; necessary for growth and reproductive  
function; participates in smell and taste; critical for night 
vision.

One of the most important trace elements. Deficiency 
causes growth retardation, failure of sexual maturity, 
fetal deformities, immunosuppression, corneal opaci-
ties, loss or impaired smell and taste, impaired glucose 
tolerance.

Interrelated with vitamin A.
*Sodium, potassium, calcium, and magnesium are considered macrominerals and are important in the ionic movement across cell membranes. All macrominerals function in energy 
metabolism, membrane transport, and the maintenance of membrane potential by Na+, K+ -ATPase. Calcium is critical to the skeletal system, neuromuscular transmission, cellular 
signaling, and blood coagulation. Magnesium is critical in more than 300 enzymatic reactions; deficiency results in osteomalacia (humans), neuromuscular disorders, seizures, and 
cardiac dysrhythmias.
Data from Atkinson RL: Nutritional aspects of pharmacology. In Brody TM, Larner JL, Minneman KP, editors: Human pharamacology: molecular to clinical, St. Louis, 1998, Mosby, pp. 
843-860.

Vitamin Forms Role Comments
Vitamin D (fat 

soluble)
Ergocalciferol: vitamin  

D2 cholecalciferol: 
vitamin D3 25-Hydroxy-
cholecalciferol: 
calcifediol 1,25-Dihy-
droxycholecalciferol: 
calcitriol (vitamin D2)
Dihydrotachysterol (iso-
mer of vitamin D2)

Calcium metabolism, hemataopoiesis, cell  
differentiation, regulation of insulin secretion

Excessive consumption may result in 
hypercalcemia, anorexia, nausea, 
vomiting, polyuria, thirst, muscular 
weakness, joint pain, and bone demin-
eralization

Vitamin E (fat 
soluble)

Tocopherols (alpha and 
gamma) and  
tocotrienols

Free radical scavenger, preventing oxidation of  
polyunsaturated fatty acids and thiol-rich  
proteins in cell membranes; T lymphocyte 
maturation; decreased oxidation of low-density 
lipoproteins; protects against free radical damage 
to retina and nervous system

Overdosing may interfere with vitamins 
A and K absorption; bleeding disor-
ders may occur

Vitamin K Phylloquinone (chloro-
phyll-containing plants)

Menaquinones (bacteria)

Activates clotting factors VII, IX, and X

Data from Atkinson RL: Nutritional aspects of pharmacology. In Brody TM, Larner JL, MinnemanKP, editors: Human pharmacology: molecular Mosby, St Louis, 1998, pp 843-860.

Table 2 Role of Vitamins in Pharmacology—cont’d

Table 3 Role of Microminerals* in Pharmacology
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MANAGEMENT AND TREATMENT OF TOXICOSES

Primary Goals of Therapy
Telephone Instructions

TREATMENT AFTER THE ANIMAL IS SEEN
Emergency Intervention: Keep the Animal Alive
Delay Absorption
Gastric Lavage
Adsorbents
Cathartics
Colonic Lavage or High Enema

ELIMINATION OF ABSORBED TOXICANTS
General
Renal Elimination
Peritoneal Dialysis

SUPPORTIVE MEASURES IN THERAPY OF 
INTOXICATIONS

RODENTICIDES
Strychnine

Sodium Fluoroacetate (Compound 1080)
Anticoagulant Rodenticides
Cholecalciferol (Vitamin D3) Quintox, True Grit 

Rampage, Ortho Rat-B-Gone
INSECTICIDES

Chlorinated Hydrocarbon Insecticides
Rotenone
Pyrethrum and Synthetic Pyrethroids
Diethyltoluamide (DEET)
Organophosphates and Carbamates

ORGANIC COMPOUNDS
Ethylene Glycol (Antifreeze)
Polyhalogenated compounds

INORGANICS
Lead
Mercury (Possible Problem in Grains or Dog Food)
Arsenical Intoxication
Copper and Molybdenum

INTRODUCTION

 I.  Toxicants are just another etiology of a disease process.
 II.  Toxicants are capable of mimicking bacterial or viral 

processes.
 III.  History is very important in diagnosing toxicoses.
 IV.  With few exceptions, it is more important to treat the ani-

mal than worry about the diagnosis (i.e., the diagnosis is 
important, but saving the animal’s life is more important).

 V.  Do not let the client or anything else make the diagnosis 
for you.

 VI.  Important toxicants in veterinary clinical practice:
 A.  Rodenticides
 B.  Insecticides
 C.  Organic compounds, such as antifreeze, halogenated 

hydrocarbon
 D.  Inorganics: metals
 E.  Plants

MANAGEMENT AND TREATMENT 
OF TOXICOSES

When the task at hand is treatment of intoxications, the pri-
mary emphasis should be on prevention, not treatment. 
Therefore client education is at the top of the list, whether 

the client is a producer or an individual animal owner. Client 
 education should emphasize proper handling as well as stor-
age techniques.

Primary Goals of Therapy
 I.  Emergency intervention and prevention of further 

exposure
 A.  Removal of the animal from the toxicant, or the 

toxicant from the animal; washing the animal
 B.  Maintenance of normal respiratory and cardiac 

function
 II.  Establishment of a tentative diagnosis on which to base 

rational therapeutic measures
 III.  Delaying of further absorption
 IV.  Application of specific antidotes and remedial measures
 V.  Hastening the elimination of the absorbed toxicant
 VI.  Supportive therapy
 VII.  Determination of the source of the toxicant
 VIII.  Client education

Telephone Instructions
The owner should do the following until the animal is taken 
to the veterinarian or until the veterinarian sees the animal(s).
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 I.  Do not waste time.
 II.  Protect the animal from injuring itself, and protect the 

people and other animals in the vicinity. It is important 
that the animal owner protect himself or herself if exter-
nally applied chemicals (pesticides) are involved.

 III.  Bring suspect material, with original container, if possible 
along with any vomitus. Clean glass containers are best. 
This is especially important if medical/legal aspects are 
involved.

 IV.  If there will be a time delay, and if the owner is insistent 
about treating the animal with some “medication” and if 
the animal is not sedated or unconscious, then the owner 
can be advised to do the following:

 A.  Administer milk.
 B.  Administer activated charcoal if available.
 C.  Administer water.
 D.  The owner may be advised to wash dermally exposed 

animals with soap and water, but the owner should use 
proper precautions.

 E.  5 mL of hydrogen peroxide (1 tsp) on base of tongue 
or 1⁄2 to 1 tsp of syrup of ipecac; clinician must explain 
precautions about vomition as well as toxicity of syrup 
of ipecac.

TREATMENT AFTER THE ANIMAL 
IS SEEN

Emergency Intervention: Keep the Animal Alive
 I.  Establish patent airway.
 II.  Assess and maintain myocardial activity.

Delay Absorption
 I.  Remove external contaminants
 II.  Induce emesis
 A.  Of little value after 2 to 4 hours of ingestion
 B.  Syrup of ipecac
 1.  1 to 2 mL/kg, maximum of 15 mL for largest 

dog
 2.  Only 50% effective in dogs, may repeat after 

20 minutes. If emesis does not occur after second 
dosage, the syrup of ipecac must be removed by 
gastric lavage.

 3.  Syrup of ipecac must not be used when activated 
charcoal will be used in the treatment regimen.

 C.  Copper sulfate —dangerous
 D.  Table salt —dangerous
 E.  Hydrogen peroxide —5mL on base of tongue
 F.  Apomorphine —Lilly
 1.  Most reliable
 2.  Most effective
 3.  0.04 mg/kg intravenously or
 4.  0.08 mg/kg intramuscularly
 5.  Disadvantages
 a)  Protracted emesis
 b)  May deepen respiratory depression, but if respi-

ration is depressed, then central nervous system 

depression is also present; therefore induction 
of emesis would be contraindicated.

 c)  May be effectively controlled by appropriate 
narcotic antagonists administered intravenously

 (a)  Narcan —0.04 mg/kg
 (b)  Lorfan —0.02 mg/kg
 (c)  Nalline —0.1 mg/kg
 d)  It is a Schedule II drug that is no longer manufac-

tured. It may be rereleased at some unspecified 
time in the future. Even though it is no longer 
being marketed, it is still found in many clinics.

 III.  Contraindications for INDUCTION OF EMESIS
 A.  Unconsciousness or central nervous system depres-

sion (respiratory depression)
 B.  Intoxication of petroleum distillates?
 C.  Use of tranquilizers or antiemetics
 D.  If > 2 to 4 hours since ingestion
 E.  Ingestion of acids or alkalis: weakened stomach wall, 

retching may rupture, also reinjure esophagus and 
oral cavity.

 IV.  Activated charcoal may be used with emetics to increase 
the efficiency of both techniques.

 V.  Vomitus should be saved.

Gastric Lavage
 I.  Animal is unconscious: light anesthesia, with endotra-

cheal tube (cuffed) extended beyond teeth.
 II.  Lower head and thorax.
 III.  Measure oral–gastric tube from muzzle to xiphoid car-

tilage and mark.
 IV.  Use same size oral–gastric tube as endotracheal tube 1 

mm = 3 French; use as large a tube as possible.
 V.  Use 5 to 10 mL/kg of lavage solution for infusion.
 VI.  Aspirate solution from stomach using a large aspirator 

bulb or 50-mL syringe.
 VII.  Repeat cycle 10 to 15 times; activated charcoal will 

increase efficiency.
 VIII.  Precautions:
 A.  Use low pressures; do not force fluid.
 B.  Reduce volume in obviously weakened stomachs.
 C.  Do not rupture esophageal or gastric walls.

Adsorbents
 I.  Activated charcoal
 A.  Vegetable or petroleum origin, not animal origin
 B.  Activated by increasing surface area and heating
 C.  Sources:
 1.  SUPERCHAR —Gulf Biosystems, Dallas (This is 

currently off the market (as of early 1991). A Japa-
nese company has purchased it and is considering 
rereleasing it in the future.

 2.  TOXIBAN —Vetamix, Shenandoah, Iowa
 3.  Use a bathtub or another easily cleaned area
 4.  Make a slurry with water, 1 gm/5-10 mL water
 5.  Dosage = 2 to 8 g/kg BW
 6.  Administer by oral–gastric tube using funnel or 

large syringe
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 7.  Administer a saline cathartic 30 minutes after 
charcoal.

 8.  For best results, activated charcoal should be 
re-administered qid for several days after an 
intoxication.

 D.  Remember: Do not use with syrup of ipecac
 E.  Universal Antidote — not effective
 1.  Activated charcoal —2 parts
 2.  Magnesium oxide —1 part
 3.  Tannic acid —1 part
 4.  “Burnt” toast —not effective

Cathartics
 I.  Saline cathartic —best
 A.  Sodium sulfate —1 g/kg best
 B.  Magnesium sulfate
 II.  Mineral oil and/or vegetable oil may be contraindicated; 

always follow with a saline cathartic.

Colonic Lavage or High Enema
 I.  Sources of activated charcoal —see Table 1
 II.  Locally acting antidotes —see Table 2
 III.  Systemic antidotes —see Table 3

ELIMINATION OF ABSORBED TOXICANTS

General
 I.  Kidneys—easiest to manipulate
 II.  Bile, feces
 III.  Lungs

Renal Elimination
 I.  Requires adequate renal function: minimum of 0.1 mL/

kg/min of urine production
 II.  May require hydration: fluid therapy
 III.  Diuretics
 A.  Furosemide —Lasix - 5 mg/kg, every 6-8 hours
 B.  Mannitol —2 gm/kg/hr
 C.  Manipulation of pH
 1.  For an acid, pH = pKa + log I

U
 2.  For a base, pH = pKa + log U

I
 3.  Many chemicals are weak acids or bases.
 4.  Degree of ionization depends on pH of medium 

and pKa of compound.
 IV.  Facts about pKas of compounds
 A.  Acid with low pKa = strong acid
 B.  Acid with high pKa = weak acid
 C.  Base with low pKa = weak base
 D.  Base with high pKa = strong base
 E.  At pHs above pKa
 1.  Acids = ionized
 2.  Bases = un-ionized
 F.  At pHs below pKa
 1.  Acids = un-ionized
 2.  Bases = ionized

 G.  Compounds that are un-ionized at physiologic pHs 
could be expected to traverse membranes if the com-
pound is lipid soluble.

 H.  The gastrointestinal tract and the kidney are the 
organs where clinicians can take advantage of the pH 
differences. “ION TRAPPING”

 1.  Drugs are readily absorbed from the gastrointes-
tinal tract if the non-ionized form is lipid soluble 
and if:

 a)  an acid with pKa > 2
or

 b)  a base with pKa < 11
 I.  Exceptions:
 1.  2-PAM —completely ionized, absorbed from stom-

ach but will not readily cross blood–brain barrier
 J.  Examples of “ION TRAPPING”
 1.  Acid—Acetylsalicylic acid (aspirin) and some 

barbiturates remain more ionized in alkalinized 
urine.

 2.  Bases—amphetamines and other basic compounds 
remain more ionized in acidic urine.

 K.  Urinary acidifying agents
 1.  Ammonium chloride — 200 mg/kg per day in 

divided doses
 2.  Ethylenediamine dihydrochloride,  Chlorethamine 

—1-2 tabs, tid
 3.  Physiological saline (PSS) intravenously
 L.  Urinary alkalinizing agents
 1.  Sodium bicarbonate —5 meq/kg/hr

Peritoneal Dialysis
 I.  For use when kidneys do not function
 II.  Time consuming
 III.  Infusion of dialyzing fluids into peritoneal cavity, allow-

ing the fluid to stay there for 30 to 60 minutes before 
removal

 IV.  May insert dialysis catheter, or just use 18-gauge needle
 V.  May alter pH of dialyzing fluids if type of offending agent 

is known (e.g., acid or base, pKa)

SUPPORTIVE MEASURES IN THERAPY 
OF INTOXICATIONS

 I.  Body temperature control
 II.  Respiratory support measures
 A.  Analeptics
 1.  Doxapram (Dopram): 3 to 5 mg/kg
 2.  Short acting
 3.  May induce convulsions
 B.  Respirate: “GRAB THE CHEST”
 1.  Patent airway—cuffed endotracheal tube
 2.  Tracheotomy
 3.  Respirator
 III.  Cardiovascular support
 A.  Requirements
 1.  Adequate circulating volume
 2.  Adequate cardiac function
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 3.  Adequate tissue perfusion
 4.  Adequate acid–base balance
 B.  Immediate concern - blood volume and cardiac 

activity
 1.  Hypovolemia: give whole blood if there loss of cells 

and volume
 2.  Hypovolemia: fluid loss—lactated Ringer’s, plasma 

expanders
 3.  Cardiac activity - massage, pharmaceutical agents
 IV.  Acid–base balance
 V.  Pain
 VI.  Central nervous system disorders
 A.  Depression: see respiratory depression
 B.  Hyperactivity: managed by central nervous system 

depressants
 1.  Pentobarbital sodium —agent of choice for con-

vulsions and hyperactivity (precautions)
 2.  Inhalant anesthetics: disadvantages and advan tages
 3.  Skeletal muscle relaxants
 a)  Glyceryl guaiacolate, Guaiafenison
 b)  Methocarbamol, Robaxin
 c)  Diazepam, Valium: 0.5-1.5 mg/kg, intrave-

nously or intramuscularly
 4.  Place in quiet, dark room to cut visual and audi-

tory stimuli.

RODENTICIDES

Strychnine
 I.  Spinal convulsant
 A.  Competes with glycine
 B.  Reduces inhibitory postsynaptic potential
 II.  Signs occur 10 minutes to 2 hours after ingestion.
 III.  Apprehension, nervousness, tenseness, stiffness, tetanic 

convulsions with intermittent relaxation.
 IV.  Animal may die after 1 convulsion or may convulse for 1 

to 2 hours before death occurs.
 V.  Affected animals almost never vomit. (i.e., full stomach at 

necropsy).
 VI.  Treatment:
 A.  After ingestion, before convulsions, with some signs:
 1.  Diazepam 2-5 mg/kg intravenously
 a)  Apomorphine intravenously, 0.04 mg/kg
 b)  Pentobarbital as needed
 2.  After onset of convulsions
 a)  Pentobarbital to effect
 b)  Gastric lavage
 c)  Place in quiet room
 d)  Animal should be observed for several days 

after apparent recovery.

Sodium Fluoroacetate (Compound 1080)
 I.  Biotransformed to fluorocitrate, blocks aconitase
 II.  Convulsant toxicant, not induced by external stimuli
 III.  Attempts to vomit, micturate, and defecate after onset of 

early nervous signs

 IV.  Convulsions can be controlled by pentobarbital, but it is 
extremely difficult to prevent death.

Anticoagulant Rodenticides
 I.  Competes with vitamin K, causes deficiencies in clotting 

factors II, VII,IX, X
 II.  Signs: hypovolemic shock, bleeding from body orifices, 

subcutaneous hemorrhages, pale mucous membranes, 
blood in body cavities

 III.  Treatment
 A.  Handle animals carefully.
 B.  Blood transfusion: whole blood or plasma blood 

transfusion, 25 mL/kg.
 C.  Use small needles.
 D.  Vitamin K1 (Aqua-MEPHYTON, 5-mg caps, Merck 

& Co.)(Vita K1, Eschar, 25-mg caps). Give 3-5 mg/
kg/day with canned food. Treat 7 days for warfarin-
type, treat 21 to 30 days for second-generation antico-
agulant rodenticides. Oral therapy is more efficacious 
than intravenous therapy.

Cholecalciferol (Vitamin D3) QuintoxR, True Grit 
RampageR, Ortho Rat-B-GoneR

 I.  Active ingredient: cholecalciferol, 0.075% baits
 II.  Mechanism of action: mobilizes calcium from bones 

into the blood, causing a “calcium-like” toxicity to the 
heart. Lower dosages over a long time can cause an 
actual vitamin D toxicoses.

 III.  Toxicity: mice = 84 mg/kg (lethal dose); rats = 50 mg/kg 
(lethal dose); dogs = >100 g/kg.

 IV.  Clinical signs: cessation of eating, lethargy, nausea, 
vomiting, diarrhea, polyuria, profuse sweating, poly-
dipsia, and neurologic disturbances. Vasoconstriction 
and hypertension may be seen along with a shortened 
QT interval and prolonged PR interval. Serum cal-
cium >11.5 mg/dL with increased BUN, creatine, and 
phosphorus.

 V.  Lesions: Acute = heart stops in systole; chronic = cal-
cium deposits in soft tissues, aorta, tendons, muscle

 VI.  Reported by pest control personnel as safe around pets.
 VII.  No good antidotes; potassium chloride can be used 

if ECG monitoring is undertaken. No antidote for 
calcification

 VIII.  Treatment: Induce vomiting, and administer activated 
chrcoal. A saline cathartic should be used in cases of 
recent (within 3 hours) exposure. Moniter the serum 
calcium after 24 hours to determine if further therapy 
is necessary. Fluid therapy should include normal saline 
(intravenous) and furosemide as a diuretic. Thiazide 
diuretics are contraindicated. Corticosteroids have sev-
eral beneficial effects and should be used. Also, calcito-
nin can be administered in microgram quantities (4-6 
IU/kg) subcutaneously every 2 to 3 hours initially. Treat-
ment with diuretics and cortisone should continue until 
serum calcium level remains normal. Check the serum 
calcium level 24 hours after treatment is stopped. Long-
term therapy, for 2 weeks or more, may be required.
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INSECTICIDES

Chlorinated Hydrocarbon Insecticides
 I.  Not as common, but still in use
 II.  Signs:
 A.  Abnormal posture
 B.  Fine tremors to gross convulsions
 C.  Salivation
 III.  Treatment
 A.  General treatment
 B.  Control convulsions: pentobarbital, might try diaz-

epam (intravenous) first

Rotenone
 I.  Botanical insecticide: Derris spp.
 II.  Low toxicity: 1 to 3 grams/kg
 III.  Signs: vomiting caused by gastric irritation
 A.  Incoordination
 B.  Muscle tremors
 C.  Clonic convulsions
 D.  Respiratory failure
 IV.  Treatment: General treatment

Pyrethrum and Synthetic Pyrethroids
 I.  Names: allethrin, cyfluthrin, cypermethrin, deltamethrin, 

decamethrin, fenpropathrin, fenvalerate, flumethrin, 
kadethrin, permethrin, resmethrin, terallethrin, tetrame-
thrin (-rin suffix)

 II.  Low toxicity, except in fish and some tropical birds
 III.  Increased sensitivity to external stimuli: fine tremors to 

gross tremors to prostration
 IV.  Pawing, burrowing, salivation to writhing, convulsions
 V.  Treatment = diazepam

Diethyltoluamide (DEET)
 I.  History: DEET was synthesized in 1954 and used as an 

insect repellent. It is effective against mosquitoes, biting 
flies, gnats, chiggers, ticks, and fleas. The content of DEET 
in various products has ranged from 5% to 100%. The 
Hartz Company used DEET in dog and cat flea collars in 
their Blockade product line. Hartz withdrew its Blockade 
products from the market primarily because of consumer 
pressure and negative publicity. Some pets were reported 
to have died after exposure to Blockade.

 II.  Clinical signs and symptoms: In animals and humans, 
DEET is absorbed through the skin. It has been known to 
produce blisters, skin necrosis, erythema, central nervous 
system disturbances, and death in animals. In humans it 
also produces blisters, skin necrosis, a burning sensation, 
erythema, ulcerations, slurred speech, confusion, convul-
sions, and (without treatment) even death. It seems to be 
more toxic to female humans than male humans. This 
may be an occupational phenomenon of female associa-
tion with dipping and spraying animals.

 III.  Although neurologic signs in animals and humans may 
resolve, the parent compound and its metabolites are 
detectable for up to 2 weeks after an episode.

Organophosphates and Carbamates
 I.  Signs: overstimulation of parasympathetic nervous sys-

tem (cholinergic, nicotinic, central nervous system)
 A.  Salivation, lacrimation, sweating
 B.  Muscular involvement
 C.  Constricted pupils
 D.  Respiratory involvement
 E.  Gastrointestinal involvement
 F.  Urinary incontinence
 G.  Central nervous system signs
 II.  Treatment organophosphates = Atropine + 2-PAM
 A.  Atropine: 0.2-0.4 mg/kg (1⁄4 intravenously, remainder 

subcutaneously)
 B.  2-PAM: 20-50 mg/kg intramuscularly (of no value 

after enzyme has “aged”.
 C.  Neither atropine nor 2-PAM will control all of the 

signs: do not overtreat
 III.  Treatment of carbamates: atropine only; some carbamates 

are just as toxic as organophosphates; extensive treatment 
not required, as with organophosphates

 IV.  Diazepam may be used to control some of the central ner-
vous system signs.

ORGANIC COMPOUNDS

Ethylene Glycol (Antifreeze)
 I.  Biotransformed---> glycolic acid ---> oxalic acid ----> 

calcium oxalate (alcohol dehydrogenase)
 II.  Antifreeze = 95% ethylene glycol
 III.  Toxic dose = 2 to 10 mL/kg
 IV.  Early signs = depression, central nervous system signs, 

nausea, vomiting, polydipsia, polyuria, dehydration
 V.  May return to normal within 12 hours
 VI.  Signs return within 24 hours, with more severe, meta-

bolic acidosis. Animals surviving 24 hours will have 
renal problems: signs of uremia, progressive increase in 
BUN, hyperkalemia, and acidosis; urine sediment may 
have birefringent crystals.

 VII.  Lesions: hemorrhages in gastrointestinal mucosa, 
swollen and congested kidneys, hyperemia and edema 
of lungs

 VIII.  Treatment:
 A.  Activated charcoal (if within 8 hours)
 B.  20% ethanol, 5 mL/kg intravenously every 5-8 hours 

for 48-72 hours (causes central nervous system 
depression)

 C.  5% sodium bicarbonate, 8 mL/kg, every 8 hours as 
needed > 48 hours.

 D.  4-Methylpyrazole (5% solution) may be used instead 
of ethanol. It is better than ethanol because it does 
not induce central nervous system depression. As 
with ethanol, best results are obtained if treatment is 
initiated within 4 to 6 hours. Do not use in cats.

 1.  Initial dosage 20 mg/kg
 2.  15 mg/kg 12 and 24 hours after ingestion
 3.  5 mg/kg 36 hours after ingestion.
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Polyhalogenated compounds
 I.  Polyhalogenated biphenyls
 A.  Induce enzymes
 B.  “Multiple Diseases”
 1.  Chick edema disease, reduced hatchability 

embryotoxic
 2.  Acneiform dermatitis
 3.  Interferes with poryphrin metabolism
 4.  “Cola-colored” babies in Japan, “Yusho”
 5.  Tolerances in food for human consumption
 II.  Dioxins
 A.  Common contaminant in chlorinated hydrocarbons
 B.  Extremely toxic in laboratory animals, not as toxic in 

humans
 C.  Diseases
 1.  Liver
 2.  Rapidly proliferating tissues
 3.  Spermatogenesis
 4.  Gastrointestinal mucosa
 5.  Cancer
 6.  Teratogenesis: animals, humans
 D.  Episodes
 1.  Seveso, Italy
 2.  Missouri (several episodes)
 3.  Oregon
 4.  Michigan

INORGANICS

Lead
 I.  Most common heavy metal toxicant in the world
 II.  Animals affected: cattle, young dogs, exotic birds
 III.  Age: Nursing animals are more susceptible
 A.  Dogs: 2 to 8 months usually
 B.  Bovine: any age
 C.  Birds: any
 IV.  Signs:
 A.  Gastrointestinal disturbances: vomiting, abdominal 

pain, anorexia
 B.  Neurologic signs: 3 to 4 days after lead colic in dogs, 

abnormal behavior, pica, hysteria convulsions; cattle 
and birds: neurologic signs.

 C.  Laboratory
 1.  Hematopoietic: late in syndrome nucleated red 

cells, other red blood cell abnormalities
 2.  Radiographic
 a)  Gastrointestinal tract
 b)  Lead line in Bones
 3.  Blood lead > 0.6 ppm, 0.05-0.25 = normal
 V.  Treatment:
 A.  Remove lead from gastrointestinal tract
 B.  Calcium disodium EDTA: 75-100 mg/kg per day, 

intravenously or intramuscularly
 C.  Penicillamine 100 mg/kg per day if owner refuses to 

hospitalize
 D.  Bronchoalveolar lavage 4 mg/kg qid with EDTA w/

severe nervous signs
 E.  Thiamine HCl: 5 mg/kg, intravenously bid for 1 to 2 weeks

Mercury (Possible Problem in Grains or Dog 
Food)
 I.  Inorganic and organic forms
 A.  Inorganic absorbed through gastrointestinal tract, 

lungs
 B.  Organic: also through skin
 C.  Aryl and methoxyethyl forms produce signs similar to 

inorganic
 D.  Alkyl = typical signs + neurologic signs
 II.  “Typical” signs
 A.  Gastrointestinal, abdominal pain, weakness, anorexia, 

central nervous system depression, renal signs
 B.  Proteinuria = common
 III.  Alkyl mercurial signs
 A.  Sudden onset, ataxia, stumbling, hyperesthesia, con-

vulsions, prostration
 B.  Young born with neurologic deficits
 C.  Focal central malacia, cord not affected.
 IV.  Treatment:
 A.  Acute, “typical”—bronchoalveolar lavage
 B.  Chronic—penicillamine
 C.  No treatment for alkyl mercurial intoxications

Arsenical Intoxication
 I.  Inorganic and organic forms
 II.  Extremely important in some areas of United States, equal 

to lead in some cases
 III.  Many sources: herbicides (old and new), insecticides, ton-

ics, heartworm treatment, growth promotants
 IV.  Clinical signs: gastrointestinal, abdominal pain, depres-

sion, diarrhea; chronic: rough hair coat, unthrifty, cattle 
may have enlarged joints

 V.  Clinical signs (phenylarsonic): central nervous system, 
paresis, incoordination (drunk pig syndrome), alert 
and will continue to eat, blindness (not constant); signs 
are reversible unless nerve damage has developed; just 
remove from source

 VI.  Treatment: “typical”
 A.  Early = general treatment, sodium thiosulfate, orally
 B.  Late = bronchoalveolar lavage 2.5 to 5 mg/kg, 2 to 4 

times per day for 10 days or until recovery
 C.  No treatment for phenylarsonic compounds.

Copper and Molybdenum
 I.  A “toxicity” of one means a deficiency of the other.
 II.  Copper toxicoses occurs primarily in sheep, although 

Bedlington Terriers have a congenital problem with cop-
per accumulation.

 III.  Molybdenum toxicoses (molybdenosis) occurs primarily 
in cattle but may cause a problem in young lambs.

 IV.  Ideal ratio is Cu:Mo = 6:1 in the diet, total intake if the 
ratio is outside 2:1 to 10:1, problems can be expected.

 V.  Copper toxicoses
 A.  An acute disease can occur; typical heavy metal along 

with intravascular hemolysis
 B.  Usual disease = chronic accumulation in liver with a 

subsequent massive release of copper, > 150 ppm Cu, 
wet weight = potential problems
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 C.  Usual sign = a sudden hemolytic crisis leading to ane-
mia and jaundice (not always)

 D.  Course of disease = 24 to 48 hours
 VI.  Molybdenum toxicoses
 A.  Usually a chronic disease: “poor doers,” chronic diar-

rhea, appear hypoproteinemic, achromotrichia, poor 
reproductive performance, anemia, joint problems

 B.  Sheep may develop wool problems, produce lambs 
with incoordination (“swayback”)

 VII.  Treatment:
 A.  Copper toxicoses = penicillamine –chelating agent, 

ammonium tetrathiomolybdate, change diet
 B.  Molybdenosis = copper glycinate, change diet

Table 1 Some Available Activated Charcoal Products
Commercial Trade Ingredients Manufacturer or Distributor Address
Activated charcoal gel Activated charcoal, 100 mg/mL with  

electrolytes
Vets Plus, Inc
800-468-3877

102 3rd Ave
Knapp, WI 54749

D-TOX-BESC Activated charcoal, 100 mg/mL Agripharm
901-366-4442

4869 E. Raines Road
Memphis, TN 38175

Toxiban Granules 47% activated charcoal, 10% kaolin,  
42% wetting and dispensing agents,  
5 kg-pail, Suspension, 10.4% activated   
charcoal, 6.25% kaolin in an aqueous dose;  
240-mL bottle

Vet-A-Mix
800-831-0004

604 W. Thomas Ave.
Shenandoah, IA 51601

UAA Universal Animal
(Antidote Gel)

Activated charcoal, 100 mg/mL Vedco
888-708-3326

5503 Corporate Dr.
St. Joseph, MO 64507

Table 2 Locally Acting Antidotes Against Unabsorbed Poisons and Principles of Treatment
Toxicant Antidote and Dose or Concentration
Acids, corrosives Weak alkali-magnesium oxide solution (1:25 warm water) internally. Never give sodium bicarbonate!

Milk of magnesia—1 to 15 mL. Flush externally with water. Apply paste of sodium bicarbonate.
Alkali, caustic Weak acid—vinegar (diluted 1:4), 1% acetic acid, or lemon juice given orally. Dilute albumin (4 to 6 egg  

whites to 1 qt warm water) or give whole milk followed by activated charcoal and then a cathartic  
because some compounds are soluble in excess albumin. Local—flush with copious amounts of water and 
apply vinegar.

Alkaloids Potassium permanganate (1:5000 to 1:10,000) for lavage or oral administration.
Tannic acid or strong tea (200 to 500 mg in 30 to 60 mL of water) except in cases of poisoning by cocaine, 

 nicotine, physostigmine, atropine, and morphine.
Emetic or purgative should be used for prompt removal of tannates.

Arsenic Sodium thiosulfate—10% solution given orally (0.5 to 3 g for small animals), followed by lavage  
or emesis.

Protein—evaporated milk, egg whites.
Tannic acid or strong tea (see specific antidote in Table 3).

Barium salts
Bismuth salts
Carbon tetrachloride

Sodium sulfate and magnesium sulfate (20% solution given orally) Dosage: 2 to 25 gm.
Acacia or gum arabic as mucilage.
Empty stomach, give high-protein and carbohydrate diet; maintain fluid and electrolyte balance.
Hemodialysis is indicated in anuria. Epinephrine is contraindicated (ventricular fibrillation).

Copper Albumin (see Alkali, above).
Sodium ferrocyanide in water (0.3 to 3.5 g for small animals). (See specific antidote in Table 3.)
Magnesium oxide (see Acids, above).

Detergents, anionic (Na,
K, NH4

+salts)
Milk or water followed by demulcent (oils, acacia, gelatin, starch, egg white)

Detergents, cationic  
(chlorides, iodides)

Soap (castile) dissolved in 4 times its bulk of hot water.
Albumin (see Alkali, above).

Fluoride Calcium (milk, lime water, or powdered chalk mixed with water) given orally.
Continued
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Table 2 Locally Acting Antidotes Against Unabsorbed Poisons and Principles of Treatment—cont’d
Toxicant Antidote and Dose or Concentration
Formaldehyde Ammonia water (0.2% orally) or ammonium acetate (1% for lavage).

Starch—1 part to 15 parts hot water, added gradually.
Gelatin soaked in water for 30 min.
Albumin (see Alkali, above).
Sodium thiosulfate (see Arsenic, above).

Iron Sodium bicarbonate—1% for lavage. (See specific antidote in Table 3.)
Lead Sodium or magnesium sulfate given orally.

Sodium ferrocyanide (see Copper, above).
See specific antidote.
Albumin (see Alkali, above).

Mercury Protein—milk, egg whites (see Alkali, above).
Magnesium oxide (see Acids, above).
Sodium formaldehyde sulfoxylate—5% solution for lavage.
Starch (see Formaldehyde, above).
Activated charcoal—5 to 50 g. (See specific antidote in Table 3.)

Oxalic acid Calcium—calcium hydroxide as 0.15% solution.
Other alkalis are contraindicated because their salts are more soluble.
Chalk or other calcium salts.
Magnesium sulfate as cathartic.
Maintain diuresis to prevent calcium oxalate deposition in kidney.

Petroleum distillates  
(aliphatic hydrocarbons)

Olive oil, other vegetable oils, or mineral oil given orally. After 30 min, sodium sulfate as cathartic.
Emesis and lavage are contraindicated for ingested volatile solvents, but petroleum distillates are used as 

 carrier agents for more toxic agents.
Phenol and cresols Soap and water or alcohol lavage of skin.

Sodium bicarbonate (0.5%) dressings.
Activated charcoal and/or mineral oil given orally.

Phosphorous Copper sulfate (0.2 to 0.4% solution) or potassium permanganate (1:5000 solution) for lavage.
Turpentine (preferably old oxidized) in gelatin capsules or floated on hot water. Give 2 mL 4 times at  

15-minute intervals.
Activated charcoal.
Do not give vegetable oil cathartic. Remove all fat from diet.

Silver nitrate Normal saline for lavage.
Albumin (see Alkali, above).

Unknown (e.g., toxic plants  
or other materials)

Activated charcoal (replaces universal antidote). For small animals: through stomach tube, as a slurry in water. 
Follow with emetic or cathartic and repeat procedure.

Table 3 Specific Systemic Antidotes and Dosages
Toxic Agent Systemic Antidote Dosage and Method for Treatment
Acetaminophen B-acetylcysteine (Mucomyst,  

Mead Johnson)
150 mg/kg loading dose, PO or IV, then 50 mg/kg every 4 hours for 

17-20 additional doses.
Cimetidine 5 mg/kg, orally, every 6-8 hours for 2-3 days. To prevent biotransfor-

mation of acetaminophen.
Amphetamines Chlorpromazine 1 mg/kg IM, IP, IV; administer only half dose if barbiturates have 

been given: blocks excitation. Higher doses (10-18 mg/kg IV) may 
be beneficial if large volumes are consumed. Treatment of increased 
intracranial pressure may be indicated (mannitol, furosemide)

Urinary alkalinization:
Ammonium chloride

100 to 200 mg/kg per day divided every 8 to 12 hours (contraindi-
cated with myoglobinuria, renal failure of acidosis).

Amitraz Atipamezole 50 g/kg IM. Signs should reverse in 10 minutes. Repeat every 3-4 
hours as needed. Can follow with 0.1 mg/kg yohimbine IM every 6 
hours.

Yohimbine Dogs 0.11 mg/kg IV slowly
Cats 0.5 mg/kg IV slowly
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Antitussives Naloxone If narcotic (e.g., hydrocodone, codeine)
Arsenic, mercury and other  

heavy metals except cadmium, 
lead silver, selenium, and 
 thallium

Dimercaprol (BAL, Hynson, 
Wescott & Dunning)

10% solution in oil; give small animals 2.5 to 5 mg/kg IM every 4 
hours for 2 days, bid for the next 10 days or until recovery.

Note: In severe acute poisoning, 5 mg/kg dosage should be given 
only for the first day.

D-Penicillamine (Cuprimine, 
Merck & Co.)

Developed for chronic mercury poisoning, now seems most promis-
ing drug; no reports on dosage in animals. Dosage for humans is 
250 mg orally, every 6 hours for 10 days (3 to 4 mg/kg).

Aspirin No specific antidote (see also, 
nonsteroidal antiinflammatory 
drugs)

Acute toxicosis: urinary alkalinization, other supportive therapy; 
doses of 50 mg/kg per day (dog) and 25 mg/kg/day (cat); 7 mL/kg 
per day of bismuth subsalicylate (dogs and cats) may be toxic.

Atropine,
Belladonna alkaloids

Physostigmine salicylate 0.1 to 0.6 mg/kg (do not use neostigmine).

Barbiturates Doxapram (Dopram) 2% solution: Give small animals 3 to 5 mg/kg IV only (0.14 to 0.25 
mL/kg) repeated as necessary.

Barium, bismuth salts Sodium sulfate/magnesium  
sulfate

20% solution given orally, 2 to 25 g.

Bleach Treat as alkali Use of emetics is controversial; treat as an alkali poisoning. Therapies 
have included milk or water (large volumes), milk of magnesia (2-3 
mg/kg), egg whites, or powdered milk slurry. Sodium bicarbonate 
is not recommended.

Borates (roach killers, fleas 
products, fertilizers, herbicides, 
antiseptics, disinfectants,  
contact lens solutions)

No specific antidote Supportive therapy includes emetics and gastric lavage, fluid therapy 
and diuresis, treatment of seizures and hyperthermia as indicated.

Botulism Antitoxin Use is controversial. Supportive care may be sufficient. Supportive 
therapy may include penicillin, physostigmine or neostigmine, and 
atropine.

Bromethalin No specific antidote Supportive care may include treatment of cerebral edema.
Bromides Chlorides (sodium or  

ammonium salts)
0.5 to 1 g daily for several days; hasten excretion.

Caffeine/chocolate No specific antidote General treatment, diazepam (2 to 5 mg/kg) for tremors, treat 
arrhythmias as indicated.

Carbon monoxide Oxygen Pure oxygen at normal or high pressure;
artificial respiration; blood transfusion.

Cholinergic agents Atropine sulfate 0.02 to 0.04 mg/kg, as needed.
Cholinesterase inhibitors Atropine sulfate Dosage is 0.2 - 0.4 mg/kg, repeated as needed for atropinization. Treat 

cyanosis (if present) first. Blocks only muscarinic effects. Atropine 
in oil may be injected for prolonged effect during the night. Avoid 
atropine intoxication!

Pralidoxime chloride (2-PAM) 
(organophosphates, some 
carbamates; but not carbaryl, 
dimethan, or carbam piloxime)

5% solution; five 20 to 50 mg/kg IM or by slow IV (0.2 to 1.0 mg/kg) 
injection (maximum dose is 500 mg/min), repeat as needed.
2-PAM alleviates nicotinic effect and regenerates cholinesterase. 
Morphine, succinylcholine, and phenothiazine tranquilizers are 
contraindicated.

Diphenhydramine 1-4 mg/kg IM, PO every 8 hours to block nicotinic effects.
Cocaine No specific antidote Chlorpromazine (up to 15 mg/kg; may lower seizure threshold, use 

cautiously); butylcholinesterase may convert cocaine to inactive 
metabolites (currently under investigation); fluids metoprolol or 
isopropanolol to treat cardiac arrhythmias (see methylxanthines); 
phentolamine or sodium nitroprusside if beta blockers cause 
hypertension; lidocaine (instead of beta blockers) to control cardiac 
arrhythmias; see methylxanthines.

Crayons (aniline dyes) Ascorbic acid 20-30 mg/kg PO or 20 mg/kg IV slowly

Table 3 Specific Systemic Antidotes and Dosages—cont’d

Continued
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Methylene blue (if ascorbic acid 

fails)
Dogs: 3-4 mg/kg IV
Cats: 1.5 mg/kg.(Methylene blue may cause Heinz body formation in 

the absence of methemoglobinemia, and sometimes in the pres-
ence of methemoglobinemia.)

Copper D-Penicillamine (Cuprimine) 52 mg/kg for 6 days (also see Arsenic)
Ammonium molybdate
Sodium thiosulfate

50 to 500 mg, PO, once a day
300 to 1000 mg, PO, once a day

Ammonium tetrathiomolybdate 100 to 500 mg, PO on alternate days for 3 treatments
Coumarin-derivative 

 anticoagulants
Vitamin K1 (Aqua-

MEPHYTON, 5 mg caps,  
Merck & Co.) (Vita K1, 
Eschar, 25 mg caps)

Whole blood or plasma

Give 3-5 mg/kg/day with canned food. Treat 7 days for warfarin-type, 
treat 21 to 30 days for second-generation anticoagulant rodenti-
cides. Oral therapy is more efficacious than IV.

Blood transfusion, 25 mL/kg.

Curare Neostigmine methylsulfate Solution: 1:5000 for 1:2000. (1 mL = 0.2 or 0.5 mg/mL).
Dose is 0.005 mg/5 kg, SC. Follow with IV injection of atropine (0.04 

mg/kg).
Edrophonium chloride  

(Tensilon, Roche)
Artificial respiration

1% solution; give 0.05 to 1.0 mg/kg IV.

Cyanide Methemoglobin (sodium nitrite is 
used to form methemoglobin)

Sodium thiosulfate

1% solution of sodium nitrite, dosage is 16 mg/kg IV (1.6 mL/kg). 
Follow with sodium thiosulfate 20% solution at dosage of 30 to 40 
mg/kg (0.15 to 0.2 mL/kg) IV. If treatment is repeated, use only 
sodium thiosulfate.

Note: The above may be given simultaneously as follows: 0.5 mL/
kg of combination consisting of 10 g sodium nitrite, 15 g sodium 
thiosulfate, distilled water quantity sufficient 250 mL. Dosage may 
be repeated once. If further treatment is required, give only 20% 
solution of sodium thiosulfate at level of 0.2 mL/kg.

Decongestants No specific antidote Treat symptomatically.
Detergents: anionic (Na, K,  

NH4
+)

Milk or water followed by demulcent (oils, acacia, gelatin, starch, egg 
white.)

Detergents: cationic (chlorides, 
iodides

Castile soap dissolved in 4 times bulk of hot water. Albumin, see 
Alkali above.

Diatomaceous earth No treatment indicated unless pulmonary, then supportive.
Digitalis glycosides, oleander,  

and Bufo toads
Potassium chloride Dog: 0.5 to 2.0 g, orally in divided doses, or in serious cases as diluted 

solution given IV by slow drip (ECG control is essential).
Diphenylhydantoin
Propranolol (ß -blocker)

25 mg/minute IV control is established.
0.5-1.0 mg/kg IV or IM as needed to control cardiac arrhythmias 

(ECG control is essential).
Atropine sulfate 0.02 to 0.04 mg/kg as needed for cholinergic control.

2 to 5 mg/kg, control convulsions
Diazepam (Valium, Roche) (2 to 5 mg/kg) in the case of Bufo toads, must treat convulsions first.

Ethylene glycol Ethanol See methanol and ethylene glycol. Minimal lethal dose of ethylene 
glycol is 4.2 to 6.6 mL/kg (4.5 ounces in 20-lb dog) and 1.5 mL for 
cats. Give IV, 1.1 g/kg (4.4 mL/kg) of 25% solution. Give 0.5 gm/kg 
(2.0 mL/kg) every 4 hours for 4 days. To prevent or correct acido-
sis, use sodium bicarbonate IV, 0.4 g/kg. Activated charcoal: 5 g/kg 
orally if within 4 hours of ingestion.

4-Methylpyrazole 20 mg/kg, 15 mg/kg at 12 and 24 hours, 5 mg/kg at 36 hours
Sodium bicarbonate 5% 8 mL/kg (dog) or 6 mg/kg (cat) IP every 4 hours for five treatments, 

then every 6 hours for four more treatments.
Fertilizer No specific antidote Supportive therapy may include treatment for electrolyte disorders, 

vomiting, H2 receptor blockers for gastritis, (sucralfate and analge-
sics as needed)

Fluoride Calcium borogluconate 3 to 10 mL of 5% to 10% solution.

Table 3 Specific Systemic Antidotes and Dosages—cont’d
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Fluoracetate (Compound 1080®, 

Sigma)
Glyceryl monoacetin 0.1 to 0.5 mg/kg IM hourly for several hours (total 2 to 4 mg/kg); or 

diluted (0.5 to 1%) IV (danger of hemolysis). Monoacetin is avail-
able only from chemical supply houses.

Acetamide Animal may be protected if acetamide is given before or simultane-
ously with Compound 1080 (experimental).

Pentobarbital
Note: All treatments are 

generally unrewarding.

May protect against lethal dose (experimental).

Formaldehyde Ammonia water (0.2% orally) or ammonium acetate (1% for lavage). 
Starch—1 part to 15 parts hot water, added gradually. Gelatin 
soaked in water for 30 minutes.

Albumin (see Alkali, above). Sodium thiosulfate (see Arsenic, above).
Garbage No specific therapy. Supportive therapy may include antiemetics (metoclopramide or 

phenothiazines) and treatment of endotoxemia.
Hallucinogens
(LSD, phencyclidine[PCP])

Diazepam (Valium, Roche) As needed—avoid respiratory depression (2 to 5 mg/kg).

Heparin Protamine sulfate 1% solution; give 1 to 1.5 mg to antagonize each 1 mg of heparin; slow 
IV injection. Reduce dose as time increases between heparin injec-
tion and start of treatment (after 30 minutes give only 0.5 mg).

Iron salts Deferoxamine (Desferal, Ciba) Dose for animals not yet established. Dose for humans is 5 g of 5% 
solution given orally, then 20 mg/kg IM every 4 to 6 hours. In case 
of shock, dose is 40 mg/kg by IV drip over 4-hour period; may be 
repeated in 6 hours, then 15 mg/kg by drip every 8 hours.

Ivermectin Physostigmine 0.06 mg/kg IV very slowly; actions should last 30 to 90 minutes.
Picrotoxin (GABA antagonist) Use is controversial. May cause severe seizures. Other treatment 

may include epinephrine and, if the product causing toxicosis is 
Eqvalan, an antihistamine to counteract polysorbate 80 (releases 
histamine in dogs), and atropine.

Lead Calcium disodium edetate 
(CaNa2EDTA)

Dosage: Maximum safe dose is 75 mg/kg/24 hours (only for severe 
case). EDTA is available in 20% solution; for IV drip, dilute in 5% 
glucose to 0.5%; for IM, add procaine to 20% solution to give 0.5% 
concentration of procaine.

Lead (cont.) EDTA and BAL BAL is given as 10% solution in oil. Treatment:
1. In severe case (CNS involvement w/> 100 ug Pb/100 gm whole 

blood) give 4 mg/kg. BAL only as initial dose; follow after 4 hours, 
and every 4 hours for 3 to 4 days, with BAL and

EDTA (12.5 mg/kg) at separate IM sites; skip 2 or 3 days, and then 
treat again for 3 to 4 days.

2. In subacute case w/< 100 ug Pb/100 g whole blood, give only 50 mg 
EDTA/kg/24 hours for 3 to 5 days.

Penicillamine (Cuprimine,  
Merck & Co.)

3. May use after treatments either 1 or 2 with 100 mg/kg/day orally 
for 1 to 4 weeks.

Thiamine HCl Experimental for nervous signs; 5 mg/kg, IV, bid, for 1 to 2 weeks; 
give slowly and watch for untoward reactions

Succimer (Chemet) Oral human dose = 10 mg/kg every 8 hours for 5 days, then 10 mg/kg 
bid for 2 weeks (total of 19 days of therapy) Animal dosages have 
not been established. (Used if blood lead levels > 45 ppm.)

Local anesthetics See treatment for methemo-
globinemia

Particularly cats.

Marijuana No effective antidotes Protein—milk, egg whites (see alkali, above). Magnesium oxide (see 
acids, above). Sodium formaldehyde sulfoxylate—5% solution 
for lavage. Starch (see Formaldehyde, table 2) Activated char-
coal—5-50 g.

Metaldehyde Diazepam (Valium, Roche) 2 to 5 mg/kg IV to control tremors.

Table 3 Specific Systemic Antidotes and Dosages—cont’d
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Triflupromazine 0.2 to 2 mg/kg IV.
Pentobarbital To effect.
Note: Should monitor liver function and treat accordingly

Methanol and ethylene glycol Ethanol

4 - Methyl Pyrazole

Give IV, 1.1 g/kg (4.4 mL/kg) of 25% solution. Give 0.5 g/kg  
(2 mL/kg) every 4 hours for 4 days. To prevent or correct acidosis, 
use sodium bicarbonate IV, 0.4 g/kg. Activated charcoal: 5 g/kg 
orally if within 4 hours of ingestion.

20 mg/kg, 15 mg/kg at 12 and 24 hours, 5 mg/kg at 36 hours
Methemoglobinemia-producing 

agents (nitrites, chlorates)
Methylene blue 1% solution (maximum concentration), give by slow IV injection, 

8.8 mg/kg; (0.9 mL/kg); repeat if needed. To prevent fall in blood 
pressure in case of nitrite poisoning, use a sympathomimetic drug 
(ephedrine or epinephrine). (Not recommended for cats.)

Ascorbic acid 20 to 30 mg/kg PO or 20 mg/kg IV slowly; methylene blue; dog 3-4 
mg/kg IV slowly if ascorbic acid not effective; cats 1.5 mg/kg.

Morphine and related drugs Naloxone chloride  
(Narcan, Endo)

0.1 mg/kg IV.
Do not repeat if respiration is not satisfactory.

Levallorphan tartrate (Lorfan, 
Roche)

Give IV, 0.1 to 0.5 mL of solution containing 1 mg/mL.
Note: Use either of the above antidotes only in acute poisoning. 

Artificial respiration may be indicated. Activated charcoal is also 
indicated.

Mothballs (naphthalene, 
 paradichlorobenzene)

No specific antidote Supportive care includes fluid therapy and maintenance of renal and 
hepatic function.

Narcotics Naloxone Emesis—indicated only if patient is sufficiently alert. Dog: 0.02 to 
0.04 mg/kg IV; repeat as needed. Cat: 0.05 to 0.1 mg/kg IV; repeat 
as needed. Supportive therapy may include anticonvulsants (espe-
cially for meperidine), fluid therapy.

Nicotine No specific antidote Emesis—indicated only within 60 minutes and in absence of clinical 
signs. Atropine indicated to control parasympathetic signs.

Nonsteroidal antiinflammatory 
drugs

Sucralfate 500-100 mg PO every 8 hours.

Misoprostol 3 to 5 μg/kg every 8 to 12 hours
Omeprazole 0.7 mg/kg every 24 hours (dog); alternative, ranitidine or famotidine 

(dog and cat)
Oxalates Calcium Treatment: 23% solution of calcium gluconate IV. Give 3 to 20 mL 

(to control hypocalcemia). Or Ca hydroxide as 0.15% solution or 
chalk or other calcium salts. Magnesium sulfate as cathartic. Other 
alkalines are contraindicated because their salts are more soluble. 
Maintain diuresis to prevent calcium oxalate deposition in kidney.

Onion/garlic No specific antidote Supportive therapy should address methemoglobinemia and hemo-
globinuria. Avoid acidic urine.

Organic solvents: acetone,  
benzene, benzol, methanol, 
methylene chloride, naphtha, 
trichloroethane, acetonitrile, 
chloroform, trichloroethylene, 
tuolulene, xylene, xylol

No specific antidote Emesis contraindicated. Supportive therapy includes treatment of 
cardiac arrhythmias, methemoglobinemia, renal failure, chemical 
pneumonia.

Petroleum distillates (aliphatic 
hydrocarbons)

Olive oil, other vegetable oils, or mineral oil given orally. After 30 
minutes, sodium sulfate as cathartic.

Emesis and lavage are contraindicated for ingested volatile solvents, 
but petroleum distillates are used as carrier agents for more toxic 
agents.

Phenols and cresols Soap and water or alcohol lavage of skin.
Sodium bicarbonate (0.5%) dressings.
Activated charcoal and/or mineral oil given orally.

Phenothiazine Methylamphetamine (Desoxyn, 
Abbott)

0.1 to 0.2 mg/kg IV; also transfusion. Only available in tablet form.

Table 3 Specific Systemic Antidotes and Dosages—cont’d
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Diphenhydramine HCl For CNS depression, 2 to 5 mg/kg IV for extrapyramidal signs.

Phytotoxins and botulin Antitoxins not available commer-
cially except with botulism.

As indicated for specific antitoxins. Examples of phytotoxins: ricin, 
abrin, robin, crotin.

Plants Treat signs as necessary.
Red squill Atropine sulfate, propranolol, 

potassium chloride
As for digitalis and oleander

Scorpion sting Ativenin (may not be recom-
mended)

Supportive therapy includes analgesia to control pain (morphine and 
meperidine but not butorphanol are contraindicated because of 
potential synergy with scorpion venom); methocarbamol (if muscle 
spasms evident) and fluid therapy.

Smoke inhalation Supportive therapy Supportive therapy should target the respiratory system and treat-
ment of carbon monoxide intoxication. Oxygen therapy; intermit-
tent positive pressure ventilation with positive end-expiratory 
pressure with positive inotropic support, bronchodilators, treat-
ment for cyanide poisoning if indicated, and treatment for cerebral 
edema.

Snake bite
Rattlesnake
Copperhead
Water moccasin

Antivenin (Wyeth) (Trivalent  
Crotalidae)(Fort Dodge)

Caution: equine origin. Administer 1 to 2 vials, IV, slowly, diluted 
in 250 to 500 mL of saline or lactated Ringer’s. Also administer 
antihistamines. Corticosteroids are contraindicated.

Coral snake (Wyeth) Caution: equine origin. May be used as with pit viper antivenin.
Spider bite

Black widow
Antivenin (Merck & Co.) Caution: equine origin. Administer IV undiluted. Supportive therapy 

should include muscle relaxants (dantrolene or methocarbamol) 
analgesics, calcium gluconate for severe muscle cramping.

Dantrolene sodium (Dantrium, 
Norwich-Eaton)

1 mg/kg IV. Followed by 1 mg/kg PO every 4 hours.

Brown Recluse Dapsone 1 mg/kg, bid for 10 days
Strontium Calcium salts Usual dose of calcium borogluconate.

Ammonium chloride 0.2 to 0.5 g orally 3 to 4 times daily.
Potassium chloride Give simultaneously with thiocarbazone or Prussian blue, 2 to 6 g 

orally daily in divided doses.
Strychnine and brucine Pentobarbital Give IV to effect; higher dose is usually required than that required 

for anesthesia. Place animal in warm, quiet room.
Amobarbital Give by slow IV infusion; inject to effect. Duration of sedation is usu-

ally 4 to 6 hours.
Methocarbamol  

(Robaxin, Robins)
10% solution; average first dose is 149 mg/kg IV (range: 40 to 300 

mg). Repeat half dose as needed.
Glyceryl guaiacolate  

(Guaiafenison, Summit Hill 
Labs)

110 mg/kg IV, 5% solution. Repeat as necessary.

Diazepam (Valium, Roche) 2 to 5 mg/kg, control convulsions, induce emesis, then use other 
agents.

Thallium Prussian blue 0.2 gm/kg orally in 3 divided doses daily.
Potassium chloride Give simultaneously with Prussian blue, 2 to 6 gm orally daily in 

divided doses.
Theobromine See caffeine/chocolate poisoning
Toad poisoning  

(Bufo alvarius, Bufo marinus)
Propranolol  

(Bufo poisoning only)
1.5-5 mg/kg IV; repeat in 20 minutes if ECG does not normalize; sup-

portive therapy includes fluid therapy.
Atropine 0.04 mg/kg IV to control hypersalivation or asystole.
Lidocaine Dogs: 1-2 mg/kg IV followed by continuous infusion of 25 to 75 μg/

kg/min; cats: 0.25 to 1 mg/kg IV bolus followed by 5 to 40 μg/kg/
min continuous IV infusion.

Table 3 Specific Systemic Antidotes and Dosages—cont’d
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Toxic Agent Systemic Antidote Dosage and Method for Treatment
Diazepam (Valium, Roche) (2 to 5 mg/kg) in the case of Bufo toads, must treat convulsions first.

Tricyclic antidepressants No specific antidote Supportive therapy should target seizures (diazepam, phenobarbital, 
or general anesthesia with pentobarbital or short-acting thio-
barbiturates; or, if unsuccessful, neuromuscular blockade with 
pancuronium (0.03 to 0.06 mg/kg IV) or vercuronium (10 to 20 μg/
kg IV in dogs or 20 to 40 μg/kg in cats]); cardiotoxicity (see toad 
poisoning): propanolol, lidocaine (quinidine, procainamide and 
disopyramide are contraindicated); sodium bicarbonate  
(1-3 meq/kg).

Unknown (e.g., toxic plants or 
other materials)

No specific antidote Activated charcoal 2-5 gm/kg (replaces universal antidote). For small 
animals: through stomach tube, as a slurry in water. Follow with 
emetic or cathartic, and repeat procedure.

Vitamin D3 rodenticides Treatment of hypercalcemia Supportive therapy should target treatment of hypercalcemia (0.9% 
saline solution); control of seizures and treatment of hyperthermia. 
Calciuria can be promoted with furosemide (1 to 5 mg/kg every 6 
to 12 hours for 2 to 4 weeks); prednisolone; calcitonin (4 to 6 IU/
kg every 6 to 12 hours if calcium > 18 mg/dl; sodium bicarbonate if 
severe metabolic acidosis.

Amphogel, Basagel As phosphate binders (aluminum hydroxide 30 to 90 mg/kg PO every 
8 to 24 hours for 2 weeks).

Xylitol Hypoglycemia: 1-2 mL of 25% dextrose followed by 2.5%-5% 
dextrose infusion as needed to maintain normoglycemia. Add 
potassium to fluids to maintain serum potassium (treat for 12 to 
24 hours). Hepatic necrosis: 140 to 280 mg/kg N-acetylcysteine IV 
followed by 70 mg/kg qid IV or PO; S-adenosylmethionine 17-20 
mg/kg/day PO, silymarin 20 to 50 mg/kg/day PO.

Zinc Chelation therapy (see lead) CaEDTA, Succimer. Other supportive therapy includes fluid therapy 
and antisecretory drugs such as ranitidine, famotidine, or omepra-
zole to decrease oral absorption of zinc.

PO, By mouth; IV, intravenous; IM, intramuscular; IP, intraperitoneal; SC, subcutaneous; ECG, electrocardiogram; CNS, central nervous system.

Table 3 Specific Systemic Antidotes and Dosages—cont’d
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Generic and Trade Names*

Appendix

Provision of proprietary names is not intended to be com-
prehensive.  Generics are generally human unless noted oth-
erwise. The absence of a proprietary name for a particular 
product generally indicates that only a generic form of the 
drug exists in the United States. Note that oral bioavailabil-
ity of human generics should not be assumed to be equally 
bioavailable in dogs or cats. Whenever possible, a drug 
approved for dogs or cats should be used in preference to 
a human generic, in part because of the risk that bioavail-
ability will differ among human generics in animals. The 
absence of the word generic does not rule out the availability 
of a generic version of a particular product. The absence of 

a number in general indicates the drug is approved for use 
in humans; most of the drugs are approved in the United 
States, although occasionally a drug (and its trade or brand 
name) reflects approval in a different country.  For both 
generic and trade names of human drug products, and for 
approved drugs (but not biologics), the FDA Orange Book 
can be consulted at http://www.accessdata.fda.gov/scripts/
cder/ob/docs/queryai.cfm; for veterinary-approved prod-
ucts. For information regarding animal-approved drugs 
(but not biologics), the FDA Green Book can be con-
sulted at http://www.fda.gov/ AnimalVeterinary/Products/
ApprovedAnimalDrugProducts/UCM042847.

6

Generic Proprietary
2-Mercaptopropionyl glycine Tipronine
4-Methylpyrazole 5%  

(fomepizole)
Antizol-Vet

5-Fluorouracil Adrucil
6-Mercaptopurine Purinethol
Acarbose Precose
Acemannan Carrisyn (1)
Acepromazine maleate Generic (1)
Acepromazine maleate PromAce (1, 2)
Acetaminophen Tylenol, generic (5)
Acetazolamide Diamox
Acetohydroxamic acid Lithostat
Acetylcysteine Acetylcysteine (6)
Acetylcysteine Mucomyst
Acetylcysteine Acetadote
Acetretin (see etretinate)
Acetylsalicylic acid Aspirin, generic
Actinomycin D (dactinomycin) Cosmegen
Activated charcoal Actidose-Aqua (5)
Activated charcoal CharcoCaps (5)
Activated charcoal ToxiBan, generic
Acyclovir Zovirax
Acyclovir (valacyclovir 

 hydrochloride)
Valtrex

Adequan: see Polysulfated 
 glycosoaminoglycans

Adequan

Generic Proprietary
Albendazole Valbazen (3)
Albendazole Albenza
Albuterol Proventil
Albuterol Ventolin
Albuterol Generic
Albuterol (levalbuterol 

 hydrochloride)
Xopenex

Alfentanil (opioid) Alfenta (10-II)
Allopurinol Generic
Aloe vera cream Dermaide, Aloe (7)
Alpha Keri Keri, others (7)
Alprazolam Xanax (10-IV)
Alprazolam Xanax XR (10-IV)
Alprazolam Niravam (10-IV)
Alprazolam Alprazolam (10-IV)
Altrenogest Regu-Mate, Matrix
Aluminum carbonate gel Basaljel
Aluminum hydroxide Amphojel
Aluminum hydroxide Foamcoat
Aluminum magnesium hydroxide Maalox, Mylanta
Amantadine Symmetrel
Amikacin Amikin (1)
Aminocaproic acid Amicar
Aminopentamide Centrine (1, 2)
Aminophylline Aminophylline, others

Continued

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Generic Proprietary
Aminophylline Truphylline
Aminopromazine Jentone (1, 2, 4)
Aminoproprazine see aminopromazine
Amiodarone Cordarone
Amiodarone Amiodarone HCL
Amiodarone Pacerone
Amitraz Mitaban (1)
Amitriptyline HCI generic
Amlodipine Norvasc
Ammonium chloride Ammonium chloride in 

 plastic container
Amoxicillin trihydrate Amoxi-Tabs, generic (1, 2)
Amoxicillin trihydrate Amoxi-Drops (1, 2)
Amoxicillin trihydrate Amoxi-Inject (1, 2)
Amoxicillin clavulanic Augmentin, generic
Amoxicillin/clavulanic acid Clavamox (1)
Amphetamine SO4 Adderall
Amphetamine SO4 Adderall XR
Amphotericin B Fungizone
Amphotericin B lipid complex Abelcet
Amphotericin B lipid complex Amphotec
Amphotericin B liposome AmBisome
Ampicillin Omnipen, generic (1)
Ampicillin Principen
Ampicillin Princillin
Ampicillin sodium salt Generic
Ampicillin–sulbactam Unasyn
Ampicillin trihydrate Poly-Flex (1, 2)
Amprolium Corid (3)
Amrinone Inocor
Antazoline
Antimony Pentostam
Antivenin to coral snake (Elapidae 

family)
Coral (Micrurus fulvius)  

(9, 12)
Antivenin to U.S. pit vipers Crotalidae (polyvalent) (9, 12)
Apomorphine Apomorphine, generic
Aprindine Generic (4)
Aprotinin Trasylol
Ascorbic acid Ascorbicap (6)
Ascorbic acid Cebion (6)
Ascorbic acid Cecon (6)
Ascorbic acid Vitamin C (6)
Asparaginase Elspar (6)
Aspirin (see Acetylsalicylic acid)
Astemizole Hismanal (4)
Atenolol (See beta-adrenergic 

antagonists)
Tenormin

Atipamezole Antisedan (1)

Generic Proprietary
Atovaquone Mepron
Atracurium besylate Tracrium
Atropin AtroPen, generic
Auranofin Ridaura
Aurothioglucose Solganal
Azathioprine Imuran
Azrithromycin Zithromax
Aztreonam Azactam
Baclofen Lioresal
BAL (see Dimercaprol)
Baquiloprim–sulphamethoxine Sulphadimidine (4)
Baquiloprim–sulphamethoxine Generic (4)
Beclomethasone dipropionate  

(glucocorticoids)
Beconase AQ

Beclomethasone dipropionate Qvar 40/80
Benazepril Fortekor
Bendroflumethiazide; Nadolol 

 (thiazide diuretics)
Corzide

Benzocaine Cetacaine, generic
Benzoyl peroxide Benzoyl Plus (5)
Betamethasone Celestone
Betamethasone Diprolene AF
Betamethasone Diprolene
Betamethasone Celestone Phosphate
Betamethasone Acetate and NaP Celestone Soluspan
Bethanechol Urecholine
Bisacodyl Dulcolax
Bismuth salicylate Pepto-Bismol (5)
Bitolerol Tornalate
Bleomycin Blenoxane
Boldenone Equipoise, Verboal (3, 10-III)
Bromide, potassium or sodium KBro Vet (4, 6)
Bromocriptine mesylate Parlodel
Budesonide Entocort EC, Entocard
Bunamidine Scolaban (1, 2)
Bupivacaine hydrochloride Marcaine
Buprenorphine (opiates) Buprenex (10-III)
Buspirone Buspar
Busulfan Myleran
Busulfan Busulfex
Butamisole Styquin
Butorphanol Torbutrol (10-IV)
Butorphanol Torbugesic (10-IV)
Butorphanol Dostinex (10-IV)
Butorphanol Miacalcin (10-IV)
Cabergoline Dostinex
Calcitonin (salmon) Calcimar
Calcitriol (vitamin D3) Calcijex

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Generic Proprietary
Calcitriol Rocaltrol
Calcium carbonate Tums (5)
Calcium chloride Calcium chloride, generic (5)
Calcium acetate PhosLo (5)
Calcium acetate PhosLo Gelcaps (5)
Calcium citrate Citracal (5)
Calcium EDTA Versenate
Calcium gluconate 10% Neocalglucon
Calcium lactate Calphosan, generic
Captan powder, 50% Orthocide (11)
Captopril Capoten
Carbamazepine Epitol
Carbamazepine Generic
Carbamazepine Tegretol
Carbenicillin Geocillin
Carbenicillin indanyl Geopen
Carbimazole NeoMercazole
Carboplatin Paraplatin
Carmustine BiCNU
L-Carnitine Generic (6)
Carprofen Rimadyl
Carvedilol Coreg, generic
Cascara sagrada Nature’s Remedy, generic (5)
Castor oil Emulsoil, Neoloid, Purge (5)
Cefaclor Ceclor
Cefaclor Ceclor CD
Cefaclor Raniclor
Cefadroxil Ceta-Tabs (1)
Cefamandole Mandol (4)
Cefazolin sodium Ancef
Cefazolin sodium Kefzol, generic
Cefdinir Omnicef
Cefepime Maxipime
Cefixime Suprax
Cefmetazole Zefazone
Cefoperazone Cefobid
Cefoperazone Cefobid
Cefotaxime Claforan
Cefotetan Cefotan, generic
Cefotetan Generic
Cefoxitin sodium Mefoxin in Dextrose 5% in 

Plastic Container
Cefoxitin sodium Mefoxin
Cefpodoxine Simplicef (1)
Cefpodoxime Vantin
Ceftazidime Ceptaz
Ceftiofur Naxcel
Ceftizoxime Cefizox
Ceftizoxime Cefizox In Plastic Container
Ceftriaxone Rocephin

Generic Proprietary
Cefuroxime Generic
Cefuroxime Cefuroxime Axetil
Cefuroxime Zinacet
Cefuroxime Ceftin
Cephalexin Keflex, generic
Cephaloridine Generic (4)
Cephalothin Na Keflin
Cephalothin Sodium Cephalothin Sodium
Cephamandole See Cetamandole
Cephapirin Cefadyl
Cephradine Anspor
Cetirizine Generic
Cetirizine HCl Zyrtec
Cetirizine HCl (Pseudoephedrine 

HCl)
Zyrtec-D 12 Hour

Chlorambucil Leukeran
Chloramphenicol Chloromycetin
Chloramphenicol Chloromycetin Hydrocorti-

sone
Chloramphenicol sodium succinate Chloramphenicol sodium 

 succinate, generic
Chlordiazepoxide–clidinium Librax
Chlorhexidine Nolvasan
Chlorothiazide Diuril
Chlorpheniramine Chlor-Trimeton Allergy  

8 and 12 Hour
Chlorpheniramine Generic
Chlorpheniramine Aller-Chlor
Chlorpromazine Thorazine
Chlorpromazine Thorazine Spansules
Chlorpropamide Diabinese
Chlortetracycline Phichlor
Cholecalciferol Fosamax Plus D
Cholestyramine Questran Light
Chondroitin sulfate/glucosamine/

ascorbate/manganese
Cosequin, generic

Chorionic gonadotropin Follutein
Chromium Generic (6)
Cilastatin Na; Imipenem Primaxin
Cimetidine Tagamet, generic
Cimetidine Tagamet
Ciprofloxacin Cipro
Ciprofloxacin Cipro HC
Cisapride Propulsid (4)
Cisplatin Platinol-AQ
Clarithromycin Biaxin
Clemastine Tavist
Clenbuterol Ventipulmin (3)
Clidinium Generic
Clindamycin Antirobe (1)
Clindamycin Antirobe Aquadrops

Continued
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Generic Proprietary
Clindamycin Cleocin Phosphate
Clindamycin Cleocin Pediatric
Clindamycin Cleocin
Clofazimine Lamprene
Clomiphene citrate Clomid
Clomipramine Anafranil
Clomipramine Clomicalm (1)
Clonazepam Klonopin, generic (10-IV)
Clonidine Duraclon
Clonidine Catapres
Cloprostenol Estrumate
Clorazepate Tranxene (10-IV), generic
Clotrimazole Veltrim
Clotrimazole Otomax
Clotrimazole Lotrimin AF
Clotrimazole Gyne-Lotrimin 3
Clotrimazole Gyne-Lotrimin Combo Pack
Cloxacillin Cloxapen

Orbenin-DC / Dariclox
Coal tar shampoos
Cobalamine (see Vitamin B12)
Cod liver oil
Codeine/acetaminophen Generic (10-III)
Codeine Generic (10-II)
Coenzyme Q10 (Ubiquinone) Coenzyme Q
Colchicine ColBenemid, generic
Colloidal dispersion
Colony-stimulating factor Leukine, granulocyte

Neupogen
Corticotropin gel Generic (1)
Corticotropin ACTH gel (1)
Cortisone acetate Cortisone acetate
Cortisone acetate Cortone
Cosyntropin Cortrosyn
Cromolyn sodium 4% Opticrom
Cromolyn sodium Intal
Cromolyn sodium Gastrocrom
Cyanocobalamin (see Vitamin B12) Cyanocobalamin/Vibisone
Cyanocobalamin Nascobal
Cyclizine Marezine
Cyclophosphamide Lypholized Cytoxan
Cyclophosphamide Cytoxan
Cyclothiazide Anhydron
Cyclosporine Atopica (1, 2)
Cyclosporine Generic
Cyclosporine Sandimmune
Cyclosporine ophthalmic Optimmune (1)

Generic Proprietary
Cyclosporine Neoral
Cyproheptadine hydrochloride Periactin
Cytarabine Cytosar
Cyothicate Proban
Cytosine arabinoside (AKA 

 Cytarabine)
Cytosar-U

Dacarbazine DTIC-Dome
Dactinomycin Cosmegen
Dalteparin Fragmin
Danazol Danocrine
Dantrolene Dantrium
Dapsone Dapsone, generic
Decoquinate Deccox
Deferoxamine Mesylate Desferal
Dehydrocholic acid Decholin
Demeclocycline (Tetracyclines) Declomycin
Deprenyl (selegiline) Anipryl (1)
Deprenyl (selegiline) Eldipryl
Deracoxib Deramaxx (1)
Derm-Caps Generic (6)
Desmopressin acetate DDAVP
Desoxycorticosterone acetate
Desoxycorticosterone pivalate Percorten-V (1)
Dexamethasone Azium, generic
Dexamethasone Azium Solution (1, 2)
Dexamethasone Sodium Phosphate Dexasone sodium,  

generic (3)
Dexamethasone Generic
Dexamethasone Decadron
Dexpanthenol (see Pantothenic  

acid)
D-panthenol (1, 2)

Dexrazoxane Zinecard
Dextran 40 Rheomacrodex
Dextran 70 Macrodex
Dextroamphetamine Dexedrine
Dextromethorphan Tussin, generic (5)
Dextrose, 5% D5W
Dextrose, 50% Cartose
Diazepam Diazepam intensol  

(10-IV)
Diazepam Diastat (10-IV)
Diazepam Valium, generic (10-IV)
Diazoxide Proglycem
Diazoxide Hyperstat
Dichlorphenamide Daranide
Dichlorvos Task (1, 2)
Dicloxacillin Dycill

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Generic Proprietary
Dicloxacillin Dynapen
Dicoumarol
Dicyclomine Bentyl
Diethylcarbamazine Hetrazan (4)
Diethylcarbamazine Nemacide, generic (4)
Diethystilbestrol Stilphostrol (4)
Difloxacin Dicural (1)
Digitoxin Crystodigin (4)
Digoxin Lanoxin (1)
Digoxin Lanoxicaps
Dihydrostreptomycin (4)
Dihydrotachysterol Hytakerol
Dihydrotachysterol DHT
Dihydrotachysterol DHT Intensol
25-Dihydroxy vitamin D[3] (see 

Vitamin D3)
Diltiazem Cardizem CD
Diltiazem Cardizem
Diltiazem XR, Cardiazem CD Dilacor XR
Dimenhydrinate Dramamine (5)
Dimenhydrinate Dinate (5)
Dimercaprol BAL in oil
Dimethyl sulfoxide 40% Domoso (1, 2)
Dimethyl sulfoxide 50% Rimso-50
Diminazene aceturate Berenil
Dioctyl sulfosuccinate Surfak (5)
Diphemanil methylsulfate
Diphenhydramine HCl Benadryl, generic
Diphenoxylate HCl w/ atropine Lomotil (10-II, IV)
Diphenylhydantoin Dilantin-125
Diphenylhydantoin (see Phenytoin) Dilantin
Diphenylhydantoin (see Phenytoin) Phenytoin Sodium
Diphenylthiocarbazone Dithizone
Dipyridamole w/ Aspirin Aggrenox
Dipyridamole Dipyridamole
Dipyridamole Persantine
Dipyrone Novin (3, 4)
Dirlotapide Slentrol (1)
Disodium EDTA Disotate
Disophenol D.N.P.
Disopyramide PO4 Norpace / Norpace CR
Dithiazanine iodide Dizan (1)
Divalproex sodium (Valproate) See Valproic acid
DL-Methionine (Methionine) Methio-Form, others (6)
DL-Methionine (6)
Dobutamine HCl Dobutrex
Docusate calcium Surfak Liquigels (5)
Docusate sodium Colace (5)
Docusate sodium Ex-Lax Stool Softener (5)
Docusate sodium Bloat Release (5)
Docusate sodium Dioctynate (5)

Generic Proprietary
Docusate sodium Enema-DSS (5)
Docusate sodium Therevac-SB (5)
Docusate sodium Colace, generic (5)
Dolasetron mesylate Anzemet
Domperidone Motilium
Dopamine HCl Inotropin
Dopamine HCl in 5% Dextrose for 

infusion
Generic

Doramectin Dectomax
Doxapram Dopram-V (1, 2)
Doxepin HCl Sinequan
Doxorubicin HCl Adriamycin PFS
Doxorubicin HCl Doxil
Doxycycline HCl Doxirobe (1)
Doxycycline (hyclate) Vibramycin, generic
Doxycycline (monohydrate) Monodox
Doxycycline (hyclate) Doryx
Doxycycline (monohydrate) Vibramycin
Doxycycline (calcium salt) Vibramycin
Doxycycline (hyclate 10%) Atridox
Doxycycline (hyclate) Doxy 100 and 200
Doxylamine succinate AH Tablets (1)
Doxylamine succinate AH Injection (1)
D-Penicillamine Cuprimine
D-Penicillamine Depen
Edetate calcium disodium  

(Calcium EDTA)
Calcium Disodium  

Versenate
Edrophonium Cl Tensilon
Edrophonium Cl (w/ atropine 

sulfate)
Enlon-Plus

Emetine Generic
Enalapril Enacard (1)
Enalapril Vasotec
Endotoxin antisera Generic (9)
Enflurane Ethrane
Enilconazole Clinafarm EC
Enoxaparin Lovenox, generic
Enrofloxacin Baytril (1, 2)
Enrofloxacin Baytril 100 (3)
Ephedrine Ephedrine Sulfate (5, 14)
Ephedrine + phenobarbital  

theophylline 
Tedrigen, Theophan

Epinephrine AmTech Epinephrine Injec-
tion USP, generic

Epinephrine EpiPen
Epinephrine EpiPen Jr
Epinephrine Epinephrine
Epinephrine with marcaine See Marcaine
Epinephrine with lidocaine See Lidocaine
Epoetin (see Erythropoietin) Epogen
Epostane Generic (4)

Continued
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Generic Proprietary
Epsiprantel Cestex (1, 2)
Ergocalciferol (vitamin D2) Drisdol
Erythromycin Gallimycin (3)
Erythromycin Gallimycin Injection (3)
Erythromycin Gallimycin Dry Cow (3)
Erythromycin Gallimycin -36 (3)
Erythromycin Ery-Tab, generic
Erythromycin Erythromycin Filmtabs
Erythromycin PCE Dispertab
Erythromycin Eryc
Erythromycin (estolate) Generic
Erythromycin (stearate) Erythromycin Stearate
Erythromycin (ethylsuccinate) EES 400
Erythromycin (ethylsuccinate) EES Granules
Erythromycin (ethylsuccinate) EES 200
Erythromycin (ethylsuccinate) EES 400
Erythromycin Ilotycin
Erythromycin (ethylsuccinate) EryPed Drops
Erythromycin (lactobionate) Eythrocin
Erythromycin (gluceptate) Ilotycin Gluceptate
Erythromycin Generic
Erythropoietin, human  

recombinant Epoetin alpha
Epogen, Procrit

Erythropoietin, human  
recombinant beta

Darbepoietin

Esmolol Brevibloc
Essential fatty acids DermCap (6)
Essential fatty acids EFAVet-20 (6)
Estradiol Gynodiol (3)
Estradiol (cypionate) ECP
Estradiol (cypionate) Depo-Estradiol
Estradiol Climara
Ethacrynic acid Edecrin
Ethacrynic acid (ethacrynate 

sodium)
Edecrin Sodium

Ethambutol Myambutol
Ethanol 20% (alcohol) Thunderbird
Ethosuximide Zarontin
Ethoxzolamide Cardrase
Ethylisobutrazine HCl Generic (3, 4)
Etidronate disodium Didronel
Etidronate disodium Didronel IV
Etodolac EtoGesic (1)
Etodolac Lodine
Etodolac Lodine XL
Etomidate Amidate
Etretinate (acitretin) Soriatane

Generic Proprietary
Euthanasia solution  

(pentobarbital sodium)
Beuthanasia-D-Special (1)

Euthanasia solution  
(pentobarbital sodium)

Fatal-Plus Powder (1, 2)

Euthanasia solution  
(pentobarbital sodium)

Sleepaway (1, 2)

Euthanasia solution  
(pentobarbital sodium)

Socumb-6 gr (1, 2)

Euthanasia solution  
(pentobarbital sodium)

Fatal-Plus Solution (1, 2)

Famotidine Pepcid AC
Famotidine Pepcid RPD
Famotidine Pepcid
Febantel Rintal
Febantel Vercom (1)
Felbamate Felbatol
Fenbendazole Panacur Granules 22.2% (3, 5)
Fenbendazole Panacur Granules 22.2% (3, 5)
Fenbendazole Panacur Suspension (3, 5)
Fenbendazole Panacur Paste (3, 5)
Fenbendazole Safe-Guard Sweetlix (3, 5)
Fenbendazole Safe-Guard 0.96% Scoop 

Dewormer (3, 5)
Fenbendazole Safe-Guard Free-choice Cattle 

Dewormer (3, 5)
Fenbendazole Safe-Guard 0.5% Cattle Top 

Dress (3, 5)
Fenbendazole Safe-Guard 1.96% Scoop 

Dewormer Mini Pellets 
(3, 5)

Fenbendazole Safe-Guard Premix (3, 5)
Fentanyl citrate Sublimaze, generic (10)
Fentanyl Duragesic - 25,50,75,100 (10)
Fentanyl Actiq (10-II)
Fenthion Spotton (1)
Ferric cyanoferrate Prussian Blue (5)
Ferrous sulfate (iron) Feosol (5)
Ferrous sulfate Fer-In-Sol (5)
Ferrous sulfate Slow Fe (5)
Fexofenadine Allegra
Filgrastim (see colony-stimulating 

factor granulocyte)
Filgrastim Neupogen
Finasteride Propecia
Fipronil Frontline Top Spot
Firocoxib (nonsteroidal 

 antiinflammatory)
Previcox (1)

Flavoxate (HCl) Urispas
1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Florfenicol Nuflor (3)
Fluconazole Diflucan in Dextrose 5% in 

plastic container
Fluconazole Diflucan in Sodium Chloride 

0.9%
Fluconazole Diflucan in NaCl 0.9% in 

plastic container
Fluconazole Diflucan
Flucytosine Ancobon
Fludrocortisone Florinef
Flumazenil Romazicon
Flumethasone Flucort Solution (1, 2)
Flunixin meglumine Banamine (3)
Flunixin meglumine Banamine Paste (3)
Flunixin meglumine Banamine Granules (3)
Flunixin meglumine Banamine Granules (3)
Fluorouracil 5-fluorouracil
Fluoxetine HCl Prozac Pulvules
Fluoxetine HCl Prozac
Fluoxymesterone Generic (10-III)
Flurazepam Dalmane (10-IV)
Flurbiprofen Ocufen
Flurbiprofen Ansaid
Fluticosone proprionate Flovent
Fluvoxamine maleate Luvox
Folic acid Folicet (6)
Folinic acid See Leucovorin
Follicle-stimulating hormone Super-OV
Formoterol Foradil
Formoterol Perforomist
Foscarnet sodium Foscavir
Furazolidone Furoxone
Furosemide Lasix, generic
Furosemide Lasix Injection 5%, generic
Gabapentin Neurontin
Gamma globulin Generic (9)
Gemfibrozil Lopid, generic
Gentamicin SO4 0.1% Gentocin
Gentamicin sulfate Gentocin Otic
Gentamicin sulfate Garamycin
Glargine
Glimeperide Amaryl
Glipizide Glucotrol XL
Glipizide Glucotrol
Glucagon GlucaGen
Glucosamine Generic (6)
Glucosamine with chondroitin 

 sulfate
Cosequin

Glucose 40% ophthalmic Glucose-40
Glutamine Generic (6)
Glyburide–metformin HCl Glucovance

Generic Proprietary
Glycerin Osmoglyn, others
Glyceryl guaiacolate Gecolate (3)
Glycerol monoacetate Generic
Glycopyrrolate Robinul-V (1, 2)
Glycopyrrolate Robinul
Gold sodium thiomalate Myochrysine
Gonadotropin-releasing hormone 

(synthetic)
Gonadorelin (3)

Gonadotropin, chorionic (See 
 Chorionic gonadotropin)

Granisetron HCl Kytril
Granulocyte colony-stimulating 

 factor (Filgrastim)
Neupogen

Griseofulvin Fulvicin (1)
Griseofulvin Fulvicin-U/F Tablets (3)
Griseofulvin Ultramicrosize Gris-PEG
Growth hormone See Somatotropin
Guaifenesin Guailaxin (3)
Guaifenesin Robitussin (5)
Guaifenesin Guaifenesin Injection
Haloperidol Generic
Haloperidol (Decanoate) Generic
Haloperidol (Lactate) Generic
Haloperidol (Lactate) Haldol
Halothane (Inhalant anesthetic) Fluothane
Halothane Generic
Hemoglobin (see Oxyglobin) Polymerized bovine, 

 Oxyglobin (1, 3)
Heparin sodium Heparin Sodium
Heparin sodium (w/ 0.9% sodium 

chloride)
Generic

Heparin sodium (w/ 0.45% sodium 
chloride)

Generic

Heparin sodium (Lock Flush 
 Solution)

Hep-Lock

Hetacillin Hetacin-K (1, 2)
Hetastarch (see Hydroxyethyl  

starch)
Hextend, generic

Human gamma globulin (see 
Gamma globulin)

Hyaluronate = Hyaluronan Hyalovet
Hyaluronate (sodium) Legend (3)
Hyaluronate (sodium) Hyvisc (3)
Hyaluronate (sodium) Hylartin (3)
Hyaluronate (sodium) HyCoat (3)
Hydralazine Apresoline, generic
Hydrochlorothiazide HydroDiuril, generic
Hydrochlorothiazide; metoprolol 

tartrate
Lopressor

Hydrochlorothiazide; spironolactone Aldactazide
Hydrochlorothiazide; triamterene Dyazide
Hydrocodone bitartrate Hycodan (10-III)

Continued
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Hydrocodone bitartrate Hycodan Syrup (10-II)
Hydrocortisone acetate Generic
Hydrocortisone Na succinate Solu-Cortef
Hydrocortisone Acticort 100, generic
Hydrocortisone Cortef, generic
Hydrocortisone (acetate) Hydrocortone Acetate
Hydrocortisone (cypionate) Cortef
Hydrocortisone (sodium  

phosphate)
Hydrocortone Phosphate

Hydrogen peroxide 3% Hydrogen peroxide 3%, 
generic (5)

Hydromorphone Dilaudid, generic (10-II)
Hydromorphone Dilaudid-HP (10-II)
Hydromorphone Dilaudid-5 (10-II)
Hydroxyethyl starch (Hetastarch) Hetastarch
Hydroxyurea Droxia
Hydroxyurea Mylocel
Hydroxyzine Atarax
Hydroxyzine Vistaril
Hydroxyzine (pamoate) Vistaril
Hypertonic saline Generic
Ibuprofen Motrin, Advil
Ibuprofen Ibuprofen, generic
Idarubicin Idamycin PFS
Idarubicin hydrochloride Idomycin, generic
Idoxuridine Dendrid, Herplex
Ifosfamide; Mesna IFEX/Mesnex Kit
Imidocarb dipropionate Imizol (1)
Imidacloprid Advantage (1, 2)
Imipenem–cilastatin (beta-lactam 

antibiotics)
Primaxin IV

Imipenem–cilastatin (beta-lactam 
antibiotics)

Primaxin IM

Imipramine Tofranil
Imipramine Tofranil-PM
Inamrinone lactate Amrinone
Indomethacin Generic
Indomethacin Indomethegan
Indomethacin Indocin
Indomethacin Indocin IV
Pork insulin regular, Vetsulin (1, 2)
Insulin, lente Humulin L
Insulin, NPH Humulin N
Insulin, PZI PZI Insulin (2)
Insulin, Ultralente Humulin U
Insulin Lispro recombinant Humalog
Insulin glusiline recombinant Apidra
Insulin Regular Humunin R

Generic Proprietary
Insulin Aspart recombinant Novolog
Insulin detemir recombinant Levemir
Insulin glargine recombinant Largine
Interferon, α2 Roferon-A
Iodine Lugol’s Solution (3)
Iodine sodium, potassium Generic
Iohexol Omnipaque 140
Iohexol Omnipaque 180
Iohexol Omnipaque 240
Iohexol Omnipaque 300
Iohexol Omnipaque 350
Iopamidol Isovue-200
Iopamidol Isovue-250
Iopamidol Isovue-300
Iopamidol Isovue-370
Iopamidol Isovue-M 200
Iopamidol Isovue-M 300
Ipecac syrup Generic (5)
Ipodate Oragratin
Ipronidazole Ipropran (3)
Iron dextran Dexferrum
Isoflupredone Predef (3)
Isoflurane (inhalant anesthetic) IsoFlo
Isometheptene Generic
Isoniazid Generic
Isoniazid Laniazid
Isopropamide, iodide Darbid (4)
Isopropamide/prochlorperazine Darbazine (1, 2)
Isopropamide, prochlorperazine, 

neomycin
Neodarbazine (1) 

Isoproterenol Isuprel
Isosorbide dinitrate Isordil
Isosorbide dinitrate Dilatrate-SR
Isosorbide mononitrate Generic
Isosorbide mononitrate Monoket
Isotretinoin Accutane
Isoxsuprine Vasodilan
Itraconazole Sporanox
Ivermectin Heartgard (1, 2, 13)
Ivermectin–pyrantel Heartgard-Plus (1, 2, 13)
Ivermectin Heartgard (1)
Ivermectin Ivomec (1)
Kanamycin Kantrex
Kaolin–pectin Kaopectate (5)
Kaolin–pectin Kaolin Pectin Plus (5)
Ketamine HCl Ketaset (1, 10-III)
Ketamine HCl Ketalar (1, 10-III)

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Ketamine HCl–aminopentamide–

promazine
Ketaset-Plus (1, 10-III)

Ketoconazole NizOral
Ketoprofen Orudis
Ketoprofen Ketofen (5)
Ketoprofen Orudis KT
Ketoprofen Oruvail
Ketorolac tromethamine Acular (PF)
Ketorolac tromethamine Toradol
Lactated Ringer’s solution LRS
Lactitol Lacty (5)
Lactoferrin Generic (6)
Lactoferrin, human recombinant Activin (6) 
Lactulose Cephulac
Lactulose Chronulac
L-Aspariginase (see Aspariginase)
L-Carnitine (Levocarnitine) Carnitor (6)
L-Deprenyl Anipryl (1, 2, 13)
Lenperone Elanone V
Leucovorin Wellcovorin
Leucovorin Ca Generic
Levallorphan Lorfan (10-V)
Levamisole Ergamisol
Levamisole Tramisol Injectable (3)
Levamisole Totalon
Levarterenol See Norepinephrine
Levetiracetam Keppra
Levoamphetamine Levo-amphetamine
Levocarnitine See L = Carnitine
Levodopa Carbidopa and Levodopa
Levorphanol tartrate Levo-Dromoran (10-II)
Levorphanol tartrate Generic (10-II)
Levothyroxine, T4 (thyroid 

hormones)
Thyroxine-L tablets (1)

Levothyroxine, T4 Synthyroid
Levothyroxine, T4 NutriVed T-4 Chewable 

Tablets (1)
Levothyroxine, T4 Throxine-L Powder
Lidocaine Anestacon
Lidocaine Generic
Lidocaine Xylocaine, generic
Lidocaine Xylocaine Viscous
Lidocaine LTA Kit
Lime sulfur suspension Sulfa dip
Lime water Vlemasque
Lincomycin Lincocin (1, 2)
Lincomycin Lincocin Aquadrops (1, 2)
Linezolid Zyvox
Liothyronine, T3 (thyroid 

hormones)
Cytomel

Generic Proprietary
Liothyronine, T3 (thyroid 

hormones)
Triostat

Lisinopril Prinivil
Lithium carbonate Lithium
Lobaplatin
Lomustine CeeNU
Loperamide HCl Imodium A-D, generic (5)
Loperamide HCl Imodium (5)
Loperamide HCl simethicone Imodium Advanced (5)
Loratadine Claritin, others
Lorazepam Ativan (10-IV)
Lufenuron Program (1, 2)
Lufenuron Program Suspension (2)
Lufenuron–milbemycin Sentinel (1)
Luteinizing hormone LH
Lysine Generic (6)
Lysine-8-vasopressin Diapid
Mafenide acetate Sulfamylon cream
Magnesium chloride Generic (5)
Magnesium citrate Evac-Q-Mag (5)
Magnesium hydroxide Milk of Magnesia, Mylanta (5)
Magnesium oxide Generic
Magnesium salts Generic (5)
Magnesium sulfate Generic
Mannitol 20% Osmitrol
Marbofloxacin Zeniquin (1, 2)
Maropitant Cerenia (1, 2)
Mebendazole Telmintic (1)
Meclizine Dramamine Less Drowsy 

Formula (5)
Meclizine Antivert (5)
Meclofenamic acid Meclofen, Arquel (1)
Mechlorethamine HCl Mustine
Medetomidine hydrochloride Domitor (1)
Medium-chain triglycerides MCT in oil (5)
Medroxyprogesterone acetate 

 (Progestins)
Depo-Provera

Medroxyprogesterone acetate Provera, generic
Megestrol acetate Megace
Megestrol acetate Ovaban (1)
Meglumine antimonate Glucantime
Melarsomine HCl Immiticide
Melatonin Circadin, generic (6)
Meloxicam Mobic
Meloxicam Metacam (1, 2)
Melphalan Alkeran
Menadiol Adaprin
Meperidine HCl Demerol (10-II)
Mephenytoin Mesantoin
Mepivacaine Carbocaine

Continued
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Mercaptopurine Purinethol, generic
Meropenem Merrem IV
Mesalamine Pentasa, Asacol
Mesalamine Canasa (1)
Mesna Mesnex
Metaproterenol sulfate Alupent
Metaproterenol sulfate Generic
Metyrapone Metopirone
Metaraminol bitartrate Aramine
Metformin HCl Glucophage
Metformin HCl Glucophage XR
Methadone Methadose, generic (10-II)
Methazolamide Glauctabs
Methenamine Hippurate Urex
Methenamine mandelate Mandelamine
Methenamine mandelate Generic
Methicillin Staphcillin
Methimazole Tapazole
(DL)-Methionine See DL-Methionine
Methocarbamol Robaxin V (1, 2)
Methohexital sodium Brevital (10-IV)
Methohexital sodium Brevital Sodium (10-IV)
Methscopolamine Pamine
Methscopolamine bromide Generic
Methotrexate sodium Generic
Methotrexate sodium Trexal
Methoxamine HCl Vasoxyl
Methoxyflurane (inhalant  

anesthetic)
Metofane

Methylcellulose Citrucel
Methylene blue Generic (5)
Methylene blue Urolene Blue
Methylphenidate Ritalin
Methylphenidate Generic (10-II)
Methylphenidate Ritalin-SR
Methylprednisolone Medrol
Methylprednisolone acetate Depo-Medrol (1, 2)
Methylprednisolone acetate/aspirin Cortaba (1)
Methylprednisolone Na succinate Solu-Medrol
Methyltestosterone Android, generic (10-III)
Metoclopramide Reglan
Metoclopramide Metoclopramide Intensol
Metoprolol Lopressor
Metoprolol Toprol XL
Metronidazole Flagyl IV
Metronidazole Flagyl, generic
Metronidazole Flagyl ER

Generic Proprietary
Mexiletine Mexitil
Mibolerone Cheque (1, 10-III)
Miconazole Monistat-Derm
Miconazole Monistat 3
Midazolam Versed  (1, 10-IV)
Mifepristone Mifeprex
Milbemycin oxime Interceptor (1, 2)
Milbemycin oxime Sentinel (1)
Milk thistle (Silymarin) Generic (6)
Milrinone lactate Primacor
Milrinone lactate Primacor in Dextrose 5% in 

Plastic container
Mineral oil Generic (5)
Minocycline Minocin
Mirtazapine Remeron, generic
Misoprostol Cytotec
Mithramycin Mithracin
Mitotane (o,p-DDD) Lysodren
Mitoxantrone Novantrone
Monensin Rumensin (3)
Montelukast sodium Singulair
Morphine SO4 Astramorph PF (10-III)
Morphine SO4 Generic (10-III)
Morphine SO4 MS Contin (10-III)
Morphine SO4 Avinza (10-III)
Moxidectin ProHeart (1)
Moxidectin/imidacloprid Advantage Plus (1, 2)
Mycobacterial cell wall extract Urocidin (9)
Mycophenolate mofetil CellCept
Nadolol Corzide
Nafcillin Nafcillin Sodium
Nalbuphine Nubain
Nalmefene HCl Revex
Nalorphine HCl Nalline (10-III)
Naloxone HCl Narcan
Naltrexone Revia
Nandrolone decanoate Deca-Durabolin  

(10-III)
Nandrolone phenylpropionate Durabolin (4, 10-III)
Naphazoline HCl Opcon A
Naproxen Naprosyn (5)
Naproxen EC-Naprosyn (5)
Naproxen Aleve, generic (5)
Natamycin Natacyn
Neomycin Biosol (5)
Neomycin Neomix AG 325 Soluble 

Powder (5)

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Neomycin Neomycin 325 (5)
Neomycin Neo-Sol 50 (5)
Neomycin Generic (5)
Neomycin Neo-Fradin (5)
Neostigmine Prostigmin (5)
Niacinamide (see Nicotinamide)
Niclosamide Yomesan (1, 2)
Nicotinamide (vitamin B3) Niacin (6)
Nifedipine Procardia
Nifedipine Adalat CC
Nifurtimox Lampit (4)
Nikethamide Coramine
Nitenpyram Capstar
Nitrofurantoin Dantafur (1)
Nitrofurantoin Macrobid
Nitrofurantoin Furadantin
Nitroglycerin Nitro-Bid
Nitroglycerin 2% ointment Nitro-Bid
Nitroglycerin Minitran
Nitroprusside Nitropress
Nitroscanate Lopatol (1)
Nizatidine Axid AR
Nizatidine Axid
Norepinephrine bitartrate Levophed
Norfloxacin Noroxin
Nortriptyline Aventyl
Noscapine Generic
Novobiocin, tetracycline Prednisolone,  

Delta Albaplex (3)
Nystatin Mycolog
Nystatin Nilstat
Nystatin Mycostatin
Octreotide acetate Sandostatin
Ofloxacin Oflaxacin
Ofloxacin Floxin Otic
Olsalazine Dipentum
Omega fatty acid Derm Caps (6)
Omeprazole Prilosec, generic
Omeprazole Gastrogard
Ondansetron Zofran
Opium preparations (10-II, V)
Opium tincture Generic (10-III)
Orbifloxacin Orbax (1, 2)
Orgotein Palosein (6)
Ormetroprim  

(see Sulfadimethoxine/ 
ormetoprim)

Primor

Osalazine sodium Osalmid
Oxacillin Bactocill
Oxazepam Serax (10-IV)
Oxfendazole Synanthic

Generic Proprietary
Oxtriphylline Choledyl SA
Oxybutinin Ditropan
Oxybutinin chloride Ditropan XL
Oxyglobin (bovine hemoglobin 

glutamer 200)
Oxyglobin

Oxymetholone Anadrol -50 (10-III)
Oxymetholone Anadrol (10-III)
Oxymorphone Numorphan (10-II)
Oxytetracycline Terramycin
Oxytocin Pitocin, others
Paclitaxel Taxol
Pamidronate Aredia
Pancreatic enzyme (see Viokase) Viokase
Pancreatin Kreon
Pancuronium bromide Pavulon
Pantoprazole Protonix
Paregoric Corrective mixture (4)
Paromomycin (aminosidine) Humatin
Paroxetine Paxil
Paroxetine Paxil CR
D-Penicillamine Depen
D-Penicillamine Cuprimine
Penicillin G aqueous (K or Na)  

(Penicillins)
Pfizerpen

Penicillin G benzathine Bicillin L-A
Penicillin G benzathine Bicillin
Penicillin G benzathine Permapen
Penicillin G procaine Penicillin G Procaine (5)
Penicillin G procaine Crysticillin 300 A.S. (3)
Penicillin G, benzathine and  

procaine (Penicillins)
Ambi-Pen (3)

Penicillin G, benzathine and  
procaine

Bicillin C-R (3)

Penicillin G, benzathine and  
procaine

Bicillin C-R 900/300 (3)

Penicillin V, phenoxymethyl 
 potassium

Generic

Penicillin V, potassium Pen-Vee K
Pentamidine isethionate Pentam
Pentamidine isethionate Nebupent
Pentazocine Talwin (10-IV)
Pentobarbital Na Pentobarbital Injection (1, 2, 

10-II)
Pentobarbital Na Sodium Pentobarbital 

 Injection (10-II)
Pentobarbital Na Generic (10-II)
Pentobarbital Na Nembutal (10-II)
Pentobarbital, phenytoin Euthanasia III, Eutanol (1, 2, 

10-III)
Pentosan polysulfate Elmiron
Pentoxifylline Trental, generic
Perphenazine Generic

Continued
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Petrolatum, white Vaseline, generic (5)
Phenamidine isethionate Fenamiphos (4)
Phenobarbital Solfoton, generic (10-IV)
Phenobarbital Luminal (10-IV)
Phenobarbital Luminal Sodium (10-IV)
Phenoxybenzamine HCI Dibenzyline
Phentolamine mesylate Regitine
Phenylbutazone Bizolin 100 (1)
Phenylbutazone Amtech Phenylbutazone 20% 

Injection (1)
Phenylephrine Neo-Synephrine (5)
Phenylephrine AH-chew D
Phenylpropanolamine HCl Proin 50 (1, 5, 14)
Phenylpropanolamine HCl Cystolamine (1, 5, 14)
Phenylpropanolamine HCl Proin Drops (1, 5, 14)
Phenytoin Dilantin
Phenytoin Dilantin Kapseals
Phenytoin Phenytoin Sodium
Phenytoin Dilantin-125
Phenytoin Generic
Phenytoin Beuthanasia-D-Special (1)
Pheromones Dog Appeasing Phermone, 

Feliway
Phosphate, potassium Generic
Phosphate, sodium Generic
Physostigmine Antilirium
Physostigmine Eserine Salicylate
Physostigmine Eserine Sulfate
Phytomenadione (Vitamin K1) Aquamephyton
Phytomenadione (Phytonadione) Mephyton
Phytomenadione (Phytonadione) K-Caps
Phytomenadione (Phytonadione) Generic
*Picrotoxin (use is controversial) Cocculin
Pilocarpine HCl Pilopine HS
Pilocarpine HCl Salagen
Pimobendan Vetmedin (1)
Pimozide Orap
Piperacillin sodium Pipracil
Piperacillin (w/ tazobactam) Zosyn
Piperazine Pipa-Tabs, generic
Piperazine Citrate Generic
Pirbuterol Acetate Maxair
Piroxicam Feldene, generic
Plicamycin Mithracine
Polyethylene glycol electrolyte 

 solution
Miralax, generic

Polymyxin B Aerosporin
Polysulfated glycosaminoglycans Adequan I.A.

Generic Proprietary
Ponazuril Marquis Paste (3)
Potassium chloride Kaon (6)
Potassium chloride Kaon -Cl (6)
Potassium chloride KayCiel (6)
Potassium citrate Urocit-K (6)
Potassium gluconate Tumil-K, others
Potassium iodide SSKI Solution
Potassium permanganate (1: 2,000) Potassium permanganate- 

KMnO4 (4)
Potassium phosphate K-Phos, generic
Povidone–iodine Betadine
Pralidoxime Cl 2-PAM
Praziquantel Droncit (1)
Prazosin HCl Minipress
Prednisolone acetate Prednisolone acetate (1, 2)
Prednisolone acetate Meticortelone acetate (1)
Prednisolone acetate Optisone (1, 2)
Prednisolone Na phosphate Prednis-A-Vet (1)
Prenisolone Na succinate Solu-Delta-Cortef (1)
Prednisolone Generic
Prednisolone, trimeprazine tartrate Temanip (1)
Prednisone Meticorten (1, 2)
Prednisone Generic
Pregabalin Lyrica
Primaquine phosphate Primaquine
Primidone Mysoline
Primidone Generic
Procainamide Pronestyl, generic
Procaine Novocaine
Procarbazine Matulane
Prochlorperazine Compazine
Prochlorperzine/isopropamide (1) 

(see Isopropamide)
Promazine HCl See Acepromazine
Promethazine hydrochloride Phenergran
Propantheline bromide Pro-Banthine
Propiopromazine Largon
Propionibacterium acnes ImmunoRegulin (9)
Propofol Rapinovet (1, 2)
Propofol PropoFlo (1)
Propranolol hydrochloride Inderal LA
Propranolol hydrochloride Inderal
Propylthiouracil (PTU) PTU, generic
Prostaglandin F2-alpha Lutalyse, Dinoprost (3)
Protamine sulfate Generic
Protopam chloride Pralidoxime
Protriptyline Vivactil
Prucalopride Resolor (4)

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Generic Proprietary
Pseudoephedrine Sudafed, generic (5, 14)
Psyllium Fiberall (6)
Psyllium Metamucil (6)
Pyrantel pamoate Nemex (1)
Pyridostigmine bromide Mestinon
Pyrilamine maleate Nisaval
Pyrimethamine Daraprim
Pyrimethamine / sulfadoxine Fansidar
Quinacrine Atabrine
Quinidine gluconate Generic
Quinidine polygalacturonate Cardioquin
Quinidine sulfate Generic
Racemethionine  

(see DL-Methionine)
Ranitidine HCl Zantac
Retinol (vitamin A) Retin A
Ribavirin Virazole, Rebetol
Riboflavin (vitamin B2) Vitamin B2

Rifampin Rifadin
Ringer’s solution (see Lactated 

Ringer’s solution)
Roxithromycin Azuril (4)
Rutin Rutin (6)
S-adenosyl methionine Denosyl (6)
Scopalamine Donnatal (5)
Scopalamine Generic (5)
Scopolamine Transderm Scop
Selamectin Revolution (1, 2)
Selegiline Anipryl (1)
Selenium Generic (6)
Selenium Sulfide Selenium sulfide (6)
Senna Senokot (6)
Sertraline hydrochloride Zoloft
Sevelamer Renagel
Sevoflurane SevoFlo
Sevoflurane Ultane
Silver nitrate solution 0.5% Silvadene
Silver sulfadiazine Silvadene
Silymarin (see Milk thistle)
Simethicone Flatulex
Skin So Soft (SSS) (7)
Sodium aurothiomalate Generic, Myochrysine
Sodium bicarbonate Baking Soda, others
Sodium chloride Adsorbonac
Sodium chloride Ayr
Sodium chloride 5% Muro 128
Sodium chloride 7.5% Generic
Sodium iodide, 20% solution Iodopen, generic
Sodium phosphate p-32 Phospho-Soda
Sodium polystyrene sulfonate Generic
Sodium stibogluconate; antimony Pentostam

Generic Proprietary
Sodium sulfate Glauber’s salts (5)
Sodium thiopental Pentothal (10)
Sodium thiosulfate 10% Sodium thiosulfate
Somatotropin Nutropin
Sorbitol Sorbitol
Sotalol Betapace
Spectinomycin Spectinomycin
Spiramycin Foromacidin, Rovamycin (4)
Spironolactone Aldactone (4)
Spironolactone/ 

hydrochlorothiazide
Aldactazide

Stanozolol Winstrol (1, 10-III)
Staphage lysate SPL-Serologic Types I and 

III (9)
Staphylococcal A Generic (9)
Streptokinase Streptase
Streptomycin, dihydro Streptomycin, dihydro
Streptozocin Zanosar
Styrylpyridium/DEC Styrid Caracide
Succimer Chemet
Succinylcholine Anectine
Sucralfate Carafate
Sufentanil Sufenta (10-II)
Sulfadiazine Sulfadiazine
Sulfadiazine–trimethoprim Tribrissen (1)
Sulfadimethoxine Albon (1, 2)
Sulfadimethoxine Bactrovet (1, 2)
Sulfadimethozine–ormetoprim Primor (1)
Sulfamethoxazole Gantanol
Sulfamethoxazole; trimethoprim 

(Sulfonamides)
Bactrim

Sulfasalazine Azulfidine
Sulfisoxazole Pediazole
Sulfobromophthalein sodium (BSP)
Suprofen 1% ophthalmic solution Profenal
Tamoxifen Nolvadex
Taurine Taurine (6)
Tegaserod Zelnorm (14)
Teicoplanin Tarsocid investigational drug
Telazol (See Teletamine + 

 Zolazepam)
Teletamine HCl (w/zolazapam) Telazol (1, 2, 10-III)
Tepoxalin Zubrin
Terbinafine HCl Lamisil
Terbutaline Brethine
Testosterone cypionate Depo-Testosterone (10-III)
Testosterone ethanate Delatestryl (10-III)
Testosterone propionate Test Pro (10-III)
Testosterone, methyl (see 

 Methyltestosterone)
Android (10-III)

Tetanus toxoid Tetanus Toxiod (9)
Continued
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Generic Proprietary
Tetracycline HCl Achromycin
Tetracycline HCl Achromycin V, generic
Tetracycline HCl Panmycin, generic (1, 2)
Tetracycline hydrochloride, 

 novobiocin sodium and 
 prednisolone

Delta-Albaplex (1)

Tetramine Syprine
Tetramisole Anthelvet
Thenium closylate Canopar
Theophylline Theophylline
Theophylline Slo-Phyllin
Theophylline sustained-release Slo-Bid Gyrocaps
Theophylline sustained-release Theo-Dur
Thiabendazole Tresaderm (1, 2)
Thiacetarsamide Caparsolate (4)
Thiacetarsamide Filaramide (4)
Thiamine Vitamin B1 (6)
Thiamylal sodium Biotal (1, 2, 10-III)
Thiamylal sodium Surital (1, 2, 10-III)
Thiethylperazine Torecan
Thioguanine Thioguanine Tabloid
Thiopental sodium Pentothal (10-III)
Thioridazine Mellaril
Thiotepa Thiotepa, generic
Thyroid Stimulating Hormone/ 

 Thyrotropin (Thyroid Hormones)
Thyrogen 
Dermathycin (1)

L-Thyroxine, T[4] 
(see  Levothyroxine)

Ticarcillin Ticar
Ticarcillian–clavulanate Timentin
Tiletamine HCl/Zolazepam  

(see Telazol)
Telazol (1, 2, 10-III)

Tilmicosin Micotil
Tinidazole Tindamax
Tiopronin Thiola
Tobramycin Nebcin
Tobramycin Tobrex
Tocainide Tonocard
Tolazoline Priscoline hydrochloride
Tolfenamic acid Generic (4)
Toltrazuril Baycox
Topiramate Topamax
Tramadol Ultram, others
Tramadol, acetaminophen Ultracet
Tretinoin Retin-A
Triamcinolone Vetalog
Triamcinolone acetonide Generic (1, 2)
Triamcinolone, ophthalmic Generic

Generic Proprietary
Triamterene Dyrenium
Trientine HCl Syprine
Trifluoperazine Stelazine, others
Triflupromazine Vetame
Trifluridine ophthalmic solution Viroptic
Triiodothyronine, T3 liothyronine 

(Thyroid hormones)
Cytobin

Trilostane Vetoryl (1)
Trimeprazine Temaril-P (1)
Trimethobenzamide Tigan, generic
Trimethoprim Trimethoprim
Trimetrexate glucuronate Neutrexin
Tripelennamine Recovr, generic (1)
Trypan blue VisionBlue
Tylosin Tylan (3)
Tylosin tartrate Tylan (3)
Tylosin with vitamins Tylan Plus (3)
Urea Generic (6)
Urofollitropin Fertinex
Ursodiol (ursodeoxycholic acid) Actigall
Valproic acid (valproate) Depakene
Vanadium trace element (supplement) 

(6)
Vancomycin Vancocin
Vasopressin, aqueous Pitressin
Vasopressin, tannate in oil Pitressin tannate
Vecuronium bromide Norcuron
Verapamil HCl Calan
Verapamil HCl Calan SR
Verapamil HCl Isoptin SR
Verapamil HCl Isoptin
Vidarabine Vira-A
Vinblastine Velban
Vincristine sulfate Oncovin, generic
Vitamin A Aquasol A (6)
Vitamin B complex Becotin (6)
Vitamin B complex Betalin complex (6)
Vitamin B1 (Thiamine) Thiamine HCl (6)
Vitamin B12 Vitamin B12(6)
Vitamin B2 (Riboflavin) Vitamin B2 (riboflavin) (6)
Vitamin C (Ascorbic Acid) Ascorbic acid (6)
Vitamin D (Dihydrotachysterol) Dihydral, Hytakerol
Vitamin D2 (see Vitamin D) Calciferol
Vitamin D3 Calcitriol
Vitamin E Aquasol E (6)
Vitamin E Eprolin (6)
Vitamin E Natopherol (6)

1, Approved in dogs; 2, approved in cats; 3, approved in other animal; 4, no longer available: if need is appropriate, may be available through a compounding pharmacist; 5, OTC 
(human or animal); 6, dietary supplement (human or animal), also indicates an OTC designation; 7, human cosmetic product, also indicates an OTC designation; 8, EPA-approved 
product; 9, biological (if animal, may not be approved; if animal approved, approval is likely through US Department of Agriculture and generally is based only safety, not efficacy); 
10, distribution controlled by the Drug Enforcement Agency, Schedule status (I-V) indicated; 11, obtain through chemical or other company, compounding pharmacist may assist; 
12, product may not be available from manufacturer; 13, animal generic available; 14, special restrictions. 
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Generic Proprietary
Vitamin K1 (phytonadione) AquaMEPHYTON
Voriconazole Vferd, generic
Warfarin Coumadin
Xylazine Rompun (1, 2)
Yohimbine Yobine
Zafirlukast Accolate

Generic Proprietary
Zidovudine AZT, Retrovir, generic
Zinc acetate (Zinc) Generic (5)
Zinc methionine (Zinc) Zinpro (5)
Zinc sulfate (Zinc) Vi-Zac, others (5)
Zolazepam HCl (see Tiletamine) Telazol (1, 2, 10)
Zonisamide Zonegran
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Conversions* of W eight to Body Surface Area (in Square Meters) for Dogs and Cats
Weight (lb) Weight (kg) K = 9.9 (m2) K = 10.0 (m2) K = 10.1 (m2) K = 10.4 (m2) K = 12.3 (m2)

1.10  0.50 0.062 0.063 0.063 0.065 0.077
2.21  1.00 0.099 0.100 0.101 0.104 0.123
3.31  1.50 0.130 0.131 0.133 0.136 0.161
4.41  2.00 0.158 0.159 0.161 0.165 0.196
5.52  2.50 0.183 0.185 0.187 0.192 0.227
6.62  3.00 0.207 0.209 0.211 0.217 0.257
7.72  3.50 0.229 0.231 0.234 0.241 0.285
8.83  4.00 0.251 0.253 0.256 0.263 0.311
9.93  4.50 0.271 0.274 0.277 0.285 0.337

11.03  5.00 0.291 0.294 0.297 0.306 0.362
12.14  5.50 0.310 0.313 0.316 0.326 0.385
13.24  6.00 0.329 0.332 0.335 0.345 0.409
14.34  6.50 0.347 0.350 0.354 0.364 0.431
15.45  7.00 0.365 0.368 0.372 0.383 0.453
16.55  7.50 0.382 0.386 0.390 0.401 0.474
17.65  8.00 0.399 0.403 0.407 0.419 0.495
18.75  8.50 0.415 0.419 0.424 0.436 0.516
19.86  9.00 0.431 0.436 0.440 0.453 0.536
20.96  9.50 0.447 0.452 0.456 0.470 0.556
22.06 10.00 0.463 0.468 0.472 0.486 0.575
23.17 10.50 0.478 0.483 0.488 0.503 0.594
24.27 11.00 0.494 0.499 0.504 0.519 0.613
25.37 11.50 0.509 0.514 0.519 0.534 0.632
26.48 12.00 0.523 0.529 0.534 0.550 0.650
27.58 12.50 0.538 0.543 0.549 0.565 0.668
28.68 13.00 0.552 0.558 0.563 0.580 0.686
29.79 13.50 0.566 0.572 0.578 0.595 0.703
30.89 14.00 0.580 0.586 0.592 0.609 0.721
31.99 14.50 0.594 0.600 0.606 0.624 0.738
33.10 15.00 0.608 0.614 0.620 0.638 0.755
34.20 15.50 0.621 0.627 0.634 0.652 0.772
35.30 16.00 0.634 0.641 0.647 0.666 0.788
36.41 16.50 0.648 0.654 0.661 0.680 0.805
37.51 17.00 0.661 0.667 0.674 0.694 0.821
38.61 17.50 0.674 0.681 0.687 0.708 0.837
39.72 18.00 0.687 0.693 0.700 0.721 0.853
40.82 18.50 0.699 0.706 0.713 0.735 0.869
41.92 19.00 0.712 0.719 0.726 0.748 0.884
43.03 19.50 0.724 0.732 0.739 0.761 0.900
44.13 20.00 0.737 0.744 0.752 0.774 0.915
45.23 20.50 0.749 0.757 0.764 0.787 0.931
46.34 21.00 0.761 0.769 0.777 0.800 0.946
47.44 21.50 0.773 0.781 0.789 0.812 0.961
48.54 22.00 0.785 0.793 0.801 0.825 0.976
49.64 22.50 0.797 0.805 0.813 0.838 0.991
50.75 23.00 0.809 0.817 0.825 0.850 1.005
51.85 23.50 0.821 0.829 0.837 0.862 1.020
52.95 24.00 0.832 0.841 0.849 0.875 1.034

7
Appendix

Conversions of Weight to Body 
Surface Area
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Weight (lb) Weight (kg) K = 9.9 (m2) K = 10.0 (m2) K = 10.1 (m2) K = 10.4 (m2) K = 12.3 (m2)
54.06 24.50 0.844 0.853 0.861 0.887 1.049
55.16 25.00 0.856 0.864 0.873 0.899 1.063
56.26 25.50 0.867 0.876 0.885 0.911 1.077
57.37 26.00 0.878 0.887 0.896 0.923 1.091
58.47 26.50 0.890 0.899 0.908 0.935 1.105
59.57 27.00 0.901 0.910 0.919 0.946 1.119
60.68 27.50 0.912 0.921 0.930 0.958 1.133
61.78 28.00 0.923 0.932 0.942 0.970 1.147
62.88 28.50 0.934 0.944 0.953 0.981 1.161
63.99 29.00 0.945 0.955 0.964 0.993 1.174
65.09 29.50 0.956 0.966 0.975 1.004 1.188
66.19 30.00 0.967 0.976 0.986 1.016 1.201
67.30 30.50 0.977 0.987 0.997 1.027 1.214
68.40 31.00 0.988 0.998 1.008 1.038 1.228
69.50 31.50 0.999 1.009 1.019 1.049 1.241
70.61 32.00 1.009 1.020 1.030 1.060 1.254
71.71 32.50 1.020 1.030 1.041 1.072 1.267
72.81 33.00 1.030 1.041 1.051 1.083 1.280
73.92 33.50 1.041 1.051 1.062 1.093 1.293
75.02 34.00 1.051 1.062 1.073 1.104 1.306
76.12 34.50 1.062 1.072 1.083 1.115 1.319
77.23 35.00 1.072 1.083 1.094 1.126 1.332
78.33 35.50 1.082 1.093 1.104 1.137 1.344
79.43 36.00 1.092 1.103 1.114 1.148 1.357
80.53 36.50 1.102 1.114 1.125 1.158 1.370
81.64 37.00 1.113 1.124 1.135 1.169 1.382
82.74 37.50 1.123 1.134 1.145 1.179 1.395
83.84 38.00 1.133 1.144 1.156 1.190 1.407
84.95 38.50 1.143 1.154 1.166 1.200 1.420
86.05 39.00 1.153 1.164 1.176 1.211 1.432
87.15 39.50 1.162 1.174 1.186 1.221 1.444
88.26 40.00 1.172 1.184 1.196 1.231 1.456
89.36 40.50 1.182 1.194 1.206 1.242 1.469
90.46 41.00 1.192 1.204 1.216 1.252 1.481
91.57 41.50 1.202 1.214 1.226 1.262 1.493
92.67 42.00 1.211 1.223 1.236 1.272 1.505
93.77 42.50 1.221 1.233 1.245 1.282 1.517
94.88 43.00 1.230 1.243 1.255 1.293 1.529
95.98 43.50 1.240 1.253 1.265 1.303 1.541
97.08 44.00 1.250 1.262 1.275 1.313 1.552
98.19 44.50 1.259 1.272 1.284 1.323 1.564
99.29 45.00 1.268 1.281 1.294 1.333 1.576

100.39 45.50 1.278 1.291 1.304 1.342 1.588
101.50 46.00 1.287 1.300 1.313 1.352 1.599
102.60 46.50 1.297 1.310 1.323 1.362 1.611
103.70 47.00 1.306 1.319 1.332 1.372 1.623
104.81 47.50 1.315 1.329 1.342 1.382 1.634
105.91 48.00 1.325 1.338 1.351 1.391 1.646
107.01 48.50 1.334 1.347 1.361 1.401 1.657
108.12 49.00 1.343 1.357 1.370 1.411 1.669
109.22 49.50 1.352 1.366 1.379 1.420 1.680
110.32 50.00 1.361 1.375 1.389 1.430 1.691
111.42 50.50 1.370 1.384 1.398 1.440 1.703
112.53 51.00 1.379 1.393 1.407 1.449 1.714
113.63 51.50 1.389 1.403 1.417 1.459 1.725
114.73 52.00 1.398 1.412 1.426 1.468 1.736
115.84 52.50 1.407 1.421 1.435 1.478 1.747
116.94 53.00 1.415 1.430 1.444 1.487 1.759

Conversions* of Weight to Body Surface Area (in Square Meters) for Dogs and Cats—cont’d

Continued
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Weight (lb) Weight (kg) K = 9.9 (m2) K = 10.0 (m2) K = 10.1 (m2) K = 10.4 (m2) K = 12.3 (m2)
118.04 53.50 1.424 1.439 1.453 1.496 1.770
119.15 54.00 1.433 1.448 1.462 1.506 1.781
120.25 54.50 1.442 1.457 1.471 1.515 1.792
121.35 55.00 1.451 1.466 1.480 1.524 1.803
122.46 55.50 1.460 1.475 1.489 1.534 1.814
123.56 56.00 1.469 1.483 1.498 1.543 1.825
124.66 56.50 1.477 1.492 1.507 1.552 1.836
125.77 57.00 1.486 1.501 1.516 1.561 1.846
126.87 57.50 1.495 1.510 1.525 1.570 1.857
127.97 58.00 1.504 1.519 1.534 1.580 1.868
129.08 58.50 1.512 1.528 1.543 1.589 1.879
130.18 59.00 1.521 1.536 1.552 1.598 1.890
131.28 59.50 1.530 1.545 1.560 1.607 1.900
132.39 60.00 1.538 1.554 1.569 1.616 1.911
133.49 60.50 1.547 1.562 1.578 1.625 1.922
134.59 61.00 1.555 1.571 1.587 1.634 1.932
135.70 61.50 1.564 1.580 1.595 1.643 1.943
136.80 62.00 1.572 1.588 1.604 1.652 1.953
137.90 62.50 1.581 1.597 1.613 1.661 1.964
139.01 63.00 1.589 1.605 1.621 1.670 1.975
140.11 63.50 1.598 1.614 1.630 1.678 1.985
141.21 64.00 1.606 1.622 1.639 1.687 1.995
142.31 64.50 1.615 1.631 1.647 1.696 2.006
143.42 65.00 1.623 1.639 1.656 1.705 2.016
144.52 65.50 1.631 1.648 1.664 1.714 2.027
145.62 66.00 1.640 1.656 1.673 1.722 2.037
146.73 66.50 1.648 1.665 1.681 1.731 2.047
147.83 67.00 1.656 1.673 1.690 1.740 2.058
148.93 67.50 1.664 1.681 1.698 1.749 2.068
150.04 68.00 1.673 1.690 1.706 1.757 2.078
151.14 68.50 1.681 1.698 1.715 1.766 2.088
152.24 69.00 1.689 1.706 1.723 1.774 2.099
153.35 69.50 1.697 1.714 1.732 1.783 2.109
154.45 70.00 1.705 1.723 1.740 1.792 2.119

*A formula for more precise values follows: BSA in m2 (K x W {2⁄3})/100 where BSA, body surface area; m2, square meters; and W, weight in kilograms. The constant K varies with 
the body shapes: smaller values apply to small compact animals. The most common K value used for cats tends to be 10.1 (up to 10.4), and the most common value for dogs is 10.1 
(ranging from 9.9 to 12.3).
From Ettinger, SJ: Textbook of veterinary internal medicine, vol 1, Philadelphia, Saunders, 1975, p.146.

Conversions* of Weight to Body Surface Area (in Square Meters) for Dogs and Cats—cont’d
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Index

A
A a fibers, in transmission of pain, 995
A delta fibers, in transmission of pain, 995
Abacavir, for feline immunodeficiency virus infection, 

421
Abdominal infections, 334–336
Abelcet, 376, 379
Abetimus, 1179
Abortion

induction of, 881
spontaneous, 879

ABPP, 1181
Abscesses

bacterial, causative organisms in, 135t–137t
prostatic, 321, 321f

Absorbents, gastrointestinal, 707–708
Absorption, 8–9. See also Disposition, drug

bioavailability and, 8
breed differences in, 43–44
drug interactions and, 60t, 61
extent of, 8
food and, 59
in geriatric animals, 34–37, 36t
in heart disease, 53–54
mean absorption time and, 29, 29b
oral, 8–9, 9f
pathologic factors in, 35b
in pediatric animals, 37-38, 36t
pharmacogenetics of, 71–73
pharmacologic factors in, 35b, 61. See also Drug 

interactions
physiologic factors in, 35b
rate of, 8
species differences in, 43

Absorption half-life, 27
Acarbose

for diabetes mellitus, 784t–786t, 815
dosage for, 784t–786t

Accelerography, quantifying evoked responses, in 
neuromuscular blockade monitoring, 899–900

ACE inhibitors, 494–497. See also specific drugs
adverse effects of, 497–499
angiotensin II receptor antagonists and, 503
with calcium channel blockers, 493
dose modification in diseased patient, 496–497
drug interactions with, 499
for glomerulonephritis, 655
for heart failure, 499–500, 530–532

in dilated cardiomyopathy, 534–535
in myocardial disease, 499–500

for hypertension, in renal disease, 500–501, 652
for hypertrophic cardiomyopathy, 537
in liver disease, 496
mechanism of action of, 494–495
pharmacodynamics of, 494–496
pharmacokinetics of, 495–496
as prodrugs, 495
for proteinuria, 501–504
for renal disease, 500–501
structure-activity relationship of, 492f, 494

Acemannan, 1180
dose for, 1161t
for feline leukemia, 420

Acepromazine
dosage for, 484t–491t, 906t–908t
for feline lower urinary tract disease, 664–665
gastroesophageal reflux and, 721

Acepromazine (Continued)
gastrointestinal motility and, 704–705
preanesthetic, 888
for seizures, 976
side effects of, 910
for tetanus, 347

Acetaminophen, 1084
codeine with, dosage for, 1001t–1005t
dosage for, 1055t–1056t
metabolism of, species differences in, 46
methemoglobinemia due to, 102, 102t,  

103f
overdose of

hepatic failure in, 733–734
SAMe for, 717–718

toxicity of, 1084, 1085f
Acetazolamide, 630–631

structure of, 629f
Acetic acid, for otitis externa, 281
Acetohydroxamic acid, 637
Acetylating-stimulating hormone, 673f, 674
Acetylation, 15

species differences in, 47
Acetylcholine

in brain, 904
in CNS cells, 937
in gastric acid secretion, 692, 706
in gastrointestinal motility, 700–702, 706
in neuromuscular junction, 894, 895f
in seizure therapy, 936t
in vomiting, 686–688

N-Acetylcysteine, 757t–758t, 765f, 767–768
for acute pancreatitis, 737
as anticoagulant, 590
bronchial concentration of, 323
for Chagas disease, 444
for feline respiratory infections, 418–419
nephroprotective effects of, 378–379
for pneumonia, 328

Acetylpromazine, structure of, 909f
N-Acetyltransferase, polymorphisms in, 75
Acid-base balance, 601–602

assessment of, 606
buffer systems in, 601–602
disturbances of, 602, 606–607. See also Metabolic 

acidosis; Metabolic alkalosis
blood gas analysis in, 607–608

external balance in, 601
Fencl-Leith approach to, 602
internal balance in, 601
nontraditional approaches to, 602
Stewart approach to, 602

Acidification, urinary, 637
for feline lower urinary tract disease, 664
for urinary tract infections, 320

Acidosis. See Metabolic acidosis; Respiratory acidosis
Acids, 601–602
Acid-sensing ion channels (ASICs), in transmission of 

pain, 996
Acr-AB/TolC system, 165–166
Acral lick dermatitis, 867

behavioral aspects of, 862
Acromegaly, 836–837

insulin resistance due to, 812
ACTH

adrenocortical effects of, 99, 100t–101t
deficiency of

ACTH (Continued)
in acute illness, 1142
hyperkalemia in, 605
in septic shock, 1141–1142

dosage for, 784t–786t
effects of, 1120
in hyperadrenocorticism diagnosis, 822–824
in hypoadrenocorticism diagnosis, 818–819
secretion of, 1119–1120, 1120f

ACTH stimulation test, for hyperadrenocorticism, 
822–824

Actinomycin D, 1220t–1221t, 1226
Actinomycosis, 351–352
Action potential

myocardial, 469–474, 471f
of neuronal cell, 938

Activated attapulgite, 707–708
Activated charcoal, 708

dosage for, 676t–684t
Activated partial thromboplastin time, in 

anticoagulation, 587–588, 589t, 590–592
Activated protein C, recombinant human,  

1108
Acute pain, 994–995. See also Pain

NSAIDs for, 1062
Acute pancreatitis, 736–737

fluid therapy for, 619
heparin for, 587t

Acute respiratory distress syndrome
surfactant changes in, 750
toxicant-induced, 104

Acyclovir, 402t, 406–407
for feline respiratory infections, 415–418
structure of, 404f

Adaptive resistance, 158–159
Addiction, to opioids, 1011
Addisonian crisis, glucocorticoids for, 1143
Addison’s disease. See Hypoadrenocorticism
Adenosine, for arrhythmias, 519
Adenosine diphosphate antagonists, 594–595
S-Adenosyl-L-methionine (SAMe), 717–718,  

735
S-Adenosylmethionine

for behavior modification, 921–922
dosage for, 906t–908t
for osteoarthritis, 1101–1102

Adequan, dosage for, 1055t–1056t
Adherence

bacterial, 161
intestinal, 333

platelet, 582
Adhesins, 161
Adhesion molecules

in asthma, 749t–750t
inflammatory, 753

Adiponectin, 673f, 674
Adipose tissue. See also Body composition

in appetite regulation, 672–673
in energy metabolism, 673–674, 673f

Adnexal skin disease, cyclosporine for, 1173
Adoptive immunotherapy, 1198
Adrenal glands

diseases of, 818–835. See also specific disease
drug effects on, 99–102, 100t–101t

Adrenal insufficiency
in critical illness, 616
glucocorticoid-related, 1138–1139, 1143

Page references followed by “f” indicate figures, “b” indicate boxes, and “t” indicate tables.
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Adrenal tumors
adrenalectomy for, 835
mitotane for, 828–829
progesterone-secreting, 834

Adrenergic agents, for diarrhea, 707
Adrenergic nervous system, in heart failure,  

480–482
Adrenergic receptors

gastrointestinal motility and, 701–702
myocardial contractility and, 475

Adrenocorticotropic hormone. See ACTH
Adsorbents, as vehicles for topical drugs, 851
Adverse drug events, 79, 80f. See also Adverse drug 

reactions; Medication errors
prevention of, 104, 104b
reporting of, 84–85, 104–105

Adverse drug reactions, 79, 80f. See also specific drugs 
and organs

with compounded preparations, 106–108
cytotoxic, 79–80, 81f

apoptosis in, 83–84
hypersensitivity in, 86
necrosis in, 83–84

detection of, 82
during postmarket surveillance, 84–85

diurnal variations in, 82
in fetus, 42
genetic factors in, 84
impact of, 82
in neonate, 42
predictors of, 85
predisposing factors for, 82
prevention of, 104, 104b
reporting of, 84–85, 104–105, 116–119
susceptible organs in, 82
toxicology and, 82–85
type A, 79–80, 80f, 82
type B (idiosyncratic), 79–80, 82, 85–87. See also 

Hypersensitivity reactions
vs. side effects, 79, 80f

Adverse reactions, to dietary supplements, 105–106, 
106t

Aerobic bacteria, 129–131, 130b–131b
Aerosolization, drug administration by, 770–772,  

772b
Aerotolerant bacteria, 129–131
Affinity, in drug-receptor interactions, 2-3
Afterload, 474

in heart failure, 481
Aggression

in cats, 928
dominance-related, 923–924

Agonists, 3–4
mild to moderate, 1022–1023
mixed, 1005–1006, 1023–1025
NMDA, 1028–1030
partial, 1005–1006
pharmacodynamics of, 1006–1007
powerful, 1012–1022, 1013t–1016t

Agouti-related protein, 672–673
Airway(s), caliber changes in, 745–747,  

746f
Akinesia, definition of, 999
Albendazole

for giardiasis, 442–443, 727
for helminthic infections, 453t, 458–459
for protozoal infections, 435t–436t
teratogenicity of, 458–459

Albumin. See also Fluid therapy
deficiency of

in acute pancreatitis, 619
in chronic diarrhea, 619
in nephrotic syndrome, 617–618
in proteinuric nephropathy, 617–618

with diuretics, 627–628
in geriatric animals, 37
human serum, 610
for liver disease, 620
lyophilized canine, 610
in pediatric animals, 39
therapeutic use of, 610

Albuterol, 754–755, 757t–758t
Alcohol antiseptics/disinfectants, 425–427

for hand hygiene, 431
Aldehyde disinfectants, 427

Aldosterone
deficiency of, hyperkalemia in, 605
in renin-angiotensin-aldosterone system, 477–479, 

478f
structure of, 1129f

Aldosterone antagonists, 632–633. See also Diuretics
Aldosterone-induced proteins, 632–633
Alendronate

dosage for, 784t–786t
for hypercalcemia, 784t–786t, 801

Alfentanil
dosage for, 1001t–1005t
structure of, 1006f

Alkalinization
in renal failure, 647t–648t, 649
urinary, for urate urolithiasis, 638

Alkalosis. See Metabolic alkalosis; Respiratory alkalosis
Alkylating agents, 1219–1223, 1220t–1221t
Allergen-specific immunotherapy, 1179–1180
Allergic contact dermatitis, 1187. See also Atopy
Allergies. See Hypersensitivity reactions
Allodynia, 996
Allometric scaling, 30
Allopurinol

for leishmaniasis, 446
for protozoal infections, 435t–436t
for urate urolithiasis, 638

Allylamines, 388
mechanism of action of, 366f

Alopecia
chemotherapy-induced, 1218
cyclophosphamide-induced, 1219–1221
cyclosporine-induced, 1167–1168
psychogenic, 866

Alpha2-adrenergic agonists, 1030
preanesthetic, 889–890

Alpha2-adrenergic blockers, preanesthetic, 890
Alpha-adrenergic antagonists, for urethral 

hypertonicity, 662–663
Alpha-glucosidase inhibitors, for diabetes mellitus, 

813–815
Alpha-linolenic acid, 860, 861t
Alprazolam

as anxiolytic, 918–920
dosage for, 906t–908t
for inappropriate elimination, 928
for noise phobias, 867

Altrenogest, for premature labor, 879–880
Aluminum hydroxide

as antacid, 698–699
dosage for, 676t–684t
for hyperphosphatemia in renal failure, 647t–648t

Aluminum magnesium hydroxide, dosage for, 
676t–684t

Alvimopan, for postoperative ileus, 724–725
Amantadine, 402t, 409, 1029

dosage for, 1001t–1005t
Ambisome, 375t, 376–377, 379
Ambrisentan, for pulmonary hypertension, 540
AMD3100, for feline immunodeficiency virus infection, 

422
American Heartworm Society, treatment guidelines of, 

452, 462
Amikacin, 222

bronchial concentration of, 322–323
chemical characteristics of, 198t
dosage for, 199t–201t
for otitis externa, 282–283
ototoxicity of, 96
pharmacokinetics of, 190t–194t, 226
for pyoderma, 294
for pyothorax, 330
serum concentration of, 197t
spectrum of activity of, 195t, 224–225
structure of, 223f
susceptibility to, 196t
therapeutic monitoring of, 114t–115t
for urinary tract infections, 315t

Amiloride, 632
Amines, biogenic, 937
Amino acids, 937
Aminocaproic acid, 585
Aminoglycosides, 222–231. See also specific drugs

for actinomycosis, 352
for bacterial rhinitis/sinusitis, 327

Aminoglycosides (Continued)
bronchial concentration of, 322–323
for brucellosis, 349–350
in combination therapy, 339–340
dosing regimens for, 199t–201t, 230–231
drug interactions with, 56, 57t–59t, 230

penicillins in, 230
mechanism of action of, 223–224, 224f
nephrotoxicity of, 90, 174–175, 227–229, 227f, 228b, 

231, 233f
neurotoxicity of, 93t, 94
for nocardiosis, 352
ototoxicity of, 96, 174–175, 229
pharmacokinetics of, 190t–194t, 225–227
for pyoderma, 294
in renal disease, 51
resistance to, 225

by anaerobes, 343
serum concentration of, 197t
spectrum of activity of, 195t, 224–225
structure-activity relationships of, 222, 223f
therapeutic monitoring of, 122b, 127
therapeutic use of, 230–231

Aminopenicillins. See also Amoxicillin; Ampicillin
spectrum of activity of, 205, 206t–209t

Aminopentamide, dosage for, 676t–684t
Aminophylline

for bronchial disease, 757t–758t, 774
drug interactions with, 57t–59t

Aminopropazine, for feline lower urinary tract disease, 
664–665

4-Aminopyridine, for thoracolumbar disk extrusion, 983
6-Aminosalicylic acid, dosage for, 676t–684t
Aminosidine

for leishmaniasis, 446
for protozoal infections, 435t–436t

Amiodarone, 516–517
dosage for, 484t–491t
for resuscitation, 547t

Amitraz
as antiparasitic, 856
for generalized demodicosis, 868
metaflumizone with, 857
neurotoxicity of, 93, 93t

Amitriptyline
dosage for, 906t–908t, 1001t–1005t
for feline lower urinary tract disease, 665
for inappropriate elimination, 927
pharmacology of, 912–914
structure of, 909f
therapeutic monitoring of, 114t–115t

Amlodipine
adverse effects of, 493
antimicrobial effects of, 174
dosage for, 484t–491t, 784t–786t
drug interactions with, 493
for hypertension, 538, 835

feline, 493–494, 538
in renal disease, 647t–648t, 652

structure of, 492f
as vasodilator, 492–494

Ammonium chloride, 637
dosage for, 676t–684t
for feline lower urinary tract disease, 664

Amoxicillin
for bacterial rhinitis/sinusitis, 326
bronchial concentration of, 322
chemical characteristics of, 198t
dosage for, 199t–201t
for H. pylori infection, 733
for leptospirosis, 350
pharmacokinetics of, 190t–194t, 216
serum concentration of, 197t
spectrum of activity of, 195t, 205, 206t–209t
for urinary tract infections, 307t, 315t, 316

Amoxicillin-clavulanate
dosage for, 199t–201t
spectrum of activity of, 195t, 205, 206t–209t
susceptibility to, 196t

Amoxicillin–clavulanic acid
for actinomycosis, 352
anaerobe susceptibility to, 344, 345t
for dental disease, 330–331
for nocardiosis, 352
for ocular infections, 278
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Amoxicillin–clavulanic acid (Continued)
for pyoderma, 292, 293t, 295t–296t, 297–298
for pyothorax, 330
for urinary tract infections, 316, 317t–318t, 319

Amphocil, 376
Amphotec, 376
Amphotericin B, 368–380

adverse effects of, 377–378
anaphylactoid reaction to, 377–378

minimization of, 378
for aspergillosis, 393
for blastomycosis, 391
for coccidioidomycosis, 392–393
in combination therapy, 379
for cryptococcosis, 392
for digestive decontamination, 545
dilution of, 379
dosing regimens for, 371t–374t, 379–380
drug interactions with, 57t–59t, 378

azole derivatives in, 383
for histoplasmosis, 392
for leishmaniasis, 446
liposomal, 375t, 376–377, 379
mechanism of action of, 366f, 370–374
minimum inhibitory concentration of, 369t, 374–375
nephrotoxicity of, 370–374, 374f, 377–378

drug interactions and, 378
minimization of, 378–380

pharmacodynamics of, 374–375
pharmacokinetics of, 375t, 376–377
preparations of, 375–376, 378–379
pretreatment for, 378–379
for protozoal infections, 435t–436t
rate of administration of, 379
resistance to, 375
with rifampin, 389
routes of administration for, 371t–374t, 379
for shock prophylaxis, 545
spectrum of activity of, 374–375
structure-activity relationship of, 368, 370f
therapeutic use of, 378–380
topical, 855

Ampicillin
bronchial concentration of, 322
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 57t–59t
for hepatic encephalopathy, 733–734
for leptospirosis, 350
for pediatric animals, 38
pharmacokinetics of, 190t–194t
for pyothorax, 330
serum concentration of, 197t
skin lesions due to, 98, 98t
spectrum of activity of, 195t
susceptibility to, 196t, 210t
for urinary tract infections, 307t, 315t

Amprolium
for coccidioidomycosis, 727
for coccidiosis, 439
dosage for, 199t–201t
for protozoal infections, 435t–436t

Amrinone
dosage for, 484t–491t
for heart failure, 525

in dilated cardiomyopathy, 535
Amylin, 814
Amyloid deposits, in diabetes mellitus, 814
Amyloidosis, 1187

renal, 654–656
Anabolic steroids, 577–580

adverse effects of, 579
for anemia of renal disease, 654
with anticancer agents, 579
chemistry of, 577
for chronic renal disease, 579
efficacy of, 578–579
indications for, 579–580
mechanism of action of, 577–578
pharmacokinetics of, 579
pharmacologic effects of, 578–579
preparations of, 579
for racing dogs, 580
structure of, 577, 578f
thyroid effects of, 100t–101t

Anaerobes, 129–131, 130b–131b
facultative, 342
in normal flora, 342
obligate, 342
oxygen-tolerant, 342
pathogenicity of, 342

Anaerobic infections, 342–346
anaerobe types in, 342
antimicrobial resistance in, 343–344
culture and sensitivity in, 343
diagnosis of, 342
mixed, 343
oxidation-reduction potential in, 343
pathogenesis of, 342
treatment of

antimicrobial selection for, 343–344
beta-lactams in, 344–346
resistance in, 343–344
susceptibility to, 345t

Analgesia, definition of, 999
Analgesics

for acute pancreatitis, 737
epidural administration of, 1013t, 1038

contraindications to, 1038
for feline lower urinary tract disease, 665
for head trauma, 980
opioid, 1026–1027. See also Opioid(s)
for pediatric animals, 41
proconvulsant, 976t
for urinary tract infections, 320

Anaphylactic shock, 543
Anaphylactoid reaction, 86, 174–175, 1156

to amphotericin B, 377–378
treatment of, 1183

Anaphylaxis, 85–86
glucocorticoid-induced, 1145–1146
treatment of, 1183

Anaplasmid diseases, 354–356
Androgens. See also specific drugs

synthetic, 880
thyroid effects of, 100t–101t

Androstenedione, structure of, 578f
Anemia

aplastic
anabolic steroids for, 579
cyclosporine for, 1173
sulfonamide-induced, 250–251

cancer-related, erythropoietin for, 576
of chronic renal disease, 575
drug-induced, 102t, 113-116, 250–251
erythropoietin for, 575–576
feline infectious, 348–349
hemolytic

anabolic steroids and, 579–580
aspirin vs. heparin for, 595
glucocorticoids for, 1143
immune-mediated, 1183–1184

in renal failure, 653–654
Anesthesia, definition of, 999
Anesthetics, 887. See also specific drugs

gastroesophageal reflux and, 699
gastrointestinal motility and, 704–705
general

definition of, 999
for head trauma, 980
ocular tissues targeted by, 984–985
redistribution of, 12–13

inhalant, 892–893
hepatotoxicity of, 89
for pediatric patients, 41

injectable, 890–892
local, 1031–1034

for critical ill patient, 1036
malignant hyperthermia due to, 542
metabolism of, breed differences in, 45
overdose of, naloxone reversal for, 547t, 548
for pediatric animals, 41
premedication for, 887–890
route of administration for, for pediatric patients, 41
vomiting due to, 699, 724

Angioedema, drug-induced, 98
Angiotensin, in renin-angiotensin-aldosterone system, 

477–479, 478f
Angiotensin escape, 496
Angiotensin II receptor antagonists, 502–503

Angiotensin receptors, 478–479
Angiotensin-converting enzyme, 477, 479

in heart failure, 480
Angiotensin-converting enzyme inhibitors. See ACE 

inhibitors
Angiotensin-receptor blockers, ACE inhibitors and, 499
Anidulafungin, 386
Animal Poison Control Center, 105
Anorexia

appetite stimulants for, 675–684, 686
glucocorticoid, 1144
for renal failure, 647t–648t, 651

chemotherapy-induced, 1217
in chronic renal failure, 647t–648t, 650–651

Anorexigenic peptides, 672–673
Antacids, 697–699

for vomiting, 691
Antagonists, 3–4. See also specific drugs

mixed, 1023–1025
narcotic, 1025–1026
pharmacodynamics of, 1006–1007

Anthelmintics, 452–463. See also specific drugs
arsenicals, 462
benzimidazoles, 458–459
combination, 453t, 463–464
cyclic depsipeptides, 460
development of, 452
discontinued, 452
isoquinolones, 461–462
macrolide, 452–458
piperazines, 460–461
tetrahydropyrimidines, 459
therapeutic use of, 452–463, 453t

Antiarrhythmics, 504–519. See also specific drugs
for bradyarrhythmias, 542
Class I, 506–511
Class IA, 507
Class IB, 509–511
Class IC, 511
Class II, 511–516
Class III, 516–517
Class IV, 517–518. See also Calcium channel blockers
classification of, 506
for dilated cardiomyopathy, 532, 533–534
mechanism of action of, 504–506
proarrhythmic effects of, 505–506
proconvulsant, 976t
structure of, 507f
for supraventricular premature contractions, 540
for supraventricular tachycardia, 540–541
target receptors for, 506
for ventricular arrhythmias, 541–542

Antibacterial shampoos, 865
Antibiograms, 144f, 147, 148f, 270–271, 272f–273f
Antibiotic-responsive diarrhea, 728–729
Antibiotics. See also Antimicrobial(s)

antitumor, 1220t–1221t
Antibodies, 1154–1155. See also Immunoglobulin(s)

monoclonal, 1179
for cancer, 1232
for septic shock, 341

polyclonal, 1179
Anticancer agents, 1210. See also specific drugs

in adjuvant therapy, 1213
adverse effects of, 1215–1218, 1220t–1221t

alopecia as, 1218
gastrointestinal, 1217
myelosuppression as, 1216–1217
necrosis as, 1217–1218
palmar-plantar erythrodysesthesia as, 1218
phlebitis as, 1217–1218
reproductive, 1218

alkylating, 1219–1223, 1220t–1221t
anabolic steroids with, 579
antimetabolites, 1227–1228
antitumor antibiotics, 1220t–1221t, 1224–1225
bacillus Calmette Guérin, 1177–1178
bacillus Calmette-Guérin, 666–667
biological response modifiers, 1160–1182
cell cycle and, 1210, 1211f
cell turnover and, 1216, 1216b
classification of, 1210, 1211f
in combination therapy, 1214
in curative therapy, 1212–1213
development of, 691, 1211b
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Anticancer agents (Continued)
dosage for, 1214, 1220t–1221t

calculation of, 1214
dose escalation and, 1214
dose-schedule relationship and, 1215b
maximum tolerated dose and, 1215

doxorubicin analogues, 1220t–1221t, 1225–1226
efficacy of, 1212
erythropoietin with, 576
extravasation of, 1217–1218
fractional kill hypothesis and, 1211–1212, 1212t
glucocorticoids, 1231–1232
guidelines for, 1215
hematologic disorders due to, 102t, 102–104
immunomodulators, 1232
immunostimulants, 1177
immunosuppressants, 1176
indications for, 1220t–1221t
in induction phase, 1213–1214
in intensification protocols, 1213–1214
interferons, 1197
interleukins, 1199
intravesicular administration of, 666–667
in maintenance phase, 1213–1214
mechanism of action of, 1210
in metronomic chemotherapy, 1215
mitotic inhibitors, 1220t–1221t, 1223–1224
mixed bacterial vaccines, 1179
monoclonal antibodies, 1232
myelosuppression due to, 1214
in neoadjuvant therapy, 1213
neurotoxicity of, 93t
neutropenia due to, granulopoietin for, 577
nitrogen mustards, 1219–1223, 1220t–1221t
NSAIDs with, 1062
ototoxicity of, 96, 96t
in palliative therapy, 1213
platinum agents, 1229–1230
prednisolone as, 1136
receptor tyrosine kinases, 1230
in remission phase, 1213–1214
resistance to, 1213
safe handling of, 1218
sensitivity to, 1212–1213
sites of action of, 691, 1211b
skin lesions due to, 98, 98t
taxanes, 1220t–1221t, 1224
vinca alkaloids, 1220t–1221t, 1223–1224
vomiting due to, 691, 723–724. See also Vomiting

Anticholinergics. See also specific drugs
adverse effects of, 660
for bladder hypercontractility, 658t–659t, 659–660
as bronchodilators, 757t–758t, 760
for diarrhea, 705
for feline lower urinary tract disease, 664
pharmacologic effects of, 760
pharmacology of, 887
preanesthetic, 887–888
for vomiting, 691–692

Anticoagulants, 585–592. See also specific drugs
coumarin derivatives, 592–593
for heartworm disease, in pretreatment therapy, 553
heparins, 585–593. See also Heparin
indandione, 592–593
international normalized ratio for, 593
oral (vitamin K antagonists), 592–593
for pulmonary embolism, in heartworm disease, 

556–557
for septic shock, 340–341

Anticonvulsants, 950–973, 1030–1031. See also specific 
drugs

for behavior modification, 920
drug interactions with, 947–948
impact of dosing interval and half-life of, 946–947, 

947b
pharmacokinetics of, 940–947, 941t–945t, 946f, 947b
prophylactic, for head trauma, 980
safety of, 947
for seizures, 939–940, 939t, 940f, 950–973
for tetanus, 347
therapeutic monitoring of, 948–950, 948t, 949b

Antidepressants, 910–911. See also specific drugs or drug 
classes

atypical, 918
for feline lower urinary tract disease, 665

Antidepressants (Continued)
neurotoxicity of, 93t, 94
tricyclic, 906t–908t, 911–915

clinical pharmacology of, 912–914
clinical use of, 914–915
contraindications to, 914
drug interactions with, 914, 914t
indications for, 914
mechanism of action of, 911
pharmacologic effects of, 911–912
side effects of, 913
structure-activity relationships of, 911

Antidiabetic agents, 796f, 812–815. See also specific drugs
Antidiarrheals, 705–707. See also specific drugs
Antiemetics, 331, 688–692. See also specific drugs

for chemotherapy, 723–724, 1217
for motion sickness, 689–690
receptors for, 689t
for renal failure, 647t–648t, 650–651
structure of, 690f

Antiepileptic drugs, 939–940. See also Anticonvulsants
Antiflatulence drugs, 710
Antifreeze poisoning

metabolic acidosis in, 607
sodium bicarbonate for, 614–615

Antifungal agents. See also specific drugs and drug classes
for aspergillosis, 393
for blastomycosis, 391
for candidiasis, 391
for coccidioidomycosis, 392–393
in combination therapy, 386, 389
for cryptococcosis, 392
for dermatophytosis, 389–390
development of, 368
dosing regimens for, 371t–374t
efficacy of, 367–368
for histoplasmosis, 391–392
intravesicular, 666–667
for Malassezia dermatitis, 390–391
mechanism of action of, 366f, 370–374, 374f
minimum inhibitory concentration of, 368, 369t
for paracoccidioidomycosis, 393
post-antifungal effect and, 374–375
for pythiosis, 394
resistance to, 367, 367, 375, 381
for rhinosporidiosis, 393–394
for sporotrichosis, 393
structure of, 370f
structure-activity relationships of, 368, 370f
for subcutaneous infections, 393–394
for systemic disease, 391–393
therapeutic use of, 389–394
toxicity of, 367–368, 370–374, 374f
types and classes of, 368

Antigens, 1151, 1154
Antigestagens, 874
Antihemostatic drugs, 585
Antiherpes agents, 405–408. See also Antiviral agents
Antihistamines, 1089–1091. See also specific drugs

adverse effects of, 1091
antisecretory. See H2-receptor antagonists
for behavior modification, 921
drug interactions with, 1090
for feline respiratory infections, 418–419
for motion sickness, 689–690
neurotoxicity of, 93t
pharmacokinetics of, 1090, 1091t
pharmacologic effects of, 1090
for pruritus, 865–866
for pyoderma, 299
for respiratory disease, 757t–758t, 764, 765f
for skin disease, 858t, 860
structure of, 1087f
structure-activity relationships of, 1087f, 1089–1090
therapeutic use of, 1091

Antihypertensives. See also specific drugs
for renal failure, 647t–648t
for renal hypertension, in renal disease, 500–501
for systemic hypertension, 538–539

Anti-inflammatory drugs, 1045. See also specific drugs or 
drug classes

glucocorticoids as, 1125–1126, 1126f
for inflammatory bowel disease, 731
nonsteroidal. See Nonsteroidal anti-inflammatory 

drugs (NSAIDs)

Anti-inflammatory drugs (Continued)
for ocular disease, 985–986
for respiratory disease, 753
for skin disease, 857–862, 858t
for thoracolumbar disk extrusion, 982–983

Anti-insulin antibodies (AIAs), 811–812
Antileukemic activity, 1180
Antimetabolites, 1220t–1221t, 1227–1228

in chemotherapy, 1176
Antimicrobial(s), 128. See also specific drugs and drug 

classes
absorption of, 172
adverse reactions to, 174–176
aerosolization of, 772b
antifungal effects of, 389
bactericidal vs. bacteriostatic, 157–158, 157t
cardiotoxicity of, 242–243
chemical characteristics of, 198t
in combination, 178–179, 180f

with antifungals, 389
synergism and antagonism in, 178–179, 178f, 178t

concentration-dependent use of, 158–161, 159f
culture and sensitivity testing for, 138–141. See also 

Culture and sensitivity testing
de-escalation for, 166–167, 270–271
diarrhea due to, 332

probiotics for, 713
distribution of, 172–173, 173b
dosage for, 190t–194t
dosing regimens for, 176–177, 199t–201t
drug interactions with, 175
duration of use of, 177–178
elimination of, 173
empirical use of, 128–129, 134–138, 167
endotoxin release and, 161–162, 175–176, 176f
for feline respiratory infections, 418–419
gastrointestinal toxicity of, 90–92, 114t–115t
half-life of, 190t–194t
hepatotoxicity of, 87–89
host factors affecting

negative, 168–171
positive, 170–171

immunomodulatory effects of, 174
indications for, 131–134, 132f–133f
inflammatory response and, 168, 168t, 169f
intravesicular, 666–667
judicious use of, 128–129

decision-making in, 131–134, 132f–133f
information sources for, 270–271, 272f–273f

macrolide, 862–863
mechanism of action of, 171–172, 171f, 190t–194t, 

194–196
microbial factors affecting, 161–167

biofilm, 162, 162f
inoculum size, 161
virulence, 161–162

minimum bacterial concentration of, 157–158
minimum inhibitory concentration of, 142–147, 189–

194. See also Minimum inhibitory concentration
musculoskeletal toxicity of, 242–243, 306
nephrotoxicity of, 89–90, 90b
neurotoxicity of, 92–94, 93t
nonantimicrobial effects of, 174
ocular toxicity of, 94–97, 95t
ototoxicity of, 96–97, 96t
for pediatric animals, 40
pharmacokinetic data for, 189–194, 190t–194t
postantibiotic exposure and, 158, 159t
proconvulsant, 976t
prophylactic, 181

for dental procedures, 331
surgical, 181–183

for pruritus, 865
resistance to. See Antimicrobial resistance
routes of administration for, 172, 176–178
selection of, 134–156, 270–271
for shock, 545
for skin disease, 857, 858t
spectrum of activity of, 195t
surface. See Antiseptics; Disinfectants
susceptibility to, 148–154, 196t, 272f–273f

antibiograms for, 144f, 147, 148f, 270–271, 
272f–273f

systemic, 857, 858t
target concentration of, 177
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Antimicrobial(s) (Continued)
target organism identification in, 134–156
terminology for, 129–131
therapeutic goals for, 131, 166b
therapeutic monitoring of, 127
three D’s approach to, 166–167, 270–271
time-dependent, 158–161, 159f
topical, 261–262, 854–855

for ocular disease, 986
urine glucose testing and, 109
volume of distribution of, 190t–194t

Antimicrobial effects, of nonantimicrobial drugs,  
174

Antimicrobial peptides, 1156
Antimicrobial resistance, 128–129, 148–154, 162–163

adaptive, 158–159
by anaerobes, 343–344
antibiograms and, 144f, 147, 148f
to antifungals, 367, 367–368
biochemical mechanisms of, 165–166
biofilms and, 430
clinical, 367
to disinfectants, 430
drug selection and, 167
efflux pumps in, 165–166
emergence of

contributory factors in, 163–164
timeline for, 162

inherent vs. acquired, 163
MDR genes in. See MDR genes
molecular tests for, 167
multidrug, 163
mutant prevention concentration and, 164–165,  

165f
porins in, 165–166
prevention/reduction of, 166–167, 166b, 273b
primary (intrinsic), 367
risk factors for, 167
secondary (acquired), 367
urinary catheterization and, 312
virulence and, 161

Antimicrobial-impregnated beads, 303, 304
Antimony, for leishmaniasis, 445–446
Antimuscarinic agents. See also specific drugs

for diarrhea, 705
Anti-obesity drugs, 684–686
Antioxidants. See also specific drugs

for acute pancreatitis, 737
Antiparasitics

active ingredients in, 855–857
delivery of, 855
in shampoos, 855
for skin disease, 858t, 862–863

topical, 855–857
Antiprogestins, commercial availability of, 875
Antiprotease drugs, for ocular disease, 986
Antipruritics. See also specific drugs

for pyoderma, 299
systemic, 857–862, 858t
topical, 854

Antipsychotic drugs, 904–910, 909f. See also specific 
drugs or drug classes

adverse effects of, 910
clinical indications for, 910
disposition of, 910
drug interactions with, 910
pharmacologic effects of, 905–910
structure-activity relationships of, 905

Antipyretics, 542. See also specific drugs
Antiretroviral agents, 402t, 408–409. See also specific 

drugs
for feline immunodeficiency virus infection, 421

Antiseborrheics, topical, 852
Antisecretory drugs. See also specific drugs

for diarrhea, 707
for gastric acid, 693–695

H2-receptor antagonists, 693–694
prostaglandin analogues, 697
proton pump inhibitors, 695–697

for immune-mediated hemolytic anemia, 1184
Antiseizure drugs. See Anticonvulsants
Antisepsis

factors affecting, 429–430
surgical, 430–431
wound, 431

Antiseptics, 425, 426t. See also specific drugs
characteristics of, 425–429
definition of, 425, 426b
dilution of, 430
efficacy of, 429–430
for home care dentistry, 331
microbial targets of, 426f
oral, 431
ototoxicity of, 96t
resistance to, 430
types of, 425–429
urinary, for feline lower urinary tract disease, 664
vs. disinfectants, 425
for wounds, 300

Antispasmodics. See also specific drugs
for bladder hypercontractility, 658t–659t, 659–660
for diarrhea, 705
for feline lower urinary tract disease, 664–666

Antithrombin, for septic shock, 340–341
Antithrombotics, 594–595. See also specific drugs

for heartworm disease, in pretreatment therapy, 553
Antitoxin

botulinum, 348
tetanus, 347

Antitubululin agents, 1220t–1221t
Antitumor antibiotics, 1220t–1221t, 1224-1226
Antitussives, 757t–758t, 764–767, 765f. See also specific 

drugs
for heart failure, 531
for kennel cough, 413
non-narcotic, 766
opioid, 766

Antiviral agents, 398, 400–411. See also specific drugs
adjuncts to, 410–411
alternatives to, 410–411
antiherpes, 405–408
antiretroviral, 408–409
classification of, 401
development of, 398
dosing regimens for, 401, 403t
limitations of, 398–399
mechanism of action of, 402t
nephrotoxicity of, 405
pharmacokinetics of, 401
purine nucleosides, 402t, 404f, 406–408
pyrimidine nucleosides, 402t, 404f, 405–406
targets of, 401–405, 402t
therapeutic uses of, 402t
in vitro testing of, 398

Antiviral chemicals, 401
Anuria, 616
Anxieties, in dogs, 925–926
Anxiolytics, 906t–908t, 918–920. See also specific drugs

clinical indications for, 919–920
for feline lower urinary tract disease, 665
pharmacology of, 918–919
side effects of, 919

Anxioselective drugs, 920. See also specific drugs
Aortic thromboembolism, feline, 504–506, 535–536, 

585–593
aspirin for, 595

Aplastic anemia
anabolic steroids for, 579
cyclosporine for, 1173
sulfonamide-induced, 250–251

Apo-E, 548
Apomorphine, 688

dosage for, 676t–684t
Apoptosis, 83–84, 1150–1151
Appetite, regulation of, 672–675, 685
Appetite stimulants, 675–684, 686

glucocorticoid, 1144
for renal failure, 647t–648t, 651

Appetite suppressants, 684–686
Aprindine, 484t–491t
Aprotinin

for acute pancreatitis, 737
dosage for, 676t–684t

Aqueous humor
drug concentration in, 197t
drug impact on, 985

Ara-C, for cancer, 1227–1228
Arachidonic acid, 861

glucocorticoids and, 1125, 1126f
in inflammatory response, 1049f

Arachidonic cascade, 763f
ARDS, toxicant-induced, 104
Area under the curve

in compartmental analysis, 26b, 27
minimum inhibitory concentration and, 160
in noncompartmental analysis, 29, 29f, 29b

Area under the moment curve, 26b, 27
L-Arginine

for pulmonary hypertension, 540
in shock, 544

Arginine vasopressor, 1120
Arrhythmias, 504–519

antiarrhythmic-induced, 505–506
cardiogenic shock and, 543
digitalis-induced, 523

phenytoin for, 511
digoxin-induced, 519–520, 523–524
in dilated cardiomyopathy, 533, 533–534
electrical defibrillation for, 548
gastric dilation-volvulus and, 723
in hyperkalemia, in acute renal failure, 644
in hyperthyroidism, 538
in hypertrophic cardiomyopathy, 537
mitral valve insufficiency and, 530
pathophysiology of, 504
reentrant, 504–505
supraventricular, 540–541
treatment of, 504–519, 540–542. See also 

Antiarrhythmics
Arsenicals, 462

nephrotoxicity of, 90
Arterial blood pressure. See Blood pressure
Arterial thromboembolism. See Thromboembolism
Arthritis

feline chronic progressive, 1186
osteoarthritis, glucocorticoids for, 1139–1140
rheumatoid, 1186–1187
septic, 305–306

Arthus reaction, 86, 1156–1158
Ascites

in chronic liver disease, 735
diuretics for, 628t, 636
drug concentration in, 197t
drug disposition and, 52–53, 53f

Ascorbic acid
for chronic liver disease, 735
dosage for, 676t–684t
for feline hepatic lipidosis, 733

L-Asparaginase, 1220t–1221t, 1230–1231
Aspartate

in CNS cells, 937
in seizure therapy, 936t
structure of, 936f

ASPCA Animal Poison Control Center, 105
Aspergillosis, 385–386, 393
Aspergillus spp., antifungal resistance of, 381
Aspiration pneumonia, 778

megaesophagus and, 331
Aspirin

adverse reactions to, 1073
antiplatelet effects of, 594–595
disposition of, 1072–1073
dosage for, 484t–491t, 570t, 1055t–1056t
gastrointestinal toxicity of, 92, 722
for glomerular disease, 647t–648t
for glomerulonephritis, 655
for heartworm disease, 595

in pretreatment therapy, 553
hematologic disorders due to, 102
low-dose, 595
metabolism of, species differences in, 46
with metoclopramide, 595
ototoxicity of, 97
pharmacokinetic data for, 1060t–1061t
pharmacologic effects of, 1059–1062
preparations of, 1072
for pulmonary embolism, in heartworm disease, 

556–557
structure of, 1050f
therapeutic monitoring of, 114t–115t
for thromboembolism, 594–595

in hypertrophic cardiomyopathy, 537
thyroid effects of, 100t–101t, 1072

Asthma, 1182–1183
in cats, 750–751
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Asthma (Continued)
management of, 774–775
glucocorticoids in, 762, 774–775
inhalant devices in, 775
long-term, 774–775

cyclosporine for, 1173
glucocorticoids for, 1139
inflammatory mediators in, 749t–750t
opioid-induced, 1010

Astringents, 583, 583f
as vehicles for topical drugs, 851

Asulfidine, for diarrhea, 707
Atavaquone, for protozoal infections, 435t–436t
Atenolol, 475–476, 515

ACE inhibitors and, 499
dosage for, 484t–491t, 784t–786t
for hypertension, 538

in renal disease, 647t–648t, 652
for hypertrophic cardiomyopathy, 536–537

Atipamezole, dosage for, 1001t–1005t
Atopy, 750, 1156, 1182–1183. See also Hypersensitivity

bone marrow in pathophysiology of, 751
cyclosporine for, 1170–1172
Mycobacterium vaccae for, 1178

Atorvastatin, 550–551
Atovaquone

for babesiosis, 448
for protozoal infections, 444

Atracurium, 896
dosage for, 676t–684t, 896t

Atrial fibrillation, 540–541
Atrial flutter, 540–541
Atrial natriuretic factor, 600, 625–626

in fluid balance, 625–626
in heart failure, 480
as renoprotectant, 645

Atrial tachycardia, 540–541
Atrioventricular nodal block, 542
Atropine, 985

for arrhythmias, 519
for bradyarrhythmias, 548
as bronchodilator, 760
dosage for, 484t–491t, 676t–684t
drug interactions with, 57t–59t
preanesthetic, 887
for resuscitation, 546, 547t, 548

Attapulgite, activated, 707–708
Atypical mycobacterial infections, 352–354, 353f
Auerbach plexus, 700–701
Auranofin, 1176–1177

dose for, 1161t
Aurothioglucose, 1176–1177

dose for, 1161t
ocular toxicity of, 95t
for pemphigus, 1185

Autacoids, 874–875
Autoimmune diseases

cyclosporine for, 1173
immunosuppressants for, 1160

Autonomic nervous system
drugs targeting, 985
effect of tricyclic antidepressants on, 912

Avermectins, 452–458, 453t. See also Macrolide 
anthelmintics

toxicity of, 93, 93t, 454–455, 557–558
Avocado soybean unsaponifiable lipids, for 

osteoarthritis, 1101
Azalides, 257–260. See also specific drugs

adverse effects of, 259
drug interactions with, 259
mechanism of action of, 257
pharmacokinetics of, 258–259
resistance to, 257–258
spectrum of activity of, 257
structure-activity relationships of, 257

Azapirone. See Buspirone
Azathioprine

in chemotherapy, 1176
for chronic hepatitis, 734–735
dosage for, 676t–684t, 1161t
for immune-mediated hemolytic anemia, 1184
for inflammatory bowel disease, 732, 1187
for megaesophagus, 720
for pemphigus, 1185
for systemic lupus erythematosus, 1186

Azithromycin
adverse effects of, 259
for babesiosis, 448
for bacterial rhinitis/sinusitis, 325–326
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 259
for feline infectious anemia, 348–349
for hemobartonellosis, 348–349
mechanism of action of, 257
for ocular infections, 278
pharmacokinetics of, 190t–194t, 258–259
for protozoal infections, 435t–436t
for pyoderma, 294, 297
resistance to, 257–258
for Rocky Mountain spotted fever, 356
serum concentration of, 197t
spectrum of activity of, 195t, 257
structure of, 223f
structure-activity relationships of, 257
susceptibility to, 196t
for urinary tract infections, 307t

Azole derivatives, 245–247, 246f, 380–386. See also 
specific drugs

adverse effects of, 384
for aspergillosis, 393
for blastomycosis, 391
for coccidioidomycosis, 392–393
in combination therapy, 386, 389
for cryptococcosis, 392
for dermatophytosis, 389–390
drug interactions with, 383–385
for histoplasmosis, 392
for Malassezia dermatitis, 390–391
mechanism of action of, 366f, 380
minimum inhibitory concentration of, 369t, 380–381
pharmacodynamics of, 380–381
pharmacokinetics of, 381–383, 382t
preparations of, 383
for pythiosis, 394
resistance to, 381
for rhinosporidiosis, 393–394
spectrum of activity of, 380–381
for sporotrichosis, 393–394
structure-activity relationships of, 380
therapeutic use of, 384
toxicity of, 384

AZT. See Zidovudine
Aztreonam

dosage for, 199t–201t
serum concentration of, 197t
spectrum of activity of, 195t, 209

B
B cells, 1151, 1154

memory, 1151, 1154
Babesiosis, 435t–436t, 445, 448
Bacilli, probiotic, 713–716, 714t. See also Probiotics
Bacillus Calmette Guérin, 1177–1178

intravesicular, 666–667
Bacillus piliformis infection, 726
Bacitracin, 261
Baclofen, for urethral hypertonicity, 658t–659t, 663
Bacteremia, 333–342

causative organisms in, 135t–137t
definition of, 333
in infective endocarditis, 333–334
in intraabdominal infections, 334–336
in peritonitis, 334–336
in sepsis/septic shock, 336–342, 337b

Bacteria
aerobic, 129–131, 130b–131b
aerotolerant, 129–131
anaerobic, 129–131, 130b–131b
biofilms and, 162, 162f
classification of, 130b–131b
commensal, 132–134
drug-resistant. See Antimicrobial resistance
Gram staining of, 134, 138f
gram-negative, 130b–131b
gram-positive, 130b–131b
as immunostimulants, 1177–1179
inoculum size in, 161
microaerophilic, 129–131
mutualistic, 132–134

Bacteria (Continued)
nosocomial, 132–134
opportunistic, 132–134
pathogenic, 132–134, 135t–137t

infection site and, 132–134, 135t–137t
susceptibility of, 148–154
virulence of, 161–162

Bacterial adherence, 161
Bacterial endotoxins, 161–162

antimicrobial release of, 175–176, 176f
in injectable products, 108

Bacterial enteritis, 726
Bacterial exotoxins, 161–162
Bacterial flora. See Microflora
Bacterial infections, 270, 330–333. See also specific 

infections
anaerobic, 342–346. See also Anaerobic infections
of bone, 301–305
causative organisms in, 132–134, 135t–137t
of central nervous system, 271–286
of ear, 278–286

external, 278
internal, 285–286
middle, 279f, 285–286

of eye, 275–278
of gastrointestinal tract, 330–333
of joints, 305–306
L-form, 348
of oral cavity, 330–331
of respiratory tract, 135t–137t, 322–330
of skin, 286–301
treatment of. See Antimicrobial(s)
of urinary tract, 306–321
of uterus, 321–322

Bacterial overgrowth, 332
diarrhea and, 333, 726

Bacterial toxoids, for viral enteritis, 557
Bacterial translocation, in short bowel syndrome, 

727–728
Bacteriophage supergenes, 228–229

induction of, by fluoroquinolones, 175, 243–244
Bacteriuria, 306–307

treatment of, 313
Bacteroides spp.

antimicrobial resistance in, 343–344
antimicrobial susceptibility of, 344, 345t

BAL (dimercaprol), dose for, 1161t
Balsalazide, for diarrhea, 707
Baquiloprim-sulfadimethoxine, 199t–201t
Baquiloprim-sulphadimidine, 199t–201t
Barbiturates. See also specific drugs

adrenocortical effects of, 100t–101t
for anesthesia induction, 890
cytochrome P450 induction and, 64
for head trauma, 980
for pediatric animals, 41
thyroid effects of, 100t–101t
for vomiting, 691

Barking, excessive, 925
Bartonellosis, 349
Bases, 601–602. See also Acid-base balance
BCNU (carmustine), 1220t–1221t, 1222
Beads, antimicrobial-impregnated, 303, 304
Beclomethasone, 1131t–1132t, 1137

adrenocortical effects of, 100t–101t
dosage for, 1132t–1135t
structure of, 761f

Behavioral disorders. See also specific disorder
in cats, 927–928
cognitive, 923–928
in dogs, 923–927
neurotransmitters in, 903–904, 905f
treatment of, 922–923

drug therapy in, 904–922. See also Behavior-
modifying drugs; specific drug of class of 
drug

Behavior-modifying drugs, 904–922, 906t–908t, 
1030–1031. See also specific drug or class of 
drug

for feline lower urinary tract disease, 665
newer drugs and therapies in, 922
proconvulsant, 976t
for pruritus, 866
for skin disease, 858t, 862
structure of, 909f
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Belladonna alkaloids, for diarrhea, 705
Benazepril/benazeprilat, 480. See also ACE inhibitors

dosage for, 484t–491t
for glomerular disease, 647t–648t
for glomerulonephritis, 655
for heart failure, 499–500, 526–527
for hypertension, in renal disease, 647t–648t, 652
for hypertrophic cardiomyopathy, 537
for mitral valvular disease, 526–527
pharmacodynamics of, 494–496
pharmacokinetics of, 495–496
for progressive renal disease, 500–501
for proteinuria, 501–504
structure of, 492f, 494

Benign prostatic hypertrophy, 882–883
inappropriate hormonal therapy for, 883t, 884

Benzamide, as prokinetic, 704
Benzimidazoles. See also specific drugs

for fungal infections, 386
minimum inhibitory concentrations of, 369t

for helminthic infections, 453t, 458–459
Benzodiazepines, 956–960. See also specific drugs

as anxiolytics, 906t–908t, 918–920
disposition of, 957–958
drug interactions with, 959
gastrointestinal motility and, 704
mechanism of action of, 956
for noise phobias, 926
for pediatric animals, 41
preanesthetic, 888
preparations of, 958
safety of, 958–959
for seizures, 959–960
therapeutic monitoring of, 114t–115t
for vomiting, 691

Benzoic acid
erythema due to, 98
neurotoxicity of, 93t, 94

Benzoyl peroxide
as antimicrobial, 854
as antiseborrheic, 852

Benzyl alcohol, neurotoxicity of, 93t, 94
Beraprost, for pulmonary hypertension, 540
Beta agonists

as bronchodilators, 753–754, 754f, 757t–758t
nonselective, 754
selective, 754–755

Beta blockers. See also specific drugs
ACE inhibitors and, 499
for arrhythmias, 511–516

atrial fibrillation, 541
in dilated cardiomyopathy, 534

for behavior modification, 921
cardiac effects of, 511–512
desensitization to, 512
for dilated cardiomyopathy, 534
dosing regimens for, 512
efficacy of, 512
for heart failure, 512, 530–532
for hypertension, 538

in renal disease, 652
for hypertrophic cardiomyopathy, 529, 536–537
as negative inotropes, 529
nonselective, 513
ocular toxicity of, 95t
pharmacokinetics of, 512
selective, 513–516
stereometry of, 512–513
structure of, 512–513

Beta-adrenergic agonists. See also specific drugs
for heart failure, 527–529

Beta-adrenergic blockers, 527–529. See also specific drugs
Beta-lactam antibiotics, 196–220. See also specific drugs

adverse effects of, 220
for anaerobic infections, 344–346
bronchial concentration of, 322
chemical characteristics of, 198–202, 198t
in combination therapy, 179, 180f
dosage for, 199t–201t
drug interactions with, 57t–59t, 219
mechanism of action of, 194–196, 202–205, 202f, 204f
neurotoxicity of, 93t
for pediatric animals, 40–41
pharmacokinetics of, 190t–194t, 214–219
resistance to, 211–214

Beta-lactam antibiotics (Continued)
altered penicillin-binding proteins and, 213–214
by anaerobes, 343–344
beta-lactamases and, 211–213, 212t

serum concentrations of, 197t
spectrum of activity of, 195t, 205–211, 206t–209t
structure-activity relationships of, 198–202, 203f
susceptibility to, 196t
therapeutic use of, 220

Beta-lactamases, 211–213, 212t
Betamethasone, 1137

dosage for, 1132t–1135t
otic, 1129–1130
structure of, 1129f
topical, 1129–1130

Bethanechol
for bladder hypocontractility, 657, 658t–659t,  

659
as prokinetic, 702–703
for seizures, 941t–943t

Bevicizumab, for cancer, 1232
Bicarbonate. See also Sodium bicarbonate

in acid-base balance, 601–602
for acid-base imbalances, 614–615
for diabetic ketoacidosis, 816–817
for hyperkalemia, in renal failure, 644
measurement of, 607–608
for renal failure, 649
for resuscitation, 546, 547t

Bifidobacterium spp., as probiotics, 713–716, 714t. See 
also Probiotics

Bifonazole, for dermatophytosis, 868
Biguanides. See also specific drugs

for diabetes mellitus, 814–815
Bile

drug concentration in, 173b
secretion of, 716–720

Bile acid(s), 716
hepatotoxicity of, 89
therapeutic use of, 710

Bile acid salts, 710
Bile acid sequestrants, 551
Bile salts, 716–717
Biliary excretion, 16, 18f

in biliary disease, 52
Bioavailability, 8

absolute, 27, 27b
area under the curve and, 27
calculation of, 27b
dosing regimens and, 24
loading dose and, 24
relative, 27b
species differences in, 43

Biocides, 426t, 426b. See also Antiseptics; Disinfectants
microbial targets of, 426f

Biofilms, 162, 162f
Biogenic amines, 937
Biological response modifiers, 401, 1193–1195. See also 

Chemokine(s); Cytokine(s); Growth factors
biology of, 1193–1194
for cancer, 1160–1182
for ocular disease, 985–986
proconvulsant, 976t
for skin disease, 863
for viral infections, 1160–1182

Biopsy
skin, 140b–141b
wound, 140b–141b

Biotherapeutics, 710–716. See also Nutritional 
supplements

prebiotics in, 686, 710–711
probiotics in, 710, 713–716
synbiotics in, 710–711

Bipyridines, for cardiovascular disease, 525
Bisacodyl, 676t–684t, 710
Bismuth, neurotoxicity of, 93t
Bismuth subcarbonate, 676t–684t, 708
Bismuth subnitrate, 708
Bismuth subsalicylate, 707–708

dosage for, 676t–684t
for H. pylori, 733

Bisoprolol, 516
Bisphenols, for hand hygiene, 431
Bisphosphonates. See also specific drugs

ocular toxicity of, 95t

Bites, 300–301
spider, dapsone for, 301

Bitolterol, dosage for, 757t–758t
Bladder

drug instillation in, 666–667
hypocontractile, 657–659, 658t–659t

Bladder cancer
Bacillus Calmette-Guérin for, 666–667
piroxicam for, 667

Blastomycosis, 385–386, 391
Bleach. See Sodium hypochlorite (bleach)
Bleeding. See Hemorrhage
Bleomycin, 1226–1227

for feline immunodeficiency virus infection, 422
Blocking drugs, 3–4
Blood constituents, antileukemic activity of, 1180
Blood flow

in geriatric animals, 34–35
in heart disease, 53
hepatic

in heart disease, 53
in liver disease, 51, 52f
in metabolism, 43

in pediatric animals, 39
renal. See Renal blood flow

Blood gas analysis, 607–608
Blood glucose curves

home-generated, 809
in-hospital, 808–809
monitoring of, 806–810

CGMS device for, 809
Blood pressure. See also Hypertension; Hypotension

measurement of, 538
regulation of, 476

renin-angiotensin-aldosterone system in, 477–479, 
478f

Blood sampling, timing of, 13
Blood specimens, collection of, 140b–141b
Blood substitutes, 580–582
Blood therapy, for head trauma, 980
Blood transfusions. See Transfusions
Blood volume, renin-angiotensin-aldosterone system 

and, 477–479
Blood-brain barrier

drug penetration of, 173b, 197t, 274–275
P-glycoprotein transporter and, 73

in neonates, 39
physiology of, 933, 934f

Blood–cerebrospinal fluid barrier
drug penetration of, 173b, 274–275
physiology of, 933, 934f

Body composition
age-related changes in, 35–37, 37f
ascites and, 52–53, 53f
breed differences in, 44, 44f

Body fat
in appetite regulation, 672–673
in energy metabolism, 673–674, 673f

Body fluids. See Fluid
Body surface area

allometric scaling and, 30
in chemotherapy dose calculation, 1214
in dose calculation, 30, 1214

allometric scaling and, 30
in chemotherapy dose calculation, 1214

Body tissue, growth classes of, 1216b
Body water. See Fluid; Water
Body weight. See Weight
Boldenone, structure of, 578f
Bone, drug distribution in, 303, 302–303, 303t
Bone lesions, in hyperparathyroidism, 653
Bone marrow

formation of, 568
hematopoiesis in, 568
physiology of, 568

Bone marrow dyscrasias, phenobarbital causing, 954
Bone marrow stimulation, agents for, 573–576
Bone marrow suppression. See Myelosuppression; 

Neutropenia
Bone pain, cancer-induced, 1034
Bordetella bronchiseptica tracheobronchitis, 327–328, 773
Bosentan, for pulmonary hypertension, 540
Botanicals. See Nutritional supplements
Botulism, 347–348
Bowel preparation, 709
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Bradyarrhythmias, 542. See also Arrhythmias
treatment of, 548

Bradykinin, 479
Brain. See also Central nervous system

age-related changes in, 35
Brain injury. See also Intracranial pressure, increased

causes of, 977
drug-induced, 92–94. See also Neurotoxicity
glucocorticoids for, 1140
pain control in, 1037
pathophysiology of, 977

Brain natriuretic factor, 480
Brain natriuretic peptide, as renoprotectant, 645
Bran, dosage for, 676t–684t
Breed differences

in body composition, 44, 44f
in drug disposition, 43–47
MDR genes, 44
in metabolism, 44–47, 45t
in target tissues, 47

Breeding, after chemotherapy, 1218
Bretylium, 516

dosage for, 484t–491t
for resuscitation, 547t
for ventricular fibrillation, 548

Bromhexine, 767
Bromide, 960

chloride concentration and, 109
disposition of, 960–964
mechanism of action of, 960
preparations and sources of, 961
for seizures, 962–964
side effects of, 961–962
skin lesions due to, 98, 98t
therapeutic monitoring of, 114t–115t, 125, 948t

Bromocriptine, 873
commercial availability of, 875
for estrus induction, 878
for hyperadrenocorticism, in dogs, 830–831, 831f
thyroid effects of, 100t–101t

Bromoepiandrosterone, for feline immunodeficiency 
virus infection, 422

Bronchial diseases, 773
in cats, 773–774

Bronchial secretions, mobilization of, 327–328
drug concentration in, 197t, 322–323
in feline respiratory infections, 418–419

Bronchial smooth muscle, control of tone of, 746–747, 
746f

Bronchial-alveolar-blood barrier, 322
Bronchiectasis, 775–776
Bronchitis, 327–328

in cats, 773–774
causative organisms in, 135t–137t
in dogs, 775–776

Bronchodilators. See also specific drugs
as antitussives, 767
for bronchial disease, 753, 757t–758t
to facilitate aerosol delivery, 772b
glucocorticoids as, 1139
for pneumonia, 328

Bropirimine, 1181
Broth dilution method, 142–147, 143f, 145f

population pharmacodynamics and, 147–148
Brown recluse spider bites, dapsone for, 301
Brucellosis, 349–350
Budesonide, 1131t–1132t, 1137

dosage for, 676t–684t, 1132t–1135t
for inflammatory bowel disease, 731
structure of, 761f

Buffer systems, 601–602
Bulk flow, 4–5
Bullous pemphigoid, 1185
Bupivacaine, 1033

for critical ill patient, 1036
dosage for, 1001t–1005t, 1013t
structure of, 1031f

Buprenorphine, 1023–1025
dosage for, 1001t–1005t, 1013t
drug interactions with, 57t–59t
for feline lower urinary tract disease, 665
pharmacokinetic data for, 1014t–1016t
preanesthetic, 889t
structure of, 1006f

Burns, heparin for, 587t

Buspirone, 920
dosage for, 906t–908t

Butorphanol, 1023
as antitussive, 766
for chemotherapy-induced vomiting, 1217
dosage for, 757t–758t, 1001t–1005t, 1013t
drug interactions with, 57t–59t
for feline lower urinary tract disease, 665
gastrointestinal motility and, 704–705
pharmacokinetic data for, 1014t–1016t
preanesthetic, 889t
structure of, 1006f

Butyrophenones, neurotoxicity of, 93t

C
C fibers

in respiratory system, 746–747
in transmission of pain, 995

Cabapenems
for actinomycosis, 352
for nocardiosis, 352

Cabergoline
for estrus induction, 878
for pseudocyesis, 880

Cachexia, 675–684
Caffeine, 755–756, 755f, 770
Calcineurin inhibitors, 1160
Calcitonin, 796

dosage for, 784t–786t
for hypercalcemia, 784t–786t, 801

Calcitriol. See also Vitamin D
dosage for, 784t–786t
for hyperparathyroidism, 653

in renal failure, 647t–648t
for hypoparathyroidism, 784t–786t, 798
parathyroid hormone and, 652–653

Calcium
for heart failure, 529
for hypoparathyroidism, 799
metabolism of, parathyroid hormone and, 652–653
for resuscitation, 546

Calcium acetate
dosage for, 676t–684t
for renal failure, 649–650

for hyperphosphatemia, 647t–648t
for metabolic acidosis, 647t–648t

Calcium carbonate
as antacid, 698
dosage for, 676t–684t
for hyperphosphatemia, in renal failure, 647t–648t
for renal failure, 649–650

Calcium channel blockers, 491–494. See also specific drugs
with ACE inhibitors, 493
adverse effects of, 493
for arrhythmias, 517–518

atrial fibrillation, 533, 541
in dilated cardiomyopathy, 534

cardiac effects of, 517
clinical pharmacology of, 493
clinical use of, 493–494
cyclosporine and, 1167
drug interactions with, 493
for hypertension, in renal disease, 652
for hypertrophic cardiomyopathy, 536–537
pharmacodynamics of, 492–493
for pulmonary hypertension, 540
for respiratory disease, 761
structure-activity relationship of, 491–492, 492f
toxicity of, 518

Calcium chloride
adverse effects of, 609
dosage for, 484t–491t
for hypocalcemia, 609
for resuscitation, 547t

Calcium disodium EDTA, drug interactions with, 57t–59t
Calcium gluconate

for acute renal failure, 642t
adverse effects of, 609
for arrhythmias, in acute renal failure, 644
dosage for, 484t–491t, 784t–786t
for hyperkalemia, 613, 613t
for hypocalcemia, 609
for hypocalcemia/hypoparathyroidism, 784t–786t, 

797–799
for resuscitation, 547t

Calcium homeostasis, normal, 795–796, 796f
Calcium ions

in myocardial cells
contractility and, 474–475, 476f
nonpacemaker, 470f–471f, 472–473
pacemaker, 473

in vascular smooth muscle, 475–476
in vasodilation, 476

Calcium ipodate granules, for hyperthyroidism, 794
Calcium oxalate calculi, 638

probiotics for, 715
Calcium sensitizers, 492–493
Calcium sulfate beads, antimicrobial-impregnated, 304
Calculi, renal. See Urolithiasis
Calicivirus infection, feline, 402t, 415–419, 416t–417t
Caloric intake. See also Appetite

in renal failure, 648–649
Cancer. See also Anticancer agents

anemia in, erythropoietin for, 576
bladder, 666–667
carcinogens and, 83
chemokines for, 1201–1202
colon, NSAIDs and, 1054–1055
diagnosis of, 1211–1212
immunosuppressant-related, 1160
mammary gland, 882

chemokines and, 1201–1202
interferons for, 1197
mixed bacterial vaccines for, 1179

pain in, 1034
tumor doubling time in, 1212

Candesartan, 502–503
Candicidin, 368
Candidiasis, 385–386, 391

antifungal resistance in, 381
intravesicular drugs for, 667

Canine cyclic thrombocytopenia, 356
Canine distemper, 412
Canine infectious tracheobronchitis, 413
Canine papillomavirus, 413
Canine parainfluenza virus, 413
Canine parvoviral enteritis, 411–413, 619, 725–726, 

1196–1197
erythropoietin for, 576
recombinant feline interferon-omega for, 1196–1197

Cannabinoids
as antiemetics, 691
for appetite suppression, 685

Canrenoate, 633
Canrenone, 633
Capsaicin, therapeutic use of, 854
Captan powder, 371t–374t
Captopril. See also ACE inhibitors

for congestive heart failure, 499
dosage for, 484t–491t

Carbamates, as antiparasitics, 856
Carbamazepine

pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 964–965
structure of, 940f
therapeutic monitoring of, 114t–115t
thyroid effects of, 100t–101t

Carbamide peroxide, 853–854
Carbapenems. See also Beta-lactam antibiotics 

and specific drugs
chemical characteristics of, 198t
drug interactions with, 57t–59t
neurotoxicity of, 93t
pharmacokinetics of, 216
serum concentration of, 197t
spectrum of activity of, 195t, 205–209
susceptibility to, 210t

Carbenicillin
dosage for, 199t–201t
drug interactions with, 57t–59t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
for urinary tract infections, 315t

Carbimazole, for hyperthyroidism, 792
Carbohydrates

metabolism of, glucocorticoids in, 1124
in tracheobronchial tree, 747

Carbolic acid, 429
Carbon dioxide, total serum, in acid-base disturbances, 

607–608
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Carbonic anhydrase inhibitors, 630–631. See also 
Diuretics

ocular toxicity of, 95t
Carboplatin, 1220t–1221t, 1229–1230
Carboxymethylcellulose, 709
Carcinogens, 83
Cardiac afterload, 474

in heart failure, 481
Cardiac arrest, 548. See also Cardiopulmonary 

cerebrovascular resuscitation
Cardiac arrhythmias. See Arrhythmias
Cardiac asystole, 548
Cardiac disease. See Heart disease
Cardiac drugs, antimicrobial effects of, 174
Cardiac glycosides, 519–524. See also Digitalis; 

Digitoxin; Digoxin
Cardiac output, age-related changes in, 34–35
Cardiac preload, 474

in heart failure, 481
Cardicarb, 614–615
Cardiogenic shock, 543. See also Shock

treatment of, 606
Cardiomyopathy, 532–538

dilated, 532–535
pimobendan for, 526

feline thromboembolism in, 587t
in hyperthyroidism, 795
hypertrophic, 536–538

ACE inhibitors for, 500
in hyperthyroidism, 538

restrictive, 537
Cardiopulmonary cerebrovascular resuscitation, 

545–548
for cardiac asystole, 548
care and monitoring after, 548
crash cart drugs for, 545–548
for electromechanical dissociation, 548
intratracheal drug administration in, 546–548
for pulseless electrical activity, 548
for ventricular fibrillation, 548
for ventricular tachycardia, 548

Cardiotoxicity
of bupivacaine, 1033
of digitalis, 523–524
of digoxin, 523–524
of disopyramide, 509
of dopamine, 528
of fluoroquinolones, 242–243
in heart disease, 53
of lidocaine, 93t, 510
of methylxanthine derivatives, 525
of mexiletine, 511
of pimobendan, 527
of procainamide, 509
of quinidine, 508
of theophylline, 525

Cardiovascular depression, cranial trauma associated 
with, 1038

Cardiovascular disease
drug disposition in, 49t, 53–54, 54b
renal blood flow in, 53, 480
treatment of

goals of, 481, 483t
target effects in, 483t
timing of, 483t

Cardiovascular drugs, 469
ACE inhibitors, 494–497
antiarrhythmics, 504–519
beta-adrenergic agonists, 527–529
calcium channel blockers, 491–494
calcium sensitizers, 524–525
cardiac glycosides, 519–524
negative inotropes, 519–529
phosphodiesterase inhibitors, 525–527
positive inotropes, 519–529
route of administration for, 53–54
vasodilators, 482–500

Cardiovascular system
adverse effects on, NSAID -induced, 1071–1072
age-related changes in, 34–35
effect of opioids on, 1011–1012
effect of tricyclic antidepressants on, 912
physiology of, 469–480

action potential and, 469–474, 471f
adrenergic receptors and, 475

Cardiovascular system (Continued)
afterload and, 474
automaticity and, 473
conduction velocity and, 473
membrane ion flow and, 469–474, 472t, 483t
myocardial contractility and, 474–475
nondepolarizing cells and, 470–473
pacemaker cells and, 473
preload and, 474
refractory periods and, 473–474
renin-angiotensin-aldosterone system in, 477–479, 

478f
vasodilation and, 475–476, 477f

prostaglandins in, 1053–1054, 1054f
Carnitine

for dilated cardiomyopathy, 535
for feline hepatic lipidosis, 733

Carprofen, 1076–1083
adverse effects of, 1070, 1070f, 1071t, 1077–1079
dosage for, 1055t–1056t
hepatotoxicity of, 1077
pharmacokinetics of, 1060t–1061t, 1076–1077
safety data for, 1065t–1066t
structure of, 1051f

Carrier agents, ototoxicity of, 96–97
Cartilage

effect of NSAIDs on, 1062
fluoroquinolone-induced injury of, 242–243, 306
in osteoarthritis, 1091–1093, 1092f–1093f

Carvedilol, 514–516
dosage for, 484t–491t
efficacy of, 512
structure of, 507f
therapeutic monitoring of, 114t–115t

Cascara sagrada, dosage for, 676t–684t
Caspofungin, 386

mechanism of action of, 366f
structure of, 370f

Castor oil, 676t–684t, 709
Catecholamines. See also specific drugs

for heart failure, 527–529
Cathartics, 708. See also specific drugs

osmotic, 709
adverse effects of, 708
irritant (contact), 709

Cathelicidins, 1156
Catheter infections, urinary, 310

antimicrobial resistance and, 312
Cats. See under Feline; Species differences
Caustics, therapeutic use of, 854
CCL3, 1201
CCL5, 1201
CCL16, 1201
CCL20, 1201
CCL21, 1201
CCNU (lomustine), 1220t–1221t, 1222
CCR1, 1194b, 1201
CCR7, 1201–1202
CD4 cells, 1151–1153
CD8 cells, 1152–1153
Cefaclor

chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
for urinary tract infections, 315t

Cefadroxil
anaerobe susceptibility to, 344–346, 345t
chemical characteristics of, 198t
for dental disease, 330–331
dosage for, 199t–201t
pharmacokinetics of, 217
for pyoderma, 292, 293t, 295t–296t
spectrum of activity of, 206t–209t
for urinary tract infections, 315t, 317t–318t

Cefamandole
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Cefazolin
bone penetration by, 303, 303t
for canine parvoviral enteritis, 411–412
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 57t–59t
neurotoxicity of, 93t
pharmacokinetics of, 190t–194t, 217

Cefazolin (Continued)
serum concentration of, 197t
spectrum of activity of, 195t
susceptibility to, 210t

Cefepime
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217

Cefixime
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Cefmetazole, dosage for, 199t–201t
Cefodroxil

pharmacokinetics of, 190t–194t
serum concentration of, 197t

Cefoperazone, dosage for, 199t–201t
Cefotaxime

antimicrobial susceptibility of, 317t–318t
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
spectrum of activity of, 195t
susceptibility to, 196t
for urinary tract infections, 307t, 317t–318t

Cefotetan
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Cefovecin
anaerobe susceptibility to, 344–346, 345t
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 218–219
for pyoderma, 292, 293t, 295t–296t, 297–298
spectrum of activity of, 195t, 206t–209t
for urinary tract infections, 316, 317t–318t, 319

Cefoxitin
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
spectrum of activity of, 195t
susceptibility to, 196t, 210t
for urinary tract infections, 307t

Cefpodoxime
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 218
for pyoderma, 292, 293t, 295t–296t
serum concentration of, 197t
spectrum of activity of, 195t, 206t–209t
susceptibility to, 196t
for urinary tract infections, 307t, 316, 317t–318t

Ceftazidime
antimicrobial susceptibility of, 317t–318t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217
serum concentration of, 197t
susceptibility to, 196t, 210t
for urinary tract infections, 307t, 317t–318t

Ceftiofur
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217–218
spectrum of activity of, 195t
for viral enteritis, 725–726

Ceftizoxime
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Ceftriaxone
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217

Cefuroxime
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217

Celecoxib, 1083
metabolism of

breed differences in, 45
genetic factors in, 73–74

pharmacokinetic data for, 1060t–1061t
structure of, 1051f

Cell cycle, chemotherapy and, 1210, 1211f
Cell-mediated immunity, 1151
Cellulitis, 286

juvenile, 299
Cellulose, oxidized, 583, 583f
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Center for Drug Evaluation and Research, 106
Center for Veterinary Medicine, adverse event reporting 

and, 84–85, 105
Central nervous system. See also Brain

age-related changes in, 35
blood flow to, 977
COX-1 and COX-2 in, 1052
disorders of. See specific disorder, e.g., Seizures
drug movement into, 274–275
drug-induced injury of, 92–94. See also 

Neurotoxicity
effect of opioids on, 1009–1011
glucocorticoid effects on, 1127
neurotransmitters in, 934–938, 936f, 936t

Central nervous system depression
cranial trauma associated with, 1037
opioid-induced, 1009–1011, 1037

Central venous pressure monitoring, 611–612
Cephadrine

dosage for, 199t–201t
for urinary tract infections, 315t

Cephalexin
anaerobe susceptibility to, 344–346, 345t
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 216–218
for pyoderma, 290, 292, 293t, 295t–296t
serum concentration of, 197t
spectrum of activity of, 195t, 206t–209t
for urinary tract infections, 307t, 315t, 317t–318t, 319
urine glucose testing and, 109

Cephaloridine, dosage for, 199t–201t
Cephalosporins, 202. See also Beta-lactam antibiotics 

and specific drugs
for anaerobic infections, 344–346, 345t
bronchial concentration of, 322
classification of, 202, 204t
dosage for, 199t–201t
drug interactions with, 57t–59t
pharmacokinetics of, 216–217
for pyoderma, 292, 293t, 295t–296t, 297–298
resistance to, 211–214

by anaerobes, 343–344
serum concentration of, 197t
spectrum of activity of, 195t, 206t–209t, 210–211
structure of, 203f
susceptibility to, of anaerobes, 344–346, 345t
therapeutic use of, 220
for urinary tract infections, 315t, 316

Cephalothin
bone penetration by, 303, 303t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 217
susceptibility to, 196t
for urinary tract infections, 307t

Cephamandole, dosage for, 199t–201t
Cephapirin

chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Cephradine, pharmacokinetics of, 190t–194t
Cerebral edema, 977–978

diuretics for, 628t
glucocorticoids for, 1140

Cerebral embolism, in infective endocarditis, 334
Cerebrospinal fluid

collection of, 140b–141b
drug concentration in, 173b, 197t, 274–275

Ceruminolytics, 281, 853–854
Ceruminous otitis, 285
Cetacaine, dosage for, 1001t–1005t
Cetiofur, for canine parvoviral enteritis, 411–412
Cetirizine

dosage for, 757t–758t
for feline asthma, 775
for feline respiratory infections, 418–419
pharmacokinetic data for, 1091t

CGMS device, for glucose curves monitoring, 809
Chagas disease, 444, 446–447
Charcoal, 676t–684t, 708
Chemicals, therapeutic use of, 854
Chemokine(s), 1193–1194, 1200–1202

in asthma, 749t–750t
biology of, 1200
in cancer, 1201–1202

Chemokine(s) (Continued)
classification of, 1200
in inflammatory response, 753, 1046t–1047t
preparations of, 1194b
in retroviral infections, 1202
therapeutic use of, 1201–1202

Chemokine receptor antagonists, 1201
Chemoreceptor trigger zone, 686–687, 686f–687f

antiemetics acting on, 690–691
Chemotherapy. See Anticancer agents
Chest lavage, heparin for, 587t
Chest tubes, for pyothorax, 329–330
Chirality, drug disposition and, 15–19, 16f
Chitosans, antimicrobial effects of, 174
Chlorambucil, 1176

for cancer, 1220t–1221t, 1222
dose for, 1161t
for feline eosinophilic granuloma complex, 

1185–1186
for pemphigus, 1185

Chloramphenicol, 253–255
adverse effects of, 255

cutaneous, 97f, 98, 98t
hematologic, 102–104, 255
ocular, 95t
otic, 96

for anaerobic infections, 346
dosage for, 199t–201t
drug interactions with, 255
for ehrlichiosis, 355
mechanism of action of, 254
for otitis externa, 282t
pharmacokinetics of, 190t–194t, 254–255
for pyoderma, 293
resistance to, 254
serum concentration of, 197t
spectrum of activity of, 195t, 254
structure of, 223f
susceptibility to, 196t

of anaerobes, 346
therapeutic monitoring of, 126b
therapeutic use of, 255
for urinary tract infections, 307t, 315t

Chlordiazepoxide, 906t–908t
Chlordiazepoxide-clidinium, dosage for, 676t–684t
Chloretics, 716–720
Chlorhexidine, 427

for dermatophytoses, 855
dosing regimen for, 371t–374t
for hand hygiene, 431
for home care dentistry, 331
for Malassezia dermatitis, 390–391
for oral hygiene, 331, 431
for otitis externa, 281
ototoxicity of, 96, 281
for wound antisepsis, 431

Chloride balance, 604
disturbances of, 604

in metabolic alkalosis, 614
Chloride ions

in myocardial cells, 470–473, 470f
in myocardial contractility, 471f

Chlorine disinfectants, 427–428
for hand hygiene, 431
for oral hygiene, 331, 431

Chlorofluorocarbons, in metered dose inhalers,  
771

Chloroquine, ocular toxicity of, 95t
Chlorothiazide, 631–632

for diabetes insipidus, 839
dosage for, 628t, 784t–786t
structure of, 629f

Chloroxylenols, 429
for hand hygiene, 431

Chlorpheniramine, dosage for, 757t–758t
Chlorpromazine

antimicrobial effects of, 174
dosage for, 676t–684t
drug interactions with, 910
ocular toxicity of, 95t
for seizures, 941t–943t, 976
structure of, 909f
for tetanus, 347
thyroid effects of, 100t–101t
for vomiting, 689–691

Chlorpropamide
for diabetes insipidus, 839
dosage for, 628t

Chlortetracycline, 251–252
dosage for, 199t–201t
pharmacokinetics of, 252–253

Cholagogues, 716–720
Cholangitis, 734–735
Cholangitis/cholangiohepatitis, 734–735

Helicobacter infection and, 734
Cholestasis, drug-induced, 89
Cholestatic pruritus, 735
Cholesterol, 548–549, 549. See also Lipoprotein(s)

structure of, 370f
Cholestyramine

for diarrhea, 708
dosage for, 676t–684t
as gastrointestinal adsorbent, 708
for hyperlipidemia, 551
for pruritus, 708
thyroid effects of, 100t–101t

Choline, hepatic effects of, 719
Cholinergics

adverse effects of, 659
for bladder hypocontractility, 657–659, 658t–659t
as prokinetics, 702

Chondrocytes, in cartilage, 1091–1092
Chondroitin sulfate, 585–586, 586f, 1100

in cartilage, 1091–1092
glucosamine with, efficacy of, 1100–1101, 1101f
structure of, 1093f

Chondroprotectants, 1094–1102. See also specific drugs
injectable, 1094–1095
nutraceutical, 1098–1102
oral, 1096–1098

Chordae tendinae rupture, in mitral valvular disease, 532
Chorionic gonadotropin, equine, 873
Chromium supplements, for diabetes mellitus, 815
Chronic allergic inflammatory disease, 1182–1183. See 

also Asthma; Atopy
cyclosporine for, 1171–1173
immunosuppressants for, 1160
pathophysiology of, 1156, 1157f

Chronic liver disease, 734–735
sequelae of, 735–736

Chronic mitral valve insufficiency, 529–532
Chronic pain, 994–995. See also Pain
Chronic pancreatitis, 737
Chrysotherapy. See Gold compounds
Chylomicrons, 548–549, 549
Chylothorax, 778
Ciclesonide, 1143
Cidofovir, for feline respiratory infections, 415–419
Cimetidine

anticancer effects of, 1181
cyclosporine and, 1167
cytochrome P450 enzymes and, 64–65
dosage for, 676t–684t
drug interactions with, 694–695
as gastroprotectant, 693–694
as immunostimulant, 1181
for inflammatory bowel disease, 732
for liver failure, 733–734
for nausea and vomiting, in renal failure, 650–651
with pancreatic enzymes, 710
sucralfate and, 699
thyroid effects of, 100t–101t

Ciprofloxacin, 231–232, 241
adverse effects of, 242–243
chemical characteristics of, 198t
dosage for, 199t–201t
for leptospirosis, 350
lipid solubility of, 6f
ocular toxicity of, 95t
for osteomyelitis, 304–305
for otitis externa, 284–285
pharmacokinetics of, 190t–194t, 238–242, 239f, 240t
for pyoderma, 293–294, 293t
resistance to, 236–238
serum concentration of, 197t
skin lesions due to, 95t
structure of, 231, 232f
susceptibility to, 196t
tooth discoloration due to, 90–92
for urinary tract infections, 307t, 316–318, 317t–318t
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Circadian rhythms
adverse drug reactions and, 82
dosing regimens and, 47

Circulation
age-related changes in, 34–35
enterohepatic, 16, 18f

Cirrhosis
drug-induced, 88
silent, 88

Cirrhotic ascites, diuretics for, 636
Cisapride, 700f

for bladder hypocontractility, 658t–659t,  
659

dosage for, 676t–684t
for esophagitis, 720–721
as prokinetic, 689

Cisatracurium, 896
dosage for, 896t

Cisplatin, 1220t–1221t, 1229
ototoxicity of, 96

Citalopram, 917
Clarithromycin

adverse effects of, 259
for bacterial rhinitis/sinusitis, 325–326
dosage for, 199t–201t
drug interactions with, 259
for leprosy, 353
mechanism of action of, 257
pharmacokinetics of, 190t–194t, 258–259
resistance to, 257–258
spectrum of activity of, 257
structure-activity relationships of, 257

Clavulanate, chemical characteristics of, 198t
Clavulanic acid, pharmacokinetics of, 216
Cleansing agents, ototoxicity of, 96
Clearance, drug, 7f, 15–19, 17f, 20f. See also Disposition, 

drug
age-related changes in, 35
in compartmental analysis, 26b, 28
volume of distribution and, 17–19, 28
vs. elimination, 17–18

Clemastine
dosage for, 757t–758t
pharmacokinetic data for, 1091t
for pruritus, 865

Clenbuterol, 754–755
Clindamycin, 255–256

adverse effects of, 256
for anaerobic infections, 346
for babesiosis, 448
bone penetration by, 303t
chemical characteristics of, 198t
for cryptosporidiosis, 447
for dental disease, 330–331
dosage for, 199t–201t, 676t–684t
drug interactions with, 256
for hepatozoonosis, 448
for intraabdominal infections, 336
pharmacokinetics of, 190t–194t, 256
for protozoal infections, 435t–436t
for pyoderma, 294
for pyothorax, 330
serum concentration of, 197t
spectrum of activity of, 195t, 256
structure of, 223f
susceptibility to, 196t
therapeutic use of, 256
for toxoplasmosis, 440–441

Clinical laboratory tests, drug effects on,  
80–82

Clinical trials, 1211
Clofazimine

dosage for, 199t–201t
for leprosy, 353

Clomipramine, 911–915
for acral lick dermatitis, 867
for depression, 928
for dominance-related aggression, 923–924
dosage for, 906t–908t
for inappropriate elimination, 927
for noise phobias, 867
pharmacology of, 912–914
for separation anxiety, 912–913, 925–926
structure of, 909f
therapeutic monitoring of, 114t–115t

Clonazepam, 956–960
as anxiolytic, 918–920
disposition of, 958
dosage for, 906t–908t
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 959, 973
structure of, 946f
therapeutic monitoring of, 948t

Clonidine
adrenocortical effects of, 100t–101t
dosage for, 676t–684t

Clopidogrel, 594
dosage for, 484t–491t, 570t

Cloprostenol, for pyometra and postpartum metritis, 
880–881

Clorazepate, 956–960
disposition of, 957–958
dosage for, 906t–908t
for seizures, 959
structure of, 946f
therapeutic monitoring of, 948t

Closed chest lavage, heparin for, 587t
Clostridial diarrhea, 333, 726, 728
Clostridium botulinum, 347–348
Clostridium difficile infections, treatment of, 346

resistance in, 344
Clostridium perfringens, 348
Clostridium piliformis infection, 726
Clostridium spp.

resistance of, 344, 344–346
susceptibility of, 344–346, 345t

Clostridium tetani, 346–347
Clotrimazole, 380–386. See also Azole derivatives

adverse effects of, 384
for aspergillosis, 393
for dermatophytoses, 855
dosing regimen for, 371t–374t
for fungal infections, 772
intravesicular, 666
minimum inhibitory concentration of, 369t
for otitis externa, 282t
for otitis media, 283–284
preparations of, 383
spectrum of activity of, 380–381

Clotting. See Coagulation
Cloxacillin

dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Coagulation
disseminated intravascular

heparin for, 570t, 587t, 592
in septic shock, 337–338, 340–341

physiology of, 582–583, 582f
Coagulation Factor VIIa, recombinant human, 585
Coagulation factors, lyophilized concentrates of, 583, 

583f
Coagulopathy

in acute liver failure, 733
in septic shock, 337–338, 340–341

Coal tar shampoos
as antiseborrheics, 852
skin lesions due to, 98, 98t

Cobalamin, for irritable bowel syndrome, 733
Coccidioidomycosis, 385–386, 392–393, 727
Coccidiosis, 434–439, 435t–436t
Codeine, 1022

as antitussive, 766
dosage for, 676t–684t, 757t–758t, 1001t–1005t
structure of, 1006f

Coenzyme Q
dosage for, 484t–491t
for heart failure, 529

Cognitive dysfunction, 923–928
in cats, 927–928
in dogs, 923–927

Colchicine
for amyloidosis, 1187
for chronic liver disease, 735
dosage for, 676t–684t
for glomerular disease, 647t–648t

Colestipol, for hyperlipidemia, 551
Colistin, 261

for bacterial rhinitis/sinusitis, 327
nephrotoxicity of, 174–175, 261
for otitis externa, 282t

Colitis
pseudomembranous, clindamycin-induced, 256
ulcerative, 729. See also Inflammatory bowel disease

Collagen sponge, gentamicin-impregnated, for 
osteomyelitis, 304

Collies. See also Herding breeds
ivermectin sensitivity in, 452, 454

Colloid(s), 609b, 610
for head trauma, 980

Colloidal oatmeal soaks, 864–865
Colon. See also under Gastrointestinal; Intestinal; Intestines

cancer of, NSAIDs and, 1054–1055
Colonoscopy, bowel preparation for, 709
Colony stimulating factors, for septic shock, 341
Colony-forming units, 131
Commensals, 132–134. See also Microflora
Common mucosal system, 1155
Compartmental analysis. See Pharmacokinetics, 

compartmental analysis in
Complement, 1154–1155

in inflammatory response, 1046t–1047t
Compounded preparations

adverse reactions to, 106–108
drug interactions with, 60
regulation of, 106–108

Concentration, drug
in bile, 173b
in bone, 303t
bronchial, 322–323
in cerebrospinal fluid, 173b
effective, 3, 82–83
in extracellular fluid, 172, 173b
Henderson-Hasselbalch equation for, 5, 6f
in intracellular fluid, 172, 173b
minimum bacterial, 157
minimum inhibitory. See Minimum inhibitory 

concentration
mutant prevention, 164–165, 165f
partition coefficients and, 5, 6f
pH and, 5, 6f, 7b
pH partition theory of, 5, 6f, 7b
phagocytic, 170
plasma, 5–15

absorption and, 5–9, 7f, 9f
accumulation and, 23–25, 23t
bioavailability and, 8–9, 24–25, 27b
blood sampling and, 13
clearance and, 17–19, 20f
compartmental analysis and, 25–28, 26b. See also 

Pharmacokinetics, compartmental analysis in
of concentration- vs. time-dependent drugs, 

158–161, 159f
determinants of, 5–8, 7f
distribution and, 5–13, 7f, 10f–11f, 13f
dose-response relationship and, 1–4, 2f–3f
dosing interval and, 20–23, 21f–22f
efficacy and, minimum inhibitory concentration 

and, 158–161, 159f, 168
elimination and, 17
half-life and, 17–19, 19f, 19t, 19b
at infection site, 170
lipid solubility and, 5, 6f
metabolism and, 5–8, 7f, 13–15, 13f–14f
monitoring of. See Therapeutic drug monitoring
noncompartmental analysis and, 29, 29f, 29b
peak, 4
protein binding and, 10, 10f
steady-state, 23–25, 23t
target, 177
in therapeutic drug monitoring, 114t–115t, 

116–119, 117f–118f
trough, 4
volume of distribution and, 11–12, 19–20

tissue, 172, 173b
urine, 15–16, 173b, 315, 315t
white blood cell, 173b

Concentration-dependent drugs, minimum inhibitory 
concentration of, 158–161, 159f

Conduction velocity, 473
Congestive heart failure. See Heart failure
Conjugation, 15
Conjunctival specimens, collection of, 140b–141b
Conjunctivitis, bacterial, causative organisms in, 

135t–137t, 275–276, 276t
Conotoxins, 1034
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Consciousness, levels of, in pain control, 999
Constant-rate infusion, calculation of, 24, 24b
Constipation

enemas for, 710
laxatives for, 708–710

emollient, 708–709
simple bulk, 709

megacolon and, 729
opioid-induced, 706

Cooling methods, for hyperthermia, 542
Copper-related liver disease, 734
Coprophagy, ivermectin toxicity and, 455
Corn oil, for canine seborrhea, 867–868
Corneal ulcers, glucocorticoids and, 1143, 1146
Corticosteroids. See Glucocorticoid(s); 

Mineralocorticoid(s) and specific agents
Corticosterone

ACTH secretion and, 1120
corticotropin-releasing hormone secretion and, 1120

Corticotropin. See ACTH
Corticotropin-releasing hormone, secretion of, 

1119–1120, 1120f
Cortisol

ACTH secretion and, 1120
corticotropin-releasing hormone secretion and, 1120

Cortisol-binding globulin, 1130
Cortisone

adrenocortical effects of, 100t–101t
dosage for, 1132t–1135t
perioperative use of, 1142

Cough
ACE inhibitor–induced, 498–499
antitussives for, 764–767, 765f
in heart failure, 531
kennel, 413
opioid suppression of, 1010

Cough reflex, 747
Coumarin derivatives, 592–593
COX inhibitors. See under Cyclooxygenase
COX-1:COX-2 ratios. See under Cyclooxygenase

for nonsteroidal anti-inflammatory drugs, 1057, 
1058t

Coxibs, 1050
Coxiella, 349
Cranial trauma. See also Head trauma

assessment of, 1036–1037
pain control in, 1037

Crash cart drugs, 545–548
Creams

antipruritic, 864
as vehicles for topical drugs, 850–851

Creatinine, serum, renal clearance and, 50–51
Critical illness

glucocorticoids in, 1142
pain control in, 1036–1038

Crohn’s disease, 729. See also Inflammatory bowel 
disease

Cromolyn, 760–761
Crosslinked polyelectrolyte sorbents, for acute renal 

failure, 643
Cryptococcosis, 385–386, 392
Cryptorchidism, 882
Cryptosporidiosis, 435t–436t, 447, 727
Crystalloids, 609–610, 609b. See also Fluid therapy

for head trauma, 980
Crystalluria, sulfonamide-induced, 438
Culture and sensitivity testing, 138–141

in anaerobic infections, 343
broth dilution in, 142–147, 143f, 145f
caveats to, 155–156
CLSI guidelines for, 142
contamination in, 139–141
disk diffusion in, 142–147, 142f, 146t

population pharmacodynamic data and, 147–148
E test in, 144f, 145–147, 147t
in fungal infections, 368
indicators of infection in, 141
interpretation of results in, 142–147
limitations of, 139, 144f, 145, 155-156
pharmacodynamic/pharmacokinetic data and, 

146t–147t, 147–156, 148f–149f, 151f, 152t, 153f
sample collection for, 139, 140b–141b
in urinary tract infections, 310, 313–315

Cutaneous discoid lupus erythematosus, 1186
cyclosporine for, 1173

Cutaneous lesions. See Skin lesions
CXCL1, 1201–1202
CXCL8, 1194b, 1201–1202
CXCL12, 1201–1202
CXCR1, 1201
CXCR2, 1201–1202
CXCR4, 1201–1202

in cancer, 1201–1202
in feline immunodeficiency virus infection, 1202

Cyanocobalamin, dosage for, 676t–684t
Cyclic adenosine monophosphate, in control of airway 

caliber, 745–746, 746f
Cyclic guanosine monophosphate, in control of airway 

caliber, 745–746, 746f
Cyclizine

dosage for, 676t–684t
for motion sickness, 689–690

Cyclooxygenase(s)
in health and disease, 1052–1055, 1053f–1055f
isoforms of, 1048f–1049f, 1051–1052
NSAIDs and, 1055–1057, 1055t–1056t

Cyclooxygenase inhibitors, for hyperthermia, 542
Cyclooxygenase-1 (COX-1)

NSAID selectivity for, 1057
in reproduction, 1054
structure of, 1051f

Cyclooxygenase-2 (COX-2)
cancer growth facilitated by, 1054–1055
NSAID selectivity for, 1057
in reproduction, 1054
structure of, 1051f

Cyclopentolate, ocular toxicity of, 95t
Cyclophosphamide, 1176

adverse effects of, 1219–1221
for cancer, 1219–1221, 1220t–1221t
in chemotherapy, 1176
dose for, 1161t
for immune-mediated hemolytic anemia,  

1183–1184
for pemphigus, 1185
preparations of, 1219
for systemic lupus erythematosus, 1186

Cyclosporine, 1162–1171
adverse effects of, 1144, 1167–1168
for atopy, 1170–1172
for autoimmune diseases, 1173
cimetidine and, 694–695
clinical pharmacology of, 1162–1163, 1164t
for cutaneous lupus erythematosus, 1173
cytochrome P450 enzymes and, 64–65
dosage for, 757t–758t
dose for, 1161t
drug interactions with, 1165–1167, 1166t, 1169
gingival hyperplasia due to, 92
for granulomatous meningoencephalitis, 1173
for immune-mediated thrombocytopenia, 1184
for inflammatory bowel disease, 731, 1187
ketoconazole and, 383, 1173
mechanism of action of, 1162
with mycophenolate mofetil, 1175
neuroprotective properties of, 979
for perianal fistula, 869, 1170, 1172
preparations of, 1162–1163
for renal transplantation, 657
route of administration and, 1162–1163, 1161t
for skin disease, 859–860
skin lesions due to, 98, 98t
structure of, 1162, 1162f
therapeutic monitoring of, 114t–115t, 127, 1168–1171

Cyproheptadine
as appetite stimulant, 675

in renal failure, 651
dosage for, 676t–684t, 757t–758t
for feline asthma, 775
for respiratory disease, 764, 765f
for vomiting, 691

Cyst(s), ovarian, 879
Cysteine calculi, 637–638
Cysteinyl leukotrienes, 1153–1154, 1182
Cystic fibrosis, 325–327
Cystitis, 306, 308. See also Urinary tract infections

hemorrhagic, cyclophosphamide-induced, 1219
interstitial. See Feline lower urinary tract disease

Cytarabine, for cancer, 1227–1228
Cytauxzoonosis, 435t–436t, 447–448

Cytochrome P450 enzymes, 13–14, 62t–63t
in absorption, 72
azole derivatives and, 383–384
drug interactions and, 61, 62t–63t, 63–65
induction of, 62t–63t, 63–64
inhibition of, 62t–63t, 64–65
in metabolism, 73–74, 73–75
polymorphisms in, 44–47

in absorption, 72
adverse drug reactions and, 84
in metabolism, 73–74

species differences in, 44–46, 72
substrates for, 62t–63t

Cytokine(s), 1151–1154, 1152t, 1194
anti-inflammatory, 1152–1153
in asthma, 749t–750t
classification, 1193–1194
delivery systems for, 1195
dosage for, 1194–1195
as immunostimulants, 1179
in inflammatory response, 753, 1046t–1047t
inhibitors of, 1194
JAK-STAT pathway and, 1158–1159
preparations of, 1194b
proinflammatory, 1178
recombinant, 1194
structure of, 1194
toxicity of, 1194–1195

Cytokine storm, 1158
Cytopenia, drug-induced, 102–104
Cytoprotective drugs, 697–699

antacids, 697–699
for peptic ulcers, 697–701

Cytosine arabinoside, 1220t–1221t
for cancer, 1227–1228

Cytotoxic adverse reactions,  
79–80, 81f

apoptosis in, 83–84
necrosis in, 83–84

Cytotoxic edema, of brain, 977–978
Cytotoxic T cells, 1152–1153
Cytotoxins, enteric, 332–333

D
Dacarbazine, 1220t–1221t, 1222–1223
Dactinomycin, 1220t–1221t, 1226
Dakin’s solution, 431
Dalteparin. See also Heparin

disposition of, 588–589, 589t
dosage for, 484t–491t, 587t
for thromboembolism, 587t, 591

feline aortic, 591
Danazol, 579–580

adrenocortical effects of, 100t–101t
dosage for, 570t, 1161t
for immune-mediated hemolytic anemia, 1184
for immune-mediated thrombocytopenia, 1184
with vinblastine, 1176

Dantrolene
for feline lower urinary tract disease, 664–665
as muscle relaxant, 901
for urethral hypertonicity, 658t–659t, 663

Dapsone
dosage for, 199t–201t
for leprosy, 353
for protozoal infections, 443–444
for rhinosporidiosis, 393–394
for skin disease, 858t, 860
for skin infections, 301

Daptomycin, 260–261
Darbopoietin, 573. See also Erythropoietin, recombinant
Deamination, 14, 14f
Decompression, gastric, 723
Decongestants, 757t–758t, 769–770

for feline respiratory infections, 418–419
Decontamination, digestive, for shock prophylaxis, 

545, 727
Decoquinate

for hepatozoonosis, 448
for protozoal infections, 435t–436t

Defecation. See also under Fecal
cathartics for, 708–710
enemas for, 710
inappropriate, 927–928
laxatives for, 708–709
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Defensins, 1156
Deferoxamine, dosage for, 484t–491t
Degenerative joint disease. See Osteoarthritis
Dehydration

assessment of, 608, 608t
fluid therapy for, 608–612. See also Fluid therapy
shock in. See Shock

Dehydrocholic acid, 716–717
Delayed hypersensitivity, 1178
Demeclocycline, dosage for, 628t
Demodicosis, generalized, 868
Demulcents

as vehicles for topical drugs, 851
for vomiting, 691

Dental disease, 330–331
probiotics for, 695

Dental home care, 331
Dental procedures, antimicrobial prophylaxis for, 331
Deoxycholate, with amphotericin B, 375–376
Deoxycholic acid

for chronic liver disease, 735
hepatotoxicity of, 89

Deoxycorticosterone, adrenocortical effects of, 
100t–101t

Deprenyl. See Selegiline
Depression

in cats, 928
clomipramine for, 928
fluoxetine for, 928

Deracoxib, 1079–1080
adverse effects of, 1070f, 1071t
dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t
safety data for, 1065t–1066t
structure of, 1051f

Dermatan sulfate, 585–586, 586f
Dermatitis. See also Skin diseases

acral lick, 867
behavioral aspects of, 862

allergic contact, 1187
atopic, 1156, 1182–1183. See also Atopy

cyclosporine for, 1170–1172
Malassezia, 285, 385, 390–391
Mycobacterium vaccae for, 1178

Dermatomyositis, 1185
Dermatophytosis, 389–390, 868–869

lufenuron for, 388–389
treatment of, 385–386, 389–390

Dermatosis. See also Skin diseases
GH-responsive, 835–836
psychogenic

in cats, 928
in dogs, 926–927

Dermis, 848
Desflurane, 893
Deslorelin

for estrus induction, 877
for urethral hypotonicity, 658t–659t, 662

Desmethyldiazepam
pharmacokinetics of, 944t–945t
structure of, 946f

Desmopressin (DDAVP)
for diabetes insipidus, 838–839
dosage for, 570t
as procoagulant, 584–585

Desoxycholate, with amphotericin B, 375–376
Desoxycorticosterone, 1131t–1132t

structure of, 1129f
Desoxycorticosterone pivalate, 1137

dosage for, 784t–786t
for hypoadrenocorticism, 784t–786t, 820–821

Destructive behavior, 925
Detrusor-urethral dyssynergia, 663
Dexamethasone, 1131t–1132t, 1136–1137

adrenocortical effects of, 100t–101t
adverse effects of, 1144
for amyloidosis, 1187
for cancer, 1231–1232
for cryptococcosis, 392
dosage for, 757t–758t, 784t–786t, 1132t–1135t
dose for, 1161t
for hemolytic anemia, 1143
for hypercalcemia, 784t–786t, 800–801
for hypoadrenocorticism, 784t–786t, 819
for immune-mediated hemolytic anemia, 1183–1184

Dexamethasone (Continued)
for inflammatory bowel disease, 731
for neurologic injuries, 1140
ocular toxicity of, 95t
otic, 1129–1130

for otitis externa, 283
for otitis media, 283–284

preoperative, as antiemetic, 724
for resuscitation, 547t
structure of, 1129f
for termination of pregnancy, 881
for thoracolumbar disk extrusion, 982–983
topical, 1129–1130
for vomiting, 691

in chemotherapy, 724
Dexamethasone suppression tests, for 

hyperadrenocorticism, 784t–786t, 822–824
Dexmetetomidine, preanesthetic, 890
Dexpanthenol, dosage for, 676t–684t
Dexrazoxane

dosage for, 484t–491t
for extravasation, 1217–1218

Dextroamphetamine
for behavior modification, 921
for hyperactivity, 927

Dextromethorphan, 920–921, 1029–1030
as antitussive, 765f, 766
dosage for, 757t–758t
pharmacokinetic data for, 1014t–1016t
for self-mutilating disorders, 924–925
structure of, 1006f

Dextrose, 609–610, 609b. See also Glucose
for acute renal failure, 642t, 643–644
dosage for, 784t–786t
electrolyte composition of, 610t
for hyperkalemia, 613, 613t

in acute renal failure, 644
for hypoglycemia, 620, 784t–786t, 811
for resuscitation, 546
selection of, 610

Diabetes insipidus, 837–839
diuretics for, 628t
drug therapy for, 784t–786t

Diabetes mellitus, 801–818
classification of, 802
diagnosis of, 802–803
diet therapy for, 803
drug therapy for, 784t–786t, 803–812

insulin in, 805–806
complications of, 810–812
monitoring of, 806–810
preparations of, 803–805

oral antidiabetic agents in, 812–815
glucocorticoids and, 1146
hyperadrenocorticism with, 826, 834
insulin-dependent, 802
metabolic complications of, 815–818
non-insulin-dependent, 802
prognosis of, 818

Diabetic ketoacidosis, 607, 815–817
fluid therapy for, 619–620, 816

Diagnostic tests, drug effects on, 80–82
Dialysis, 656–657

peritoneal, 336
Diaminazene

for cytauxzoonosis, 447–448
for trypanosomiasis, 446–447

Diaminidines, for protozoal infections, 445
Diaminopyrimidines, 443

with sulfonamides, 247–251, 248f
Diarrhea, 705–707, 728–729

absorption and secretion in, 705
acute, 725–726

fluid therapy for, 619
adrenergic agents for, 707
antibiotic-responsive, 728–729
anticholinergics for, 705
antimicrobial-induced, 332

probiotics for, 713
bacterial, 333, 726
bacterial overgrowth and, 333, 726
chemotherapy-induced, 1217
chronic, 726–727

fluid therapy for, 619
clostridial, 285, 728

Diarrhea (Continued)
cyclosporine-induced, 1167–1168
diphenoxylate, 706–707
fluid therapy for, 619
fungal, 726–727
glucocorticoids for, 707
in irritable bowel syndrome, 728, 733
large intestinal, 728–729
metabolic acidosis and, 606
opioids for, 706
pathophysiology of, 705
probiotics for, 713–716, 714t
protozoal, 727
small intestinal, 725–727
tylosin for, 728
viral, 725–726

Diastases, 710
Diastolic blood pressure, regulation of, 476
Diazepam, 956–960

for anorexia, in renal failure, 647t–648t, 651
as anxiolytic, 918–920
as appetite stimulant, 675
disposition of, 957–958
dosage for, 676t–684t, 906t–908t
drug interactions with, 57t–59t, 959
for feline lower urinary tract disease, 664–665
for inappropriate elimination, 927
mechanism of action of, 956
as muscle relaxant, 901
pharmacokinetics of, 944t–945t
preanesthetic, 888
preparations of, 958
safety of, 958–959
for seizures, 941t–943t, 959, 973–974
structure of, 946f
therapeutic monitoring of, 948t
thyroid effects of, 100t–101t
for urethral hypertonicity, 658t–659t, 663

Dichlorophen, 453t, 462–463
Dicloxacillin

dosage for, 199t–201t
pharmacokinetics of, 190t–194t
spectrum of activity of, 195t

Dicoumarol, 592–593
dosage for, 484t–491t

Dicyclomine
for bladder hypercontractility, 658t–659t, 659
dosage for, 676t–684t

Didanosine, 402t, 409
for feline immunodeficiency virus infection,  

421
Diestrus protocol, for termination of pregnancy,  

881
Diet. See also Nutrition

in acute renal failure, 644–645
in chronic renal failure, 645–649

for anorexia, 650–651
caloric intake from, 648–649
lipids in, 648
phosphorus in, 648
protein in, 645–648
sodium in, 648

drug disposition and, 59
fiber in, 709
in glomerulonephritis, 655–656
high-fiber

for diabetes mellitus, 803
for hypercalcemia, 801

in inflammatory bowel disease, 731
low-carbohydrate, high-protein, for diabetes mellitus, 

803
microflora and, 712–713

Dietary supplements. See Nutritional supplements
Diethylcarbamazine

dosage for, 484t–491t
for heartworm disease, 554
skin lesions due to, 98, 98t

Diethylstilbestrol
for estrus induction, 877–878, 877t
inappropriate use of, 883t, 884
for urethral hypotonicity, 658t–659t, 660
for urinary incontinence, 882

Diffusion
facilitated, 5, 8–10
passive, 5–8, 5b
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Difloxacin, 231–232
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 235t, 238–242
for pyoderma, 293–294, 293t
structure of, 232f
for urinary tract infections, 317t–318t

Digestive decontamination, for shock prophylaxis, 545, 727
Digestive enzymes, 710

dosage for, 676t–684t
DIGIBIND, 524
DIGIFAB, 524
Digitalis, 519–524. See also Digitoxin; Digoxin

for atrial fibrillation, 541
Digitoxin, 519–524

dosage for, 484t–491t
drug interactions with, 57t–59t

Digoxin, 519–524
adverse effects of, 523–524
for arrhythmias, 518–519

in dilated cardiomyopathy, 534
clinical pharmacology of, 521
clinical use of, 524
for dilated cardiomyopathy, 535
dosage for, 484t–491t, 521–522
drug interactions with, 522
efficacy of, 522–523
for heart failure, 519–524, 532
inotropic response to, 522
mechanism of action of, 519–521, 520f
ocular toxicity of, 95t
overdose of, 524
pharmacodynamics of, 519–521
preparations of, 521–522
proarrhythmic effect of, 519–520, 523–524
structure of, 520f
structure-activity relationship of, 519, 520f
therapeutic monitoring of, 114t–115t, 120b–121b, 

125, 523
Dihydrostreptomycin, dosage for, 199t–201t
Dihydrotestosterone, 874
1,25-Dihydroxyvitamin D. See Vitamin D
Dilated cardiomyopathy, 532–535

in cats, 535
in dogs, 532–535
pimobendan for, 526

Diltiazem
adverse effects of, 493, 518
for arrhythmias, 517

atrial fibrillation, 541
cyclosporine and, 1167
dosage for, 484t–491t
for hypertension

in renal disease, 652
in renal failure, 647t–648t

for hypertrophic cardiomyopathy, 536–537
for leptospirosis, 494
urine production and, 494
as vasodilator, 492–493

Dimenhydrinate, dosage for, 676t–684t
Dimercaprol (BAL), dose for, 1161t
Dimethylsulfoxide (DMSO)

adverse effects of, 1103
clinical use of, 1103
disposition of, 1103
dosage for, 1001t–1005t
for extravasation, 1217–1218
for glomerular disease, 647t–648t
intravesicular, 666
for otitis externa, 281, 283
pharmacologic effects of, 1102–1103
as vehicle for topical drugs, 851

Diminazene
for babesiosis, 448
for protozoal infections, 435t–436t, 445

Dinitrochlorobenzene, 1182
Dinoprost tromethamine, for pyometra and postpartum 

metritis, 880–881
Dioctyl sodium sulfosuccinate, 853–854

dosage for, 676t–684t
Diphencyprone, 1182
Diphenhydramine

dosage for, 676t–684t, 757t–758t
drug interactions with, 57t–59t
for motion sickness, 689–690
structure of, 690f

Diphenoxylate, 1022–1023
for diarrhea, 706–707
dosage for, 676t–684t, 757t–758t

Diphenylmethane cathartics, 710
Dipropionate, for babesiosis, 448
Dipyridamole, for thromboembolism, 594
Dipyrone (metamizole)

dosage for, 1055t–1056t
structure of, 1050f

Dirlotapide, 552, 685–686
dosage for, 676t–684t

Dirofilariasis. See Heartworm disease
Disappearance rate constant (half-life), 27
Discoloration

of drugs, 56–59
of teeth, 90–92, 253
of urine

from metronidazole, 246
from rifampin, 245

Disease-modifying agents, 1094–1102. See also 
Chondroprotectants; specific agent

Disinfectants, 425, 426t
characteristics of, 425–429
definition of, 425, 426b
dilution of, 430
efficacy of, 429–430
high-level, 426b
for infectious canine hepatitis, 413
intermediate-level, 426b
low-level, 426b
microbial targets of, 426f
ototoxicity of, 96
resistance to, 430
types of, 425–429
vs. antiseptics, 425

Disinfection, factors affecting, 429–430
Disk diffusion method, 142–147, 142f, 146t

population pharmacodynamic data and, 147–148
Disopyramide, 509

dosage for, 484t–491t
Disposition, drug, 4–19, 34

absorption and, 5–9, 7f, 9f
active transport and, 5
breed differences in, 43–47
bulk flow in, 15–19
clearance and, 17–19
distribution and, 5–13, 7f, 10f–11f, 13f
drug movement and, 4–5
elimination and, 17, 19f, 19t, 19b
enantiomers and, 15–19, 16f
excretion and, 15–16

biliary, 16, 18f, 52
renal, 15–16, 17f

in fetus, 42
food and, 59
in gastrointestinal disease, 54
in geriatric animals, 34–37, 36t
in heart disease, 49t, 53–54, 54b
in hepatic disease, 51–53, 52b
in lactation, 42
metabolism and, 5–8, 7f, 13–15, 13f–14f
in neonates, 42
passive diffusion in, 5–8, 5b
pathologic factors in, 35b, 49–54, 49t
in pediatric animals, 36t, 37–39
pharmacologic factors in, 35b, 54–66. See also Drug 

interactions
physiologic factors in, 34–47, 35b
pinocytosis and, 5
in pregnancy, 41–43
in renal disease, 41–42, 50b
sex differences in, 42–43
species differences in, 43–47
in thyroid disease, 54

Disseminated intravascular coagulation
heparin for, 570t, 587t, 592
in septic shock, 337–338, 340–341

Dissociative anesthesia, 891
Distemper, 412
Distribution, drug, 7f, 9–13. See also Disposition, drug

breed differences in, 44
drug interactions and, 60t, 61–63
in geriatric animals, 34–37, 36t
lipid solubility and, 10, 12
measurement of, 12

Distribution, drug (Continued)
pathologic factors in, 35b
in pediatric animals, 36t, 38
pharmacogenetics of, 73
pharmacologic factors in, 35b, 61–63. See also Drug 

interactions
physiologic factors in, 35b
plasma concentration and, 5–13, 7f, 10f–11f,  

13f
protein binding and, 10, 10f
redistribution and, 12–13, 13f
species differences in, 43–44
volume of, 11–12, 11f

Distribution equilibrium, 12
Distribution half-life, 27
Distributive shock, 543. See also Shock

treatment of, 606
Dithiazanine, for heartworm disease, 557–558
Diuretics, 626–629. See also specific drugs

ACE inhibitors and, 499
for acute renal failure, 641–643, 642t
with albumin, 627–628
aldosterone antagonists, 632–633
with amphotericin B, 378
for ascites, 636, 735
for calcium oxalate urolithiasis, 638
carbonic anhydrase inhibitors, 630–631
for cirrhotic ascites, 636
classification of, 626–627
digoxin and, 522
dosage for, 628t
for glomerulonephritis, 656
for heart failure, 528, 530–532, 636

in dilated cardiomyopathy, 534–535
high-ceiling (loop), 633–635
for hypercalcemia, 620
for hypertension, in renal disease, 652
for hypertrophic cardiomyopathy, 536–538
hypochloremia due to, 604
indications for, 628t
for intracranial hypertension, 978–979
mechanism of action of, 626–629, 627f
natriuretic, 626–627
for nephrotic syndrome, 636
for oliguric renal failure, 616–617
osmotic, 629–630
ototoxicity of, 96–97
pharmacokinetics of, 629
for polyuric renal failure, 616
potassium-sparing, 632
for pulmonary edema, 777

in hypertrophic cardiomyopathy,  
536

refractoriness to, 627–629
selection of, 629
structure of, 629f
targets of, 626–627, 627f
therapeutic use of, 626, 628t

limiting factors in, 627–629
principles of, 627

thiazide. See Thiazide diuretics
thiazide-like, 631
tolerance to, 627
for urinary tract infections, 320

DMSO (dimethylsulfoxide)
for extravasation, 1217–1218
for glomerular disease, 647t–648t
intravesicular, 666
for otitis externa, 281, 283

DNA transcription, glucocorticoids and, 1121–1123, 
1122f, 1175–1176

DNA viruses, 399–400, 400t, 401f, 410
DNase, for bacterial rhinitis/sinusitis, 327
Dobutamine

for dilated cardiomyopathy, 535
dosage for, 484t–491t
for heart failure, 528
for resuscitation, 547t, 548
for shock, 528, 544–545
structure of, 520f

Docetaxel, 1220t–1221t, 1224
Docosahexaenoic acid, 861, 861t
Docusate, dosage for, 676t–684t
Dofetilide, for arrhythmias, 518
Dogs. See under Canine; Species differences
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Dolasetron
for acute renal failure, 642t
for chemotherapy-induced vomiting, 1217
dosage for, 676t–684t
for vomiting, 691

in renal failure, 650–651
Dominance-related aggression, 923–924
Domperidone, 689

dosage for, 676t–684t
Dopamine

for acute renal failure, 641–643, 642t
in CNS cells, 903, 937
as diuretic, 528
dosage for, 484t–491t, 628t
in gastrointestinal motility, 701–702
for heart failure, 527–528
as nephroprotectant, 90
for renal failure, 635–636
for resuscitation, 547t, 548
in seizure therapy, 936t
for shock, 544–545
structure of, 520f, 629f

Dopamine agonists
commercial availability of, 875
for estrus induction, 877t, 878

Dopamine receptors, 528
Dose, 19–20, 20f. See also Dosing regimens

allometric scaling for, 30
body surface area and, 30, 1214

allometric scaling and, 30
in chemotherapy dose calculation, 1214

in compartmental analysis, 26b, 28
effective, 3, 82–83, 83f
in geriatric animals, 35–37
lethal, 82–83, 83f
loading, 23–24

in therapeutic drug monitoring, 117–118
maintenance, 24

in therapeutic drug monitoring, 117–118
maximum tolerated, 1215
modification of

with kinetic calculations, 123–124
without kinetic calculations, 124–127

shape constant (K) and, 30
species differences in, 43
volume of distribution and, 25, 26b, 28
vs. effective concentration, 3

Dose-response relationship, 1–4, 2f–3f. See also Drug-
receptor interactions

effective concentration and, 3
effective dose and, 3
efficacy and, 3, 3f
occupation theory of, 3–4
potency and, 3, 3f
therapeutic index and, 3

Dosing interval, 20–23
accumulation and, 23–25, 23t
in geriatric animals, 35–37
half-life and, 4, 17, 19t, 20–23, 21f–22f, 947b
in pediatric animals, 40
species differences in, 43

Dosing regimens, 4. See also Dose
circadian rhythms and, 47
extrapolation of, 47–49

for lipid-soluble drugs, 48–49
species differences in, 43
for water-soluble drugs, 48

fixed, 19–25
bioavailability and, 24
constant-rate infusion and, 24, 24b
dose and, 19–20, 20f
dosing interval and, 17, 20–23, 21f–22f
loading dose in, 23–24
maintenance dose in, 24
steady-state concentration and, 23–25, 23t
volume of distribution and, 25, 26b, 28

in liver disease, 51
loading dose in, 23–24

in therapeutic drug monitoring, 117–118
maintenance dose in, 24

in therapeutic drug monitoring, 117–118
in renal disease, 51, 51b
target concentration in, 177

Double-burst stimulation, in neuromuscular blockade 
monitoring, 899

Doxacurium, 897
Doxapram, 765f, 770

dosage for, 757t–758t
Doxepin

dosage for, 906t–908t
for pruritus, 865
structure of, 909f

Doxorubicin, 1220t–1221t, 1224–1225
drug interactions with, 57t–59t
toxicity of, 1218

Doxycycline, 251–252
adverse effects of, 253
for bacterial rhinitis/sinusitis, 326
for brucellosis, 349–350
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 57t–59t
for ehrlichiosis

for prophylaxis, 355
in treatment, 355

esophageal injury from, 721
for feline infectious anemia, 348–349
for heartworm, 456
for heartworm disease, 462, 556
for hemobartonellosis, 348–349
for immune-mediated thrombocytopenia, 577
for leptospirosis, 350
for ocular infections, 278
ocular toxicity of, 95t
for periodontal disease, 331
pharmacokinetics of, 190t–194t, 252–253
for Rocky Mountain spotted fever, 356
serum concentration of, 197t
spectrum of activity of, 195t
structure of, 223f
susceptibility to, 196t
therapeutic use of, 253
for urinary tract infections, 307t, 318–319

Doxylamine succinate, dosage for, 757t–758t
D-penicillamine

for cysteine urolithiasis, 637
dosage for, 676t–684t

Drainage
sample collection from, 140b–141b
thoracic, for pyothorax, 329–330

Dressings, wound, 300
Dronabinol, for vomiting, 691
Droperidol, for vomiting, 691
Drowning, near, 778
Drug(s). See also specific drugs and drug classes

blocking, 3–4
mixed agonist/antagonist, 3–4
reversal, 3–4

Drug allergies. See Hypersensitivity reactions
Drug approval process, postmarket surveillance in, 

84–85
Drug clearance. See Clearance, drug
Drug concentration. See Concentration, drug
Drug development, clinical trials in, 1211
Drug disposition. See Disposition, drug
Drug distribution. See Distribution, drug
Drug excretion. See Excretion, drug
Drug interactions

with compounded preparations, 60
with dietary supplements, 54, 55t, 59, 65–66
drug disposition and, 54–66
with intravenous solutions, 55–59, 56f, 57t–59t
with oral preparations, 59
overview of, 54
pharmaceutical, 55
pharmacodynamic, 65–66
pharmacokinetic, 60–61
sites of, 60t
with topical preparations, 60

Drug metabolism. See Metabolism
Drug resistance. See Antimicrobial resistance
Drug studies, 29–30
Drug-metabolizing enzymes, 13–15

in absorption, 72
drug interactions and, 61, 62t–63t, 63–65
induction of, 62t–63t, 63–64
inhibition of, 62t–63t, 64–65
in metabolism, 73–74, 73–75
phase I, 13–14
phase II, 15

Drug-metabolizing enzymes (Continued)
polymorphisms in, 44–47

in absorption, 72
adverse drug reactions and, 84
in metabolism, 73–74

species differences in, 44–46, 72
substrates for, 62t–63t

Drug-receptor interactions, 1–4, 2f–3f
affinity and, 2–3
with agonists, 3–4
with antagonists, 3–4
dose-response curves and, 3, 3f. See also Dose-

response relationship
efficacy and, 3
in geriatric animals, 37
pharmacogenetics of, 75–76
upregulation/downregulation in, 4

Dry eye
cyclosporine for, 1173
sulfonamide-induced, 250

Dry mouth, drug-induced, 91t, 92
Dubutamine, drug interactions with, 57t–59t
Duloxetine, for urethral hypotonicity, 662
Duodenal ulcers. See Peptic ulcers
Dwarfism, pituitary, 835–836
Dynorphins, intestinal, 706
Dysesthesia, 996
Dyslipidemia. See Hyperlipidemia
Dysphoria, opioid-induced, 1009
Dysrhythmias. See Arrhythmias
Dystocia, treatment of, 881–882
Dysuria, in urinary tract infections, 320

E
E test, 144f, 145–147, 147t
Ear

drug-related injury of, 96–97, 96t. See also 
Ototoxicity

flushing of, 281
middle, drug concentration in, 197t
swimmer’s, 285

Ear infections, 278–286
otitis externa, 278. See also Otitis externa
otitis interna, 286–299

vomiting in, 689–690
otitis media, 285–286

Ear mites, 285
EC50, 82–83
Echinocandins, 386

minimum inhibitory concentrations of, 369t
Econazole, 380–386. See also Azole derivatives
ED50, 3f, 82–83
Edema

cerebral, 977–978
diuretics for, 628t
glucocorticoids for, 1140

pulmonary, 777–778
cardiogenic, nitroprusside for, 531–532
in dilated cardiomyopathy, 531–532
diuretics for, 628t, 635
drug-induced, 104
in hypertrophic cardiomyopathy, 536
in restrictive cardiomyopathy, 537
toxicant-induced, 104

Edrophonium
dosage for, 676t–684t, 900t
for neuromuscular blockade reversal, 900

EDTA, 428
for otitis externa, 283

Effective circulating volume, 603–604
Effective concentration, 3, 82–83
Effective dose, 3, 3f, 82–83, 83f
Effective osmolality, 599–600
Efficacy, 3, 3f

in drug-receptor interactions, 2–3
Efflux pumps, in antimicrobial resistance, 165–166
Ehrlichiosis, 354–355
Eicosanoids. See also Prostaglandin(s)

in inflammatory response, 1046t–1047t, 1048f–1049f, 
1050–1051, 1057

Eicosapentaenoic acid, 860–861, 861t
Ejaculation, retrograde, treatment of, 883
Elafin, 1156
Electrical nerve stimulation, in neuromuscular blockade 

monitoring, 897, 898f
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Electrolyte(s). See also specific electrolytes
in commercial fluids, 609–610, 610t
renal transport of, 625f
replacement

for hypochloremia, 612
for hypokalemia, 612–613
for hypomagnesemia, 613t, 614
for hyponatremia, 612
for hypophosphatemia, 613, 613t
for resuscitation, 546

Electrolyte disturbances
in diabetic ketoacidosis, 619–620
diarrhea-induced, 619
in heart failure, 618
in liver disease, 620
sodium bicarbonate–induced, 614–615
treatment of, 612–614
vomiting-induced, 618–619

Electromechanical dissociation, 548
Electromyography, quantifying evoked responses

in neuromuscular blockade monitoring,  
899

vs. mechanomyography, 899
Elimination, 17, 19f, 19t, 19b

first-order, 17–18, 19b
mean residence time and, 29, 29b
vs. clearance, 17–18
zero-order, 19b

Elimination half-life. See Half-life
Emboli. See also Thromboembolism

in infective endocarditis, 334
pulmonary

in cats, 558
in heartworm disease, 539, 553–554, 556–557,  

592
in cats, 558

prevention of, 592
Emesis. See Vomiting
Emetic center, 686
Emetics, 688. See also specific drugs
Emetine, dosage for, 676t–684t
Emodepside, 460
Emodepside-praziquantel, 463
Emollients, as vehicles for topical drugs, 851
Empyema, 328–330, 778–779
Emulsions, as vehicles for topical drugs, 851
Enalapril/enalaprilat, 480. See also 

ACE inhibitors
for dilated cardiomyopathy, 534
dosage for, 484t–491t
for glomerular disease, 647t–648t
for glomerulonephritis, 655
for heart failure, 499–500
for hypertension, 538

in renal disease, 647t–648t, 652
for hypertrophic cardiomyopathy, 500, 537
pharmacodynamics of, 494–496
pharmacokinetics of, 495–496
for proteinuria, 501–504
for renal disease, 500–501
structure of, 492f

Enantiomers, disposition and, 15–19, 16f
Encainide, 511
Endectocides, 452
Endocarditis

causative organisms in, 135t–137t
infective bacterial, 333–334

Endocrine system
disorders of, 783. See also specific disorder

drug therapy for, 784t–786t
drug effects on, 99–102, 100t–101t

Endogenous tissue factor pathway inhibitors, for septic 
shock, 340–341

Endometritis, 321–322
Endorphins, 999–1000

intestinal, 706
Endothelin, 479–480
Endothelin-receptor antagonists, for pulmonary 

hypertension, 540
Endothelium-derived constricting factor, 476
Endothelium-derived relaxing factor, 476, 479
Endotoxemia

in sepsis, 336–338, 338f
in viral enteritis, 726

Endotoxic shock, 543. See also Sepsis/septic shock

Endotoxin(s)
bacterial, 161–162

antimicrobial release of, 175–176, 176f
in injectable products, 108

Endotoxin serum, for viral enteritis, 725–726
Enemas, 710

for bowel preparation, 709
crystalloid, 611
phosphate, neurotoxicity of, 93–94

Energy metabolism, regulation of, 672–675
Enilconazole, 380–386. See also Azole derivatives

adverse effects of, 384
for aspergillosis, 393
dosing regimens for, 371t–374t
for fungal infections, 772
pharmacodynamics of, 381
preparations of, 383
therapeutic use of, 385

Enkephalins, intestinal, 706
Enoxaparin. See also Heparin

dosage for, 484t–491t, 587t
for thromboembolism, 587t, 591

Enrofloxacin, 231–233
adverse effects of, 242–243
chemical characteristics of, 198t
for dental disease, 330–331
dosage for, 199t–201t
for endometritis, 321–322
for feline infectious anemia, 348–349
for hemobartonellosis, 349
for inflammatory bowel disease, 732
for leptospirosis, 350
lipid solubility of, 6f
neurotoxicity of, 93t
ocular toxicity of, 95t
for otitis externa, 282t, 283–285
for pediatric animals, 38, 40–41
pharmacokinetics of, 190t–194t, 235t, 238–242, 

239f–240f, 240t
for pyoderma, 290, 293–294, 293t, 297
resistance to, 236–238
spectrum of activity of, 195t
structure of, 231, 232f
susceptibility to, 196t
therapeutic monitoring of, 121b
for urinary tract infections, 307t, 315t, 316, 317t–318t
urine glucose testing and, 109

Enteric coccidiosis, 434–439, 435t–436t
Enteric nervous system, 700–705, 700f
Enteritis

bacterial, 726
canine parvoviral, 411–413, 619, 725–726, 1196–1197

erythropoietin for, 576
recombinant feline interferon-omega for, 

1196–1197
fungal, 726–727
hemorrhagic, 726
parvoviral, 411–413, 619, 725–726

pancytopenia in, 576
protozoal, 727
regional, 729. See also Inflammatory bowel disease
viral, 725–726

Enterobacter spp., antimicrobial susceptibility of, 196t
Enterococcal infections

antimicrobial resistance in
multidrug, 214
in urinary tract infections, 310–311
to vancomycin, 220–221

urinary tract, 307–308, 310–311
Enterococci, as probiotics, 713–716, 714t. See also Probiotics
Enterohepatic circulation, 16, 18f
Enterotoxicosis, clostridial, 728
Enterotoxins, 332–333
Environmental manipulation, in pain control, 1000
Enzymes

digestive, 710
dosage for, 676t–684t

drug-metabolizing. See Drug-metabolizing enzymes
Eosinophilic granuloma complex, feline, 720
Eosinophilic infiltrates, pulmonary, 777
Eosinophils, 1153–1154
Ephedrine

adrenocortical effects of, 100t–101t
dosage for, 757t–758t
for urethral hypotonicity, 658t–659t, 661

EpiBr, for feline immunodeficiency virus infection, 422
Epidermis, 848–849
Epidural administration, 31–32
Epidural analgesia, 1013t, 1038
Epilepsy, 932. See also Seizures

glucocorticoids in, 1146
pathology of, 938

Epileptogenic drugs, 92–93, 93t
Epinephrine

for anaphylaxis, 1183
for bronchial disease, 774
in CNS cells, 937
dosage for, 484t–491t
drug interactions with, 57t–59t
for heart failure, 528–529
as procoagulant, 583
for resuscitation, 545–546, 547t, 548
structure of, 520f
for ventricular fibrillation, 548

Epirubicin, 1225–1226
Epoetin, 573, 1202. See also Erythropoietin, 

recombinant
Epoprostenol, for pulmonary hypertension, 540
Epoxide hydrolase, soluble, inhibitors of, 1108
Epoxyeicosatrienoic acid (EETs), in inflammatory 

response, 1046–1047, 1046t–1047t
Epoxyoactadecenoic acids (EpOMEs), in inflammatory 

response, 1046–1047, 1046t–1047t
Epsilon (E) test, 144f, 145–147, 147t
Epsiprantel, 453t, 461–462
Equine chorionic gonadotropin, 873

for estrus induction, in cats, 878
Ergocalciferol. See also Vitamin D

dosage for, 784t–786t
for hypoparathyroidism, 784t–786t, 798

Ergosterol, antifungal affinity for, 366f, 370–374, 370f
Erythrocytes. See Red blood cells
Erythromycin

adverse effects of, 259
chemical characteristics of, 198t
cyclosporine and, 1167
dosage for, 199t–201t
drug interactions with, 57t–59t, 259
mechanism of action of, 257
neurotoxicity of, 93t
pharmacokinetics of, 190t–194t, 258–259
as prokinetic, 704–705
resistance to, 257–258
serum concentration of, 197t
spectrum of activity of, 195t, 257
susceptibility to, 196t
for urinary tract infections, 315t

Erythropoiesis-stimulating agents, 573. See also 
Erythropoietin, recombinant

Erythropoietin, 568, 573, 1202–1204
biosynthesis of, 573
mechanism of action of, 573
recombinant, 1202

adverse effects of, 102, 574–575
for anemia of renal disease, 653–654
antibodies to, 574
clinical use of, 575–576
disposition of, 574
dosage for, 570t
failure of, 576
for feline leukemia, 419
iron with, 575
mechanism of action of, 573
preparations of, 573
for racing dogs, 576
for renal failure, 647t–648t
for transfusion pretreatment, 576

for renal disease, 575, 579
skin lesions due to, 98, 98t

Escharotics, therapeutic use of, 854
Escherichia coli

antimicrobial resistance of, 291, 311f
to fluoroquinolones, 236–238
multidrug, 163

antimicrobial susceptibility of, 196t, 317t–318t
sites of infection for, 138
in urinary tract infections, 307–309

Esmolol, 511, 515–516
for atrial fibrillation, 541
dosage for, 484t–491t
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Esomeprazole, 695–696
Esophageal erosions, doxycycline-induced, 253, 721
Esophageal motility, oral administration and,  

688–692
Esophagitis, 698–699, 720–721

reflux. See Gastroesophageal reflux disease
Essential fatty acids, 860–861, 861t
Estradiol cypionate, inappropriate use of, 883t, 884
Estriol, for urethral hypotonicity, 660
Estrogen(s), 873

adrenocortical effects of, 100t–101t
inappropriate use of, 883t, 884
myelosuppression due to, 102
thyroid effects of, 100t–101t
for urethral hypotonicity, 658t–659t, 660

Estrus
induction of

in cats, 878
in dogs, 876–878, 877t

intervals between, prolongation of, 880
termination of, prevention of, 880

Ethacrynic acid, dosage for, 628t
Ethambutol

dosage for, 199t–201t
ocular toxicity of, 95t
for tuberculosis, 352–353

Ethosuximide
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 965
structure of, 940f

Ethylene glycol poisoning
metabolic acidosis in, 607
sodium bicarbonate for, 614–615

Ethylene oxide, 428
Ethylenediamine dihydriodide, as expectorant,  

768
Etidronate, dosage for, 784t–786t
Etodolac, 1080

dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t
safety data for, 1065t–1066t
structure of, 1051f

Etomidate
adrenocortical effects of, 100t–101t
for anesthesia, 892

Etretinate, 853
Evening primrose, for feline leukemia, 420
Evening primrose oil, for pruritus, 866
Evoked responses, quantifying, in neuromuscular 

blockade monitoring, 899–900
Excretion, drug, 7f. See also Disposition, drug

biliary, 16, 18f
drug interactions and, 60t, 65
extrarenal, 13
in geriatric animals, 34–37, 36t
pathologic factors in, 35b
in pediatric animals, 36t, 40
pharmacogenetics of, 75
pharmacologic factors in, 35b, 65. See also Drug 

interactions
physiologic factors in, 35b
rate of, 13
renal, 13, 15–16, 17f. See also Renal excretion

Exocrine pancreatic insufficiency, 737–738
Exotaxin, 1182
Exotoxins, bacterial, 161–162
Expectorants, 768–769
Extracellular fluid, 599. See also Fluid

drug concentration in, 172, 173b
regulation of, 624

atrial natriuretic hormone in, 625–626
kidney in, 624–625, 625f–626f

Extravasation, of anticancer agents, 1217–1218
Eye

diseases of, pharmacologic treatment for, 983–986
drug-induced injury of, 94–97, 95t. See also Ocular 

toxicity
from azoles, 384–385
by fluoroquinolones, 243
from fluoroquinolones, 243
by sulfonamides, 250
from sulfonamides, 250

dry
cyclosporine for, 1173
sulfonamide-induced, 250

Eye (Continued)
infections of

causative organisms in, 135t–137t, 275–276, 276t
feline, 415, 417–418
treatment of, 275–278

specimen collection from, 140b–141b
Eye drops, 984
Eye ointments, 984
Ezetimibe, 552

F
Fab, for digoxin overdose, 524
Facial pheromone, for feline lower urinary tract disease, 665
Facilitated diffusion, 5
Facultative anaerobes, 129–131, 130b–131b
Famciclovir, 402t, 407

dosing regimens for, 403t
for feline respiratory infections, 418

Famotidine
for acute renal failure, 642t
as antisecretory drug, 693–694, 697, 722
dosage for, 676t–684t
as gastroprotectant, 693–694
for H. pylori infection, 733
for nausea and vomiting, in renal failure, 647t–648t, 

650–651
structure of, 690f

Fat
body. See also Body composition

in appetite regulation, 672–673
in energy metabolism, 673–674, 673f

dietary, in renal failure, 648
Fats

saturated, 550
trans, 550
unsaturated, 550

Fatty acids, 550. See also Lipoprotein(s)
essential, 860–861, 861t
omega-3

as appetite stimulants, 686
for glomerulonephritis, 655
in renal failure, 647t–648t, 648
for skin disease, 860–862, 861f, 861t

omega-6, for skin disease, 860–862, 861f, 861t
for pruritus, 866

glucocorticoids with, 866–867
Febantel, 453t, 458–459

with milbemycin, 459
with pyrantel and praziquantel, 463

Fecal softeners, 708–709
Fecal specimens, collection of, 140b–141b
Felbamate

hematologic disorders due to, 102–104
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 965–966
therapeutic monitoring of, 948t

Feline aortic thromboembolism, 504–506, 585, 591–592
aspirin for, 595

Feline calicivirus infection, 402t, 415–419, 416t–417t
Feline chronic progressive polyarthritis, 1186
Feline eosinophilic granuloma complex, 720, 1185–1186
Feline facial pheromone, for feline lower urinary tract 

disease, 665
Feline hepatic lipidosis, 733
Feline immunodeficiency virus infection, 402t, 

416t–417t, 420–422
acemannan for, 1180
chemokines in, 1195–1197
interferons for, 1196

low-dose oral, 1197
interleukin-12 for, 1199

Feline infectious anemia, 348–349
Feline infectious peritonitis, 414–415, 416t–417t, 1196

interleukin-12 for, 1199
promodulin for, 1181–1182

Feline interferons, 410. See also Interferon(s)
Feline interstitial cystitis. See Feline lower urinary tract 

disease
Feline leukemia virus infection, 402t, 416t–417t, 419–420

acemannan for, 1180
interferons for, low-dose oral, 1197
interleukin-12 for, 1199
promodulin for, 1181–1182
Propionibacterium acnes for, 1178
staphylococcal protein A for, 1178–1179

Feline lower urinary tract disease, 663–664
glucocorticoids for, 664
urinary acidifiers for, 664
urinary antiseptics for, 664

Feline lymphosarcoma, polyclonal antibodies for, 1179
Feline oncornavirus-associated cell membrane antigen, 

1179
Feline panleukopenia, 413–414, 416t–417t
Feline recombinant interferon, dosing regimens for, 

403t
Feline recombinant interferon-omega

dosing regimens for, 403t
for respiratory infections, 418

Feline rhinovirus infection, 415–419, 416t–417t
Feline urologic syndrome. See Feline lower urinary tract 

disease
Fenbendazole

for cryptosporidiosis, 447
for giardiasis, 443, 727
for helminthic infections, 453t, 459
milbemycin for, 459
for protozoal infections, 435t–436t
for salmon poisoning, 726

Fencl-Leith approach, 602
Fenoldopam, 528

for acute renal failure, 643
for renal failure, 636
structure of, 629f

Fentanyl, 1019–1021
constant-rate infusion of, 24b
dosage for, 1001t–1005t, 1013t
droperidol with, dosage for, 1001t–1005t
lipid solubility of, 6f
for pediatric animals, 41
pharmacodynamics of, 1019–1021
pharmacokinetic data for, 1014t–1016t, 1019–1021
preanesthetic, 889t
structure of, 1006f
therapeutic use for, 1021
transdermal delivery of, 1019–1020, 1020f

Ferric sulfate, 583
Ferritin, 572
Fertility, chemotherapy and, 1218
Fetus

drug disposition in, 42
reabsorption of, 879–880

Fever, 542
Fexofenadine, dosage for, 757t–758t
Fiber, dietary, 709
Fibric acid, 551–552
Fibrinolysin inhibitors, 585
Fibrinolytics, 593–594. See also specific drugs

overdose of, 585
Fibrinopeptides, in inflammatory response, 1046t–1047t
Fibronectin

antileukemic activity of, 1180
dose for, 1161t

Fibrosarcoma, acemannan for, 1180
Filgrastim, 1202
Finasteride, 874

for benign prostatic hypertrophy, 882–883
commercial availability of, 875

Fipronil, as antiparasitic, 856
Firocoxib, 1080–1081

adverse effects of, 1071t
dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t
safety data for, 1065t–1066t
structure of, 1051f

First-pass metabolism, 9, 9f
Fish oil, for glomerular disease, 647t–648t
Fistula, perianal, 869

cyclosporine for, 1170
Flatulence, 710
Flavones, antimicrobial effects of, 174
Flea collars, 855

skin lesions due to, 98, 98t
Flea insect growth regulators, 857
Flecainide, 511
Flora. See Microflora
Florfenicol, 253–255

adverse effects of, 255
dosage for, 199t–201t
drug interactions with, 255
mechanism of action of, 254
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Florfenicol (Continued)
pharmacokinetics of, 190t–194t, 255
resistance to, 254
spectrum of activity of, 254
structure of, 223f
therapeutic use of, 255

Fluconazole, 380–386
adverse effects of, 384
for blastomycosis, 391
for coccidioidomycosis, 392–393
for cryptococcosis, 392
dosing regimens for, 371t–374t
drug interactions with, 383–385
for histoplasmosis, 392
intravesicular, 666
minimum inhibitory concentration of, 369t
pharmacodynamics of, 380–382
preparations of, 383
resistance to, 381
spectrum of activity of, 380–381
structure of, 370f
therapeutic use of, 385–386

Flucytosine, 371t–374t, 386–387
mechanism of action of, 366f
minimum inhibitory concentration of, 369t

Fludrocortisone, 1131t–1132t, 1137
dosage for, 784t–786t
for hypoadrenocorticism, 784t–786t, 820–821
for septic shock, 1142
structure of, 1129f

Fluid
body, drug concentration in, 172, 173b
extracellular, 599, 624. See also Fluid

drug concentration in, 172, 173b
regulation of, 624

atrial natriuretic hormone in, 625–626
kidney in, 624–625, 625f–626f

interstitial, drug concentration in, 172, 173b
intracellular, 599. See also Fluid

drug concentration in, 172, 173b, 197t
Fluid balance

antidiuretic hormone in, 477–478, 600
atrial natriuretic hormone in, 625–626
effective circulating volume and, 603–604
glucocorticoids in, 1124–1125
intake and output and, 600
kidney in, 602
mineralocorticoids in, 1124
osmolality in, 599–600
physiology of, 599–600
potassium in, 600–601
regulation of, 599–600
renal transport in, 624–625, 625f–626f
sodium in, 600

Fluid intake and output, 600
Fluid loss

abnormal, 609
causes of, 600
insensible, 609
normal, 609

Fluid resuscitation, in cardiopulmonary arrest, 546. See 
also Cardiopulmonary cerebrovascular resuscitation

Fluid retention, in heart disease, 53
Fluid therapy

for acute pancreatitis, 619, 736
for acute renal failure, 641, 644
additives in, 609–610, 609b
adequacy of, 611–612
albumin in, 610
body weight and, 609
colloids in, 609b, 610
crystalloids in, 609–610
deficit needs in, 608–609, 608t
deficit vs. maintenance replacement in, 608–609
for diabetic ketoacidosis, 619–620, 816
for diarrhea, 619
electrolyte requirements in, 609–610, 610t
fluids in

electrolytes in, 609–610, 610t
selection of, 609–611

for head trauma, 980
for hyperchloremia, 612
for hyperkalemia, 613, 613t
for hypernatremia, 612
for hyperthermia, 542

Fluid therapy (Continued)
for hypochloremia, 612
for hypokalemia, 612–613, 613t
for hypomagnesemia, 614
for hyponatremia, 612
for hypophosphatemia, 613
ins and outs technique in, 617
for liver disease, 620
maintenance needs in, 608
monitoring of, 611–612
ongoing losses and, 609
oxygen-carrying solutions in, 610, 612
for pediatric animals, 40
for proteinuria, 617–618
for renal disease, 616–617

with oliguria/anuria, 607
with polyuria, 607

in resuscitation, 546, 548
route of administration in, 611
for shock, 544, 615–616

cardiogenic, 615–616
distributive, 616
hypovolemic, 615
obstructive, 615
septic, 340–341, 616

for surgical patients, 620–621
for systemic inflammatory response syndrome, 616
for urethral obstruction, 617
for vomiting, 618–619

Flumazenil
dosage for, 676t–684t
for resuscitation, 547t
for seizures, 941t–943t

Flumethasone, dosage for, 1132t–1135t
Flunisolode, 762
Flunixin meglumine, 1073–1074

dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t
structure of, 1050f
for viral enteritis, 725–726

Fluocinolone, adrenocortical effects of, 100t–101t
Fluorescein, soiling detection with, 928
Fluorocarbons, 580–582
Fluorocytosine

for aspergillosis, 393
skin lesions due to, 98, 98t
structure of, 370f

Fluoroquinolones, 231–247. See also specific drugs
adverse effects of, 242–243
for anaerobic infections, 346
antifungal effects of, 389
broad spectrum, 234
bronchial concentration of, 322–323
for brucellosis, 349–350
development of, 231, 231–234
dosing regimens for, 199t–201t, 236
drug interactions with, 242
for ehrlichiosis, 355
for feline infectious anemia, 349
for hemobartonellosis, 349
for leptospirosis, 350
lipid solubility of, 6f
mechanism of action of, 233–234
musculoskeletal toxicity of, 243, 306
necrotizing fasciitis and, 175
neurotoxicity of, 93t
ocular toxicity of, 94, 95t
for osteomyelitis, 304–305
for pediatric animals, 40–41
pharmacokinetics of, 190t–194t, 234, 235t, 238–242
procainamide and, 509
prophylactic, 181
for pyoderma, 293–294, 293t, 298
for pyothorax, 330
resistance to, 164, 236–238, 291–292
for Rocky Mountain spotted fever, 356
seizures due to, 92–93
serum concentration of, 197t
spectrum of activity of, 195t, 234–236
streptococcal toxic shock syndrome and, 175
structure-activity relationships of, 231–233, 232f
susceptibility to, 236
therapeutic monitoring of, 127
therapeutic use of, 244
for urinary tract infections, 316

5-Fluorouracil, 1220t–1221t, 1228
thyroid effects of, 100t–101t

Fluoxetine, 915–917
for acral lick dermatitis, 867
for depression, 928
for dominance-related aggression, 924
dosage for, 906t–908t
for feline lower urinary tract disease, 665
for inappropriate elimination, 927–928
for obsessive compulsive disorders, 924
structure of, 909f
therapeutic monitoring of, 114t–115t

Fluoxymesterone, dosage for, 570t
Flurazepam, dosage for, 676t–684t
Fluticasone, 1131t–1132t, 1137

dosage for, 757t–758t, 1132t–1135t
structure of, 761f, 1129f

Fluvastatin, 550–551
Fluvoxamine, dosage for, 906t–908t
FOCMA (feline oncornavirus-associated cell membrane 

antigen), 1179
Folate antagonists, for protozoal infections, 443–444
Folic acid, 571

dosage for, 570t, 676t–684t
Folic acid inhibitors, 247–251. See also Sulfonamides
Folinic acid, 571

dosage for, 570t
Follicle-stimulating hormone, 872–873, 873f

for estrus induction, 877–878
for hypogonadism, 883

Food. See also Diet; Nutrition
drug absorption and, 59
microflora and, 712–713

Food and Drug Administration
Center for Drug Evaluation and Research, 106
Center for Veterinary Medicine, 84–85, 105
compounding and, 106–108
postmarket surveillance and, 84–85
reporting to

for adverse drug events, 84–85, 105
for adverse reactions to supplements, 106

Formaldehyde, 427
Formoterol, dosage for, 757t–758t
Foscarnet, 402t–403t
Fosfomycin, 221–222, 246f

dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
structure of, 246f
for urinary tract infections, 315t, 318

in prophylaxis, 319–320
FPMPA, for feline immunodeficiency virus infection, 

422
Fractional kill hypothesis, 1211–1212, 1212t
Fracture healing, fluoroquinolones and, 243
Free radicals

in neurologic injuries, 1140
in shock, 543, 545

Free water, 600
Fructosamine, 802
Fructose, hepatic effects of, 720
Full agonists, 3–4
Functional urethral obstruction, 658t–659t, 662–663
Fungal diarrhea, 726–727
Fungal infections, 364. See also Antifungal agents and 

specific infections
culture and sensitivity testing in, 368
nasal, 772
pathophysiology of, 366–368

Fungi
classification of, 365t
as immunostimulants, 1177–1179
physiology of, 364

Furazolidone, 262
for coccidiosis, 439
for giardiasis, 443, 727
for protozoal infections, 435t–436t

Furosemide, 633–635
for acute renal failure, 641–643, 642t
adverse effects of, 634–635
as anticonvulsant, 634
bioavailability of, 634
as bronchodilator, 634
dosage for, 484t–491t, 628t, 784t–786t
drug interactions with, 57t–59t, 635
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Furosemide (Continued)
for glomerular disease, 647t–648t
for glomerulonephritis, 656
for heart failure

in dilated cardiomyopathy, 535
in mitral valve insufficiency, 532

for hypercalcemia, 784t–786t, 800
for hypertension, 538

in renal failure, 647t–648t
indications for, 635
mechanism of action of, 633–634
as neuroprotectant, 634
for oliguric renal failure, 616–617
ototoxicity of, 96–97
as renoprotectant, 634
structure of, 629f
thyroid effects of, 100t–101t

Furunculosis, anal, 869
Fusidic acid, 261
Fusobacterium spp., antimicrobial susceptibility of, 345t

G
Gabapentin, 1030–1031

dosage for, 1001t–1005t
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 966
structure of, 1030f
therapeutic monitoring of, 114t–115t, 948t

GALT (gut-associated lymphoid tissue), 1155
Gamma-aminobutyric acid (GABA), 904

in energy metabolism, 672–673
in seizure therapy, 936t
structure of, 936f, 1030f

Gamma-aminobutyric acid (GABA) receptor
type A, 934–937, 936t
type B, 934–937, 936t
type C, 934–937, 936t

Gamma-delta T cells, 1150–1151
Gammaglobulin

dose for, 1161t
for immune-mediated hemolytic anemia, 1184

Gamma-linolenic acid, 861, 861t
Ganciclovir, 402t, 407

for feline respiratory infections, 415–419
Gas, intestinal, 693–694
Gastric acid, neutralization of, 697–699
Gastric acid secretion

cytoprotective drugs for, 697–699
opioid effects on, 706
physiology of, 692–693, 693f
rebound hypersecretion, 695–696
reduction of, 693–695. See also Antisecretory drugs

Gastric decompression, 723
Gastric dilation/volvulus, 723

obstructive shock and, 615
Gastric disorders, 721–723
Gastric flora, 332
Gastric motility. See Gastrointestinal motility
Gastric mucosa, 693, 694f
Gastric ulcers. See Peptic ulcers
Gastrinoma, antisecretory drugs for, 695
Gastritis, 332

acute, 721
antacids for, 698–699
antisecretory drugs for, 695
cytoprotective drugs for, 697–699
H. pylori and, 722–723
hemorrhagic, 726
in renal failure, 647t–648t, 650–651

Gastroduodenoscopy, in cats, 705
Gastroenteritis. See also Enteritis; Gastritis

hemorrhagic, 726
Gastroesophageal reflux disease, 721

anesthesia and, 721
antacids for, 698–699
esophagitis in, 720–721
proton pump inhibitors for, 697
sucralfate for, 699, 699f

Gastrointestinal absorbents, 707–708
Gastrointestinal decontamination, for shock 

prophylaxis, 545, 727
Gastrointestinal disease

bacterial infections, 135t–137t
drug disposition in, 49t, 54
treatment of

Gastrointestinal disease (Continued)
absorbents in, 707–708
antidiarrheals in, 705–707
antiemetics in, 686–692
antiflatulence drugs in, 710–716
anti-obesity drugs in, 684–686
antiulcer drugs in, 692–699
appetite suppressants in, 684–686
cathartics in, 708–710
cholagogues in, 716–720
choleretics in, 716–720
digestive enzymes in, 710
dosage and indications for, 676t–684t
emetics in, 686–692
laxatives in, 708–710
probiotics/prebiotics in, 710–716
prokinetics in, 700–705
protectants in, 707–708

Gastrointestinal microflora. See Microflora
Gastrointestinal motility

disorders of, 723
drugs modulating, 700–705. See also Prokinetics
nongastrointestinal drug effects on, 704–705
opioid effects on, 691
peristalsis and, 701f, 722
physiology of, 700–701, 700f–701f
postoperative, 724–725
prokinetics for, 702
receptors in, 701–702
signaling in, 700–702, 700f

Gastrointestinal protectants, 697–699, 707–708
antacids, 697–699
for peptic ulcers, 697–701
for vomiting, 691

Gastrointestinal toxicity, 90–92, 114t–115t
of azole derivatives, 384
of clindamycin, 256
of cyclosporine, 1167–1168, 1175
of digoxin, 524
of erythromycin, 259
of fluoroquinolones, 242–243
of glucocorticoids, 1127, 1144, 1146
of mycophenolate mofetil, 1175
of NSAIDs, 92
of tetracyclines, 253
of voriconazole, 384–385

Gastrointestinal tract
age-related changes in, 35
antiinfective mechanisms in, 332
bacterial overgrowth in, 332

diarrhea and, 333
COX-1 and COX-2 in, 1052–1053, 1053f
drug interactions in, 59
effect of opioids on, 1011–1012
glucocorticoid effects on, 1127
immunologic mechanisms in, 332

microflora and, 711–712
infections of

predisposing factors in, 332–333
virulence factors in, 333

mucosal defenses in, 693, 694f
normal control mechanisms in, 332–333
normal flora of, 332, 711–712. See also Microflora
NSAID-induced adverse effects on

mechanism of, 1063–1064
prevention and treatment of, 1067–1069,  

1068f
risk factors for, 1064–1067, 1065t–1066t

species differences in, 43
specimen collection from, 140b–141b
ulceration of, NSAID-induced, 1064–1067, 

1065t–1066t
treatment of, 1067–1069, 1068f

Gastroprotectants. See Gastrointestinal protectants
Gate control phenomenon, in transmission of pain, 

996
Gatifloxacin, 234, 238
Gelatin sponge, absorbable, 583, 583f
Gels, as vehicles for topical drugs, 851
Gemfibrozil

dosage for, 484t–491t
for hyperlipidemia, 551–552

Gemifloxacin, 238
General anesthetics. See also Anesthetics

redistribution of, 12–13

Genes. See also Pharmacogenetics
bacteriophage superantigen, 175

fluoroquinolone induction of, 243–244
MDR. See MDR genes

Genetic mutations. See also Genetic polymorphisms
in antimicrobial resistance, 164–165, 165f
in cytochrome P450 enzymes, 44–47
MDR. See MDR genes, mutations in
in P-glycoprotein transporter, 44

Genetic polymorphisms
adverse drug reactions and, 84
in cytochrome P450 enzymes, 44–47
in drug-metabolizing enzymes, 44–47

in absorption, 72
in metabolism, 73–74

in P-glycoprotein transporter, 44–47, 45t
in absorption, 72
in distribution, 73
in excretion, 75

Genital infections, bacterial, 135t–137t
Gentamicin, 222

chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 57t–59t
for otitis externa, 282t
ototoxicity of, 96
pharmacokinetics of, 190t–194t, 225–227
for pyoderma, 294
serum concentration of, 197t
spectrum of activity of, 195t, 224–225
structure of, 223f
susceptibility to, 196t
therapeutic monitoring of, 114t–115t
for urinary tract infections, 307t, 315t

Gentamicin-impregnated beads, for osteomyelitis,  
304

Gentamicin-impregnated collagen sponge, for 
osteomyelitis, 304

Geriatric animals
age-related changes in, 34–37, 36t

in body weight and composition, 35–37, 37f
cardiovascular, 34–35
gastrointestinal, 35
hepatic, 35
neurologic, 35
respiratory, 35
urinary, 35

drug disposition in, 34–37, 36t
pain control in, 1035

Ghrelin, 675
Giardiasis, 435t–436t, 441–443, 442f, 727

in pediatric animals, 40–41
Gingival hyperplasia

amlodipine-induced, 493
cyclosporine-induced, 1167–1168
drug-induced, 91t, 92

Gingivitis, 330–331
cyclosporine-induced, 1167–1168
glucocorticoids for, 1141
probiotics for, 713

Ginkgo biloba, for behavior modification,  
921–922

Glargine insulin, 804
for diabetes mellitus, 784t–786t, 805–806
dose adjustment of, 808

Glauber’s salt, 676t–684t, 709
Glaucoma

diuretics for, 628t
treatment of, 985

Glipizide
for diabetes mellitus, 784t–786t, 814
dosage for, 784t–786t

Glomerular disease, 654–656. See also Renal disease
drugs for, 647t–648t
pathophysiology of, 654–655

Glomerular filtration, 15–16. See also Renal excretion
in renal disease, 50
species differences in, 47

Glomerulonephritis, 655–656
cyclosporine for, 1173
pathophysiology of, 654–655

Glomerulotubular balance, 600
Glucagon

for diltiazem cardiotoxicity, 518
for ureteroliths, 663
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Glucocorticoid(s), 1119, 1126–1127
absorption of, 1128–1130
for acute pancreatitis, 737
adrenal insufficiency due to, 1138–1139, 1143
adrenocortical effects of, 99–101, 100t–101t
adverse effects of, 1143–1146

reduction of, 1143
aerosolization of, 772b
allergic reaction to, 1145–1146
alternate-day therapy with, 1138–1139, 1143
for amyloidosis, 1187
anabolic steroids, 577–580, 577t. See also Anabolic 

steroids
thyroid effects of, 100t–101t

for anaphylaxis, 1183
androgenic vs. anabolic effects of, 577t, 578–579
for anorexia in renal failure, 651
anti-inflammatory effects of, 1125–1126, 1126f
for atopy, 1139
for bacterial meningitis, 275
binding proteins for, 1130
as bronchodilators, 1139
for cancer, 1231–1232
cardiovascular effects of, 1126–1127, 1145
cartilage damage due to, 1140
in chemotherapy, 1142-1143

for vomiting, 724
for chronic hepatitis, 734–735
clinical pharmacology of, 1128–1130
contraindications to, 1146
for cryptococcosis, 392
for cutaneous discoid lupus erythematosus, 1186
designer, 1122–1123
for diarrhea, 707
dissociated, 1122–1123
DNA transcription and, 1121–1123, 1122f, 

1175–1176
dosage for, 1138–1139, 1143–1144

antiinflammatory, 1138
high-dose pulse, 1138
physiologic, 1124–1128
shock, 1124, 1138
tapering of, 1138

dosing of, 1120
duration of action of, 1128–1129
endocrine effects of, 1144–1145
for esophagitis, 720–721
for feline asthma, 762, 774–775
for feline chronic progressive polyarthritis, 1186
for feline eosinophilic granuloma complex, 720, 

1185–1186
for feline infectious anemia, 349
for feline lower urinary tract disease, 664
for feline respiratory infections, 419
in fluid and electrolyte balance, 1124–1125
gastrointestinal toxicity of, 1127, 1144, 1146
for glomerulonephritis, 655
in glucose metabolism, 1124
for graft-versus-host disease, 1138
growth retardation due to, 1146
for head trauma, 979
for heartworm disease

for pneumonitis, 554
in pretreatment therapy, 553
for pulmonary embolism, 556–557

for hemobartonellosis, 349
for hemolytic anemia, 1143
for hemorrhagic shock, 1106
hepatic effects of, 1144
for hypercalcemia, 620, 784t–786t, 800–801
hypertension due to, 1126–1127, 1145
for hypoadrenocorticism, 784t–786t, 821–822, 1143
ideal, 1143
for immune-mediated hemolytic anemia, 1183–1184
for immune-mediated polyarthritis, 1186–1187
for immune-mediated thrombocytopenia, 577, 1184
immunomodulatory effects of, 1121–1123, 1123t, 

1125–1126, 1126f, 1145, 1175–1176
with immunosuppressives, 1138
for inflammatory bowel disease, 731–732, 1140–1141
insulin resistance due to, 812
intracellular mechanisms of, 1121–1123, 1122f
for juvenile cellulitis, 299
for liver disease, 1141
long-term use of, 1138–1139

Glucocorticoid(s) (Continued)
mechanism of action of, 1120–1124

molecular basis of, 1121–1123, 1122f
for megaesophagus, 720
for meningoencephalitis, 1140
metabolic effects of, 1124, 1144
as mineralocorticoid antagonists, 1124
myopathy due to, 1127
neurologic effects of, 1127
neurotoxicity of, 93t
ocular toxicity of, 95t, 1143, 1146
for osteoarthritis, 1094
osteoporosis due to, 1127
for otitis externa, 283, 1139
for pemphigus, 1185
peptic ulcers due to, 1127, 1144, 1146
for pericardial effusion, 499
perioperative use of, 1142

as antiemetic, 724
pharmacokinetics of, 1130
physiologic effects of, 1124–1128
potency of, 1128, 1128t
preparations ofm, 1130–1138, 1131t–1132t
for pruritus, 854, 864–865

with fatty acids, 866–867
for pulmonary edema, 777–778
for pulmonary embolism, in heartworm disease, 

556–557
pulmonary embolism due to, 1146
for pyoderma, 299
renal effects of, 1124–1125, 1145
resistance to, 1123–1124
for respiratory disease, 761–762, 761f
respiratory effects of, 1127
for rheumatoid arthritis, 1186
route of administration for, 1128–1130
for sclerosing cholangitis/cholangiohepatitis, 

734–735
secretion of, 1119–1120
for septic shock, 341, 1106
for shock, 545
for skin disease, 857–859, 858t
skin lesions due to, 98, 98t
soft, 1137, 1143
structure-activity relationship of, 1128, 1129f
symmetric, 1122–1123
therapeutic use of, 1139–1143
for thoracolumbar disk extrusion, 982–983
for thrombocytopenia, 1143
thyroid effects of, 100t–101t, 101
topical, 1129, 1139
for viral enteritis, 725–726
for vomiting, 691, 724
withdrawal of, 1138–1139, 1143
wound healing and, 1145

Glucocorticoid receptors, 1120–1123, 1122f
Glucocorticoid responsive elements, 1122–1123
Gluconeogenesis, glucocorticoids in, 1124
Glucosamine, 585–586, 586f, 1098–1099

chondroitin sulfate with, efficacy of, 1100–1101, 
1101f

dosage for, 676t–684t
for feline lower urinary tract disease, 665–666
for osteoarthritis, 1099
for urinary tract infections, 320

Glucose. See also Dextrose
hepatic effects of, 720
for hyperkalemia, in acute renal failure, 644
hypertonic, for infectious canine hepatitis, 413
metabolism of, glucocorticoids in, 1124
for systemic inflammatory response syndrome, 616
urinary, drug effects on, 109

Glucose solutions, 609–610, 609b
Glucose toxicity, hyperglycemia and, 802
Glucuronic acid, 585–586, 586f
Glucuronidation, 14f, 15
Glucuronide, species differences in, 46–47
Glucuronide deficiency, benzoic acid neurotoxicity 

and, 94
Glucuronyl transferase, species differences in, 46–47
Glutamate, 904, 937

in seizure therapy, 936t
structure of, 936f

Glutaraldehyde, 427
Glutathione transferase, 15

Glycerin, dosage for, 676t–684t
Glycerol, 629–630
Glyceryl monoacetate

dosage for, 676t–684t
for seizures, 941t–943t

Glycine, 716–717
in CNS cells, 937
in seizure therapy, 936t
structure of, 936f

Glycoproteins, in tracheobronchial tree, 747
Glycopyrrolate

as bronchodilator, 760
dosage for, 484t–491t, 676t–684t
drug interactions with, 57t–59t
preanesthetic, 887–888
for vomiting, 691–692

Glycosaminoglycans
for feline lower urinary tract disease, 665–666
polysulfated, for osteoarthritis, 1094–1095
structure of, 585–586, 586f

Goblet cells, mucus released by, 747
Gold compounds, 1176–1177

indications for, 1177
for pemphigus, 1185
toxicity of, 1177

cutaneous, 98, 98t
Gold sodium thiomalate, 1176–1177
Gonadal steroid(s), 873–874. See also specific agent

commercial availability of, 875
inhibitors of, 874

commercial availability of, 875
Gonadotropin(s)

commercial availability of, 875
for estrus induction, 877t, 882
inappropriate use of, 883t, 884
pituitary, 872–873

Gonadotropin-releasing hormone, 871–872
commercial availability of, 875
for cryptorchidism, 882
for estrus induction, 876–878, 877t
inappropriate use of, 883t, 884
for ovarian cysts, 879
for ovulatory failure, 878–879
for vaginal hyperplasia/prolapse, 879

Gonadotropin-releasing hormone analogs, 871–872
for estrus induction, 877, 877t
for urethral hypotonicity, 658t–659t, 662

GOSHDARNIT mnemonic, 799
Gradient of intestine, 706
Graft rejection, in renal transplantation, 

immunosuppressants for, 657, 1150–1192
Graft-versus-host disease, 1138

cyclosporine for, 1173
glucocorticoids for, 1138

Gram staining, 134, 138f
Gram-negative bacteria, 130b–131b
Gram-positive bacteria, 130b–131b
Granisetron, dosage for, 676t–684t
Granolomatous meningoencephalitis, steroid-

responsive, 1140
Granulocyte colony-stimulating factor, 1202–1204

recombinant, 576–577, 1202
for septic shock, 341

Granulocyte/macrophage colony-stimulating factor, 
1202–1204

with stem cell factor, 1204
Granulocytopenia, antibiotic prophylaxis in, 181

surgical, 181
Granulomatous meningoencephalitis

cyclosporine for, 1173
steroid-responsive, 1140

Granulopoiesis, 576–577
Granulopoietin, 576–577

recombinant, 576–577
adverse reactions to, 102

Griseofulvin, 387–388
adverse effects of, 388
for dermatophytosis, 389–390, 868–869
dosing regimens for, 371t–374t
drug interactions with, 388
mechanism of action of, 366f, 387
minimum inhibitory concentration of, 369t
neurotoxicity of, 93t
pharmacokinetics of, 387
preparations of, 387
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Griseofulvin (Continued)
skin lesions due to, 98, 98t
spectrum of activity of, 387
structure of, 370f

Growth factors, 1193–1194, 1202–1204. See also 
Cytokine(s)

for extravasation, 1217–1218
preparations of, 1194b
tumor, chemokines as, 1201–1202

Growth hormone
disorders of, 835–839
dosage for, 784t–786t
function of, 835
secretion of, 835
therapy with, 784t–786t, 836
thyroid effects of, 100t–101t

Growth retardation, glucocorticoid-induced, 1146
Guaifenesin, as muscle relaxant, 901

H
H1 receptors, in gastrointestinal motility, 701–702
5-H1P receptors, in gastrointestinal motility, 702
H1-receptor antagonists, for anaphylaxis, 1183
H2 receptors, in gastrointestinal motility, 701–702
H2-receptor antagonists

adverse effects of, 695
as antisecretory drugs

clinical use of, 695
disposition of, 694
efficacy of, 697

drug interactions with, 694–695
as gastroprotectants, 693–694
as prokinetics, 704
vs. proton pump inhibitors, 697

5-H3 receptors, in gastrointestinal motility, 702
5-H4 receptors, in gastrointestinal motility, 702
H5N1 virus infection, 416t–417t
Hair loss

chemotherapy-induced, 1218
cyclosporine-induced, 1167–1168
psychogenic, 866

Half-life, 17, 19f, 19t, 19b, 27
absorption, 27
allometric scaling and, 30
in compartmental analysis, 27
disappearance, 27
distribution, 27
elimination, 17, 19f, 19t, 19b

accumulation and, 23–25, 23t
calculation of, 20b, 123
dosing interval and, 17, 19t, 20–23, 21f, 947b
loading vs. maintenance dose and, 24

in noncompartmental analysis, 29, 29b
species differences in, 48
in therapeutic drug monitoring, 114t–115t, 116–119, 

117f–118f, 119b–121b, 124f
Haloperidol

for behavior modification, 920–921
dosage for, 906t–908t
for psychogenic alopecia, 866
for self-mutilating disorders, 924–925
for vomiting, 691

Halothane, thyroid effects of, 100t–101t
Hand hygiene, 430–431
Haptens, in hypersensitivity, 85
Head trauma. See also Intracranial pressure, increased

causes of, 977
management of, 978
pain control in, 1037
pathophysiology of, 977

Hearing loss, drug-induced, 96–97. See also Ototoxicity
Heart. See also under Cardiac; Cardiovascular

age-related changes in, 34–35
Heart disease

drug disposition in, 49t, 53–54, 54b
renal blood flow in, 53, 480
treatment of. See also Cardiovascular drugs; Heart 

failure, treatment of
goals of, 481, 483t
route of administration in, 53–54
target effects in, 483t
timing of, 483t

valvular
mitral, 526–527, 529–532
tricuspid, 532

Heart failure
adrenergic nervous system in, 475, 480–482
backward, 480
cardiogenic shock and, 543
compensatory mechanisms in, 477, 478f,  

480–481
negative sequelae of, 481–482

definition of, 480
in dilated cardiomyopathy, 532–535
diuretics for, 628t, 636
electrolyte disturbances in, 618
fluid therapy for, 618
forward, 480
myocardial remodeling in, 480–481

negative sequelae of, 481–482
pathophysiology of, 480–482
pulmonary hypertension in, 539–540
renal compensation in, 53, 480
with renal failure, fluid therapy for, 618
renin-angiotensin-aldosterone system in, 477, 478f, 

480–482
treatment of, 530–532

ACE inhibitors for, 494–497, 530–532
angiotensin II receptor antagonists for, 502–503
beta blockers for, 512, 530–532
cardiac glycosides for, 519–524
diuretics for, 528, 530–532
goals of, 481, 483t
levosimendan for, 525–526
in myocardial disease, 499–500
organic nitrates for, 503–504
pimobendan for, 525–527
positive inotropes for, 519–529
target effects in, 483t
timing of, 483t
vasodilators for, 482–500, 503–504. See also 

Vasodilators
valvular insufficiency and

mitral, 529–532
tricuspid, 532

Heartworm disease, 552–558
adult antigen test in, 557
aspirin for, 595
in cats, 558
clinical signs of, 552
concentration microfilarial test in, 557
doxycycline for, 456
heparin for, 553, 570t, 592
ivermectin for, 455–456, 460, 462

in adulticide therapy, 556
in microfilarial therapy, 557
for prophylaxis, 554–555, 557
with pyrantel, 463–464
with pyrantel and praziquantel, 464

melarsomine for, 456, 462, 555–556
milbemycin for, 456–457, 464

in adulticide therapy, 556
with lufenuron, 464
for prophylaxis, 554–555

moxidectin for, 457
with imidacloprid, 464

occult, 552–553
pathophysiology of, 552
pneumonitis in, 504–505
selamectin for, 458
treatment of, 453t. See also Anthelmintics

adulticidal, 555–557, 855
guidelines for, 452, 462, 553–554
microfilaricidal, 554–555, 557–558
pretreatment assessment and, 553
pretreatment therapy and, 553–554
prophylactic, 453t, 554–555, 557

Heat shock protein, in inflammatory response, 
1046t–1047t

Heat stroke, 542
Helicobacter pylori

in gastric flora, 332
irritable bowel syndrome and, 733
peptic ulcers and, 722–723
treatment of, 723, 733

Helicobacter spp., cholangiohepatitis and, 734
Helminthic infections, 451. See also specific infections

overview of, 451–452, 452
treatment of, 452–463. See also Anthelmintics

guidelines for, 452, 462

Helper T cells, 1151–1153
Hematologic disorders

bacteremia in, 135t–137t
drug-induced, 102–104, 102t

by sulfonamides, 250–251
Hematologic effects, of glucocorticoids, 1125
Hematopoiesis, 568, 569f

drugs affecting, 568–569, 570t
vitamin B12 in, 569–571

Hematopoietic growth factors, 1193–1194, 1202–1204. 
See also Cytokine(s)

for extravasation, 1217–1218
preparations of, 1194b
with stem cell factor, 1204

Hemobartonellosis, 348–349, 356
Hemodialysis, 656–657
Hemoglobin

intraoperative administration of, 620–621
species differences in, 47
synthesis of, 571–573

Hemoglobin-based oxygen-carrying solutions, 580–582, 
610, 612

drug interactions with, 57t–59t
Hemolytic anemia

anabolic steroids and, 579–580
aspirin vs. heparin for, 595
glucocorticoids for, 1143
immune-mediated, 1183–1184

Hemophilia, recombinant human Factor VIIa for,  
585

Hemorrhage
heparin-induced, 590
shock in, 543. See also Shock
warfarin-induced, 580

Hemorrhagic cystitis, cyclophosphamide-induced, 
1219

Hemorrhagic gastritis, 726
Hemorrhagic shock, glucocorticoids for, 1106
Hemosiderin, 572
Hemostasis, 582, 582f

prostaglandin yin-yang relationship in, 1053–1054, 
1054f

Hemostatic disorders, 577–582
Hemostatic drugs, 583–585

topical, 583
Hemotropic mycoplasmosis, 348–349
Henderson-Hasselbalch equation, 5, 6f, 601
Heparan sulfate, 585–586
Heparin, 585–592

adverse effects of, 590
anticoagulant effects of, 587–588, 587f
contaminated, 590
disposition of, 588–589, 589t
for disseminated intravascular coagulation, 570t, 

592
dosage for, 484t–491t, 570t, 587t
drug interactions with, 56, 590
fractionated, 586
for heartworm disease, 570t

in pretreatment therapy, 553
hepatic effects of, 590
liver function tests and, 590
low molecular weight, 586

advantages of, 591
mechanism of action of, 586–588, 587f
nonanticoagulant effects of, 588
overdose of, protamine for, 584, 590
preparations of, 589–590
for pulmonary embolism

in heartworm disease, 556–557
for prophylaxis, 592

for septic shock, 340–341
structure of, 585–586, 586f, 1093f
therapeutic use of, 591–592
for thromboembolism, 570t, 587t, 591–592
thyroid effects of, 100t–101t, 590
unfractionated, 586
with warfarin, 593

Hepatic blood flow
in heart disease, 53
in liver disease, 51, 52f
in metabolism, 43

Hepatic disease. See Liver disease
Hepatic encephalopathy, 733–734
Hepatic lipidosis, feline, 733
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Hepatic metabolism, 9, 9f. See also Metabolism
in liver disease, 49t, 51–53

Hepatitis
chronic, 734–735

sequelae of, 735–736
drug-induced, 88
infectious canine, 412–413

Hepatobiliary infections, bacterial, 135t–137t
Hepatomegaly, glucocorticoid-induced, 1127,  

1144
Hepatoprotectants, 717–719
Hepatotoxicity, 87–89, 734

of amiodarone, 516–517
of azole derivatives, 384
of bile acids, 89
of carprofen, 1077
clinical manifestations of, 88–89, 88f
of cyclosporine, 1167
drugs causing, 87b, 89
of glucocorticoids, 1144
of inhalant anesthetics, 89
of mebendazole, 89
of melarsomine, 89
of oxibendazole, 89
pathophysiology of, 87–88, 88f
of phenobarbital, 954–955
of phenytoin, 969–970
of primidone, 956
of statins, 503
of sulfonamides, 89
of tetracyclines, 253
of thiacetarsamide, 89
treatment of, 89
of voriconazole, 384–385
of xylitol, 89

Hepatozoonosis, 435t–436t, 448
Hepatropics, 717–719
Herbs. See Nutritional supplements
Herding breeds

ivermectin sensitivity in, 452, 454–455, 455t
MDR mutations in, 72–73

neurotoxicity and, 93
Herpesvirus infections, antiviral agents for, 405–408
Herpetic keratitis, 402t
Hetacillin

dosage for, 199t–201t
skin lesions due to, 98, 98t

Hetastarch, 610
for hypovolemic shock, 615

Hexachlorophene, 429
neurotoxicity of, 93t

Hexamethylene-tetramine, 262
Hexamine, 262
High-ceiling diuretics, 633–635
High-density lipoproteins, 548–549
High-dose dexamethasone suppression test (HDDST), 

for hyperadrenocorticism, 784t–786t, 822–824
Hippuric acid, for feline lower urinary tract disease,  

664
Histamine

in CNS cells, 937
in health and disease, 1089
in inflammatory response, 1046t–1047t
in respiratory tract inflammation, 748f, 751
in seizure therapy, 936t
structure of, 690f

Histoplasmosis, 385–386, 391–392
intestinal, 726–727

Home care, dental, 331
Homocysteine, 595
Hookworms

combination therapy for, 453t, 463–464
febantel for, 459
febendazole for, 459
ivermectin for, 454–456
milbemycin for, 461
moxidectin for, 457
pyrantel for, 460
selamectin for, 458
treatment of, 453t. See also Anthelmintics

Hormonal therapy, skin lesions due to, 98
Hormones. See also specific hormone

drug effects on, 98t, 99–102
reproductive, 871
for urinary incontinence, 882

Host defense peptides, 1156
Howell unit, 589–590
5-HT receptor antagonists

for chemotherapy-induced vomiting, 1217
for vomiting, 691

Human chorionic gonadotropin
for cryptorchidism, 882
for estrus induction, 878
for hypogonadism, 883
for ovarian cysts, 879
for ovulatory failure, 878–879
for vaginal hyperplasia/prolapse, 879

Human gammaglobulin
dose for, 1161t
for immune-mediated hemolytic anemia, 1184

Human intravenous immunoglobulin, 1179
Human serum albumin, 610
Humoral immunity, 1151
Hyaluronate, 585–586, 586f
Hyaluronic acid

dosage for, 1055t–1056t
for osteoarthritis, 1096

Hyaluronidase, for extravasation, 1217–1218
Hydralazine, 491

adverse effects of, 491
ocular, 95t

for dilated cardiomyopathy, 535
dosage for, 484t–491t
for heart failure, 491, 531
for hypertension, 538
mechanism of action of, 491
for pulmonary hypertension, 540
structure of, 492f

Hydrated magnesium aluminum trisilicate, 707–708
Hydrocarbons, chlorinated, 856
Hydrocephalus, diuretics for, 628t
Hydrochloretics, 716
Hydrochlorothiazide, 631–632

for diabetes insipidus, 839
dosage for, 484t–491t, 628t, 784t–786t

Hydrocodone, 920–921, 1022–1023
as antitussive, 766
dosage for, 757t–758t, 906t–908t

Hydrocortisone, 1130–1136, 1131t–1132t
adrenocortical effects of, 100t–101t
for cancer, 1231–1232
dosage for, 784t–786t
drug interactions with, 57t–59t
for hypoadrenocorticism, 784t–786t, 819
for septic shock, 341
structure of, 1129f

Hydrocortisone acetate, 1132t–1135t
Hydrocortisone sodium succinate, 1132t–1135t
Hydrofluoroalkanes, in metered dose inhalers, 771
Hydrogen peroxide, 429

as emetic, 676t–684t, 688
Hydrolysis, 14, 14f
Hydromorphone, 1018–1019

dosage for, 1001t–1005t
pharmacokinetic data for, 1014t–1016t
preanesthetic, 889t
structure of, 1006f

Hydrostatic edema, of brain, 977–978
Hydroxocobalamin. See Vitamin B12
Hydroxychloroquine, ocular toxicity of, 95t
25-Hydroxycholecalciferol, 795–796, 796f
Hydroxyeicosatetranoic acid (HETEs), in inflammatory 

response, 1046–1047, 1046t–1047t
5-Hydroxytryptamine receptor antagonists, for 

vomiting, 691
chemotherapy-induced, 1217

5-Hydroxytryptamine receptors, 903, 922
Hydroxyurea, 1220t–1221t, 1228
Hydroxyzine

dosage for, 757t–758t
pharmacokinetic data for, 1091t

Hyperactivity, 927
Hyperadrenocorticism

diabetes mellitus with, 826, 834
diagnosis of, 822–824
pathophysiology of, 822
treatment of

in cats, 833–835
in dogs, 824–833, 825f–826f, 828f–829f, 831f
drug therapy in, 784t–786t

Hyperaldosteronism, 834–835
diuretics for, 628t
drug therapy for, 784t–786t
spironolactone for, 633

Hyperalgesia, 996
opioids associated with, 1010

Hyperbaric oxygen, for osteomyelitis, 305
Hypercalcemia, 799

in acute renal failure, 644
calcitriol-induced, 653
diuretics for, 628t, 633–634

furosemide, 633–634
treatment of, 620, 800–801

drug therapy in, 784t–786t
Hypercapnia, primary. See Respiratory acidosis
Hyperchloremia, 604
Hypercholesterolemia. See Hyperlipidemia
Hypercium, for behavior modification,  

921–922
Hypercortisolism, 833–834
Hypercytokinemia, 1158
Hyperdynamic shock, 616
Hyperglycemia

brain injury and, 977
hypoglycemic-induced, 807, 810–812
persistent, diabetes mellitus due to, 802

Hyperglycemic, hyperosmolar, nonketonic syndrome, 
817–818

Hyperkalemia, 605
ACE inhibitor–induced, 498
artifactual, 605
causes of, 605, 605b
in fluid therapy, 609–610
in renal failure, 617

acute, 644
treatment of, 613, 613t
in urethral obstruction, 617

Hyperlipidemia, 548–552
lipoprotein lipase test in, heparin for, 587t
pathophysiology of, 502–503, 550–552
phenobarbital-induced, 955
probiotics for, 713
in renal failure, 648
treatment of, 550–552

Hypermagnesemia, 606
Hypernatremia, 599–600, 603

causes of, 603, 603b
in fluid therapy, 609–610
hypoosmolar, 603–604
treatment of, 612

Hyperparathyroidism
calcitriol for, 653
primary, 799–801

diagnosis and pathophysiology of,  
799–800

treatment of, 800
in renal failure, 652–653

Hyperphosphatemia, 606
in renal failure, 647t–648t, 649, 652–653

Hypersensitivity reactions, 85–87, 174–175. See also 
specific drugs

allergen-specific immunotherapy for,  
1179–1180

anaphylactic, 85–86
anaphylactoid, 86, 174–175, 1156
cell-mediated, 86
clinical manifestations of, 85, 86f
cytokine storm in, 1158
cytotoxic, 86
delayed, 86, 1178
diagnosis of, 86–87
to glucocorticoids, 1145–1146
haptens in, 85
immediate, 1156
immune response in, 1156–1158
pharmacogenetics of, 76
predisposing factors in, 85
probiotics for, 715
respiratory disease due to, in cats, 750
skin lesions in, 97–98, 98t
to sulfonamides, 251
type I, 85, 86f, 1156, 1157f

treatment of, 1183
type II, 86, 1156

treatment of, 1183–1186
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Hypersensitivity reactions (Continued)
type III, 86, 1156–1158

treatment of, 1186–1187
type IV, 86, 1158

treatment of, 1187
Hypersensitivity syndrome, 97
Hypersomatotropism, 836–837
Hypertension

diuretics for, 628t
erythropoietin-induced, 574–575
in glomerular disease, 655
glucocorticoid-induced, 1126–1127, 1145
in hyperaldosteronism, 835
in hyperthyroidism, 494, 540
intracranial, 978
pulmonary, 539–540, 777
in renal failure, 538, 647t–648t

ACE inhibitors for, 500–501
systemic, 538–540

calcium channel blockers for, 494
Hyperthermia, 542

opioid-induced, 1010–1011
Hyperthyroidism

arrhythmias in, 538
clinical signs of, drugs to control, 795
cure for, drugs used in, 794–795
drug disposition in, 54
hypertension and, 494, 538, 540
hypertrophic cardiomyopathy in, 538
pathophysiology of, 791
testing for, 791–792
treatment of

drug therapy in, 784t–786t, 792–794
renal disease associated with, 792

Hypertrophic cardiomyopathy, 536–538
ACE inhibitors for, 500
in hyperthyroidism, 538

Hyperventilation, respiratory alkalosis and,  
602

Hypnosis, definition of, 999
Hypoadrenocorticism

diagnosis of, 818–819
glucocorticoid-related, 1138–1139
glucocorticoids and, 1143–1144
hyperkalemia in, 605
pathophysiology of, 818
prognosis of, 822
treatment of, 784t–786t, 819–822

glucocorticoids in, 784t–786t, 821–822
mineralocorticoids in, 784t–786t, 820–821

Hypoalbuminemia
in acute pancreatitis, 619
in chronic diarrhea, 619
in liver disease, 620
in nephrotic syndrome, 624
in proteinuric nephropathy, 617–618

Hypoallergenic shampoos, 864–865
Hypocalcemia, 797

in acute renal failure, 644
in chronic renal failure, 647t–648t, 649, 652–653
treatment of, 620, 797–799

drug therapy in, 784t–786t
Hypocapnia, primary. See Respiratory alkalosis
Hypochloremia, 604

metabolic alkalosis and, 607, 614
Hypoglycemia

brain injury and, 977
diuretics for, 628t
drug therapy for, 784t–786t
insulin-induced, in diabetes mellitus, 806–807, 811
in liver disease, 620
in systemic inflammatory response syndrome,  

616
treatment of, 609–610, 620

Hypogonadism, 883
Hypoiodic acid, 428
Hypokalemia, 605

causes of, 605
in diabetic ketoacidosis, 619–620, 815
diarrhea-induced, 619
in fluid therapy, 609–610
in renal failure, 649
vomiting-induced, 618–619

Hypomagnesemia, 606, 614
in diabetic ketoacidosis, 815

Hyponatremia, 603–604, 603b
artifactual, 603
causes of, 603
in heart failure, 618
translocational, 603
treatment of, 612

Hypoosmolar hyponatremia, 603–604
Hypoparathyroidism, 795–801

diagnosis and pathophysiology of, 796–797
treatment of, 797–799

drug therapy in, 784t–786t
Hypophosphatemia, 606

in diabetic ketoacidosis, 619–620, 815
treatment of, 613

Hyposensitization therapy, 863
Hyposomatotropism, 835–836
Hypotension, ACE inhibitor–induced, 497–499
Hypothalamic hormones. See also specific hormone

reproductive, 871–872
Hypothalamic-pituitary-adrenal axis

drug effects on, 99–101
glucocorticoid effects on, 1144–1145

Hypothyroidism
drug disposition in, 54
drug-induced, 99–102, 100t–101t

by sulfonamides, 250
pathophysiology of, 787–788
testing for, 788–789
treatment of, 789–790

drug therapy in, 784t–786t
response to, 790–791

Hypovolemia
electrolyte disturbances in, 612–614. See also specific 

electrolytes
fluid therapy for, 608–612. See also Fluid therapy

Hypovolemic shock, 543. See also Shock
treatment of, 606

I
Ibuprofen, 1074

gastrointestinal toxicity of, 92
ocular toxicity of, 95t
pharmacokinetic data for, 1060t–1061t
pharmacologic effects of, 1059–1062

Idarubicin, 1225–1226
Idiopathic feline cystitis. See Feline lower urinary tract 

disease
Idoxuridine, 402t, 405

dosing regimens for, 403t
for feline respiratory infections, 415–418
structure of, 404f

Iduronic acid, 585–586, 586f
IgA, 1155
IgE, 1155

in allergic response, 750
in type I hypersensitivity, 1156, 1157f

IgG, 1155
IgM, 1155
Ileus, postoperative, 724–725
Iloprost, for pulmonary hypertension, 540
Imazalil. See Enilconazole
Imidacloprid

as antiparasitic, 856
with moxidectin, 856

Imidacloprid-moxidectin, 464
for heartworm disease, in cats, 558

Imidapril, 480. See also ACE inhibitors
Imidazoles, 245–247, 246f, 380–386. See also Azole 

derivatives
Imidazoquinolones, 1182
Imidocarb dipropionate

for babesiosis, 448
for cytauxzoonosis, 447–448
for ehrlichiosis, 355
for hepatozoonosis, 448
for protozoal infections, 445

Imidocarb proprionate, for protozoal infections, 
435t–436t

Imipenem
antimicrobial susceptibility of, 317t–318t
chemical characteristics of, 198t
drug interactions with, 57t–59t
neurotoxicity of, 93t
pharmacokinetics of, 190t–194t, 216
serum concentration of, 197t

Imipenem (Continued)
spectrum of activity of, 205–209
susceptibility to, 210t
for urinary tract infections, 317t–318t

Imipenem/cilastin
dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Imipramine, 911–915
for bladder hypercontractility, 658t–659t, 659–660
dosage for, 906t–908t
pharmacology of, 912–914

Imiquimod, 1182
Immediate hypersensitivity, 1156
Immune complex disease, 86
Immune response, 1150–1159

antigen presentation in, 1151, 1153f, 1157f
antimicrobial peptides in, 1156
defense mechanisms in, 1150–1151
effectors in, 1151
in hypersensitivity, 1156–1158. See also 

Hypersensitivity reactions
regulation of, transcription factors in, 1158–1159
soluble components of, 1154–1155

Immune system
adaptive, 1151
antigens in, 1151, 1154
cellular components of, 1150–1154
gastrointestinal, microflora and, 711–712
innate, 1150–1151

Immune-mediated hemolytic anemia, 1183–1184
Immune-mediated neutropenia, 1185
Immune-mediated skin diseases, 1185
Immune-mediated thrombocytopenia, 577, 1184
Immunity

cell-mediated, 1151
humoral, 1151
intestinal, 332
mucosal, 1155

Immunocompromised animals, antibiotic prophylaxis 
for, 181

surgical, 131–132
Immunoglobulin(s), 1154–1155. See also Antibodies

human intravenous, 1179
for septic shock, 341

Immunomodulators, 1159. See also Biological response 
modifiers

for cancer, 1232
classification of, 1159
dose for, 1161t
glucocorticoids as, 1123t, 1125–1126, 1126f, 1175–1176
immunostimulants, 1177

microbial, 1177–1179
synthetic, 1181
topical, 1182

immunosuppressant, 1160. See also 
Immunosuppressants

indications for, 1159
for inflammatory bowel disease, 731
opioids as, 1159
for pyoderma, 299
selection of, 1159
for septic shock, 341
for viral infections, 1159–1160
vitamin D as, 1159

Immunostimulants, 1177. See also Immunomodulators
microbial, 1177–1179
synthetic, 1181
topical, 1182

Immunosuppressants, 1160. See also 
Immunomodulators

calcineurin inhibitors, 1160
in chemotherapy, 1176
for glomerulonephritis, 655
with glucocorticoids, 1138
limitations of, 1160
for renal transplantation, 657, 1160, 1170, 1173, 1175

Immunotherapy. See also Immunomodulators
allergen-specific, 1179–1180
for feline leukemia, 420
passive, 1179

Inamrinone, dosage for, 484t–491t
Incontinence, urinaryMicturition, disorders of

bladder hypocontractility and, 657–659, 658t–659t
hormonal therapy for, 882
urethral hypotonicity and, 658t–659t, 660–662
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Increased intracranial pressure. See Intracranial 
pressure, increased

Indandione anticoagulants, 592–593
Indanyl carbenicillin, for urinary tract infections, 315t
Indomethacin, 1084

structure of, 1050f
Infancy period, 37. See also Pediatric animals
Infections. See also specific types

glucocorticoids and, 1146
insulin resistance due to, 812
nosocomial

pathogens in, 132–134
probiotics for, 715

Infectious canine hepatitis, 412–413
Infectious canine tracheobronchitis, 413, 773
Infectious peritonitis, feline, 414–415, 416t–417t, 1196

interleukin-12 for, 1199
promodulin for, 1181–1182

Infective bacterial endocarditis, 333–334
Infertility

chemotherapy and, 1218
idiopathic, inappropriate hormonal therapy for, 

883t, 884
Inflammation

acute, 1048–1050
antimicrobial efficacy and, 168, 168t, 169f
mediators of, 1046–1050, 1046t–1047t, 1048f–1049f

drugs targeting, 761–764
in respiratory disease, 748f, 751–752
in shock, 1103–1108

pathophysiology of, 1045
Inflammatory bowel disease, 729–733

causes of, 729, 731
cholangitis and, 735–736
cyclosporine for, 1172–1173
diagnosis of, 731
pathophysiology of, 729–733
probiotics for, 713–715
treatment of–, 729, 730t, 731, 733, 1187

Infusion. See Intravenous administration
Inhalant devices, 755, 755f. See also Metered dose 

inhalers
adaptations to, 771–772
for feline asthma, 775

Inhalant drugs, 32. See also specific drugs and drug classes
Inoculum, 131
Inodilators, 525–526
Inosiplex, 402t, 410
Inotropes. See also specific drugs and drugs classes

negative, 529
positive, 519–529, 520f. See also Positive inotropes

Ins and outs technique, 617
Insulin

for acute renal failure, 642t
adrenocortical effects of, 100t–101t
for diabetes mellitus, 805–806

complications of, 810–812
monitoring of, 806–810
preparations of, 803–805See also specific insulin

dosage for, 484t–491t, 784t–786t
drug interactions with, 57t–59t
for hyperkalemia, 613, 613t

in acute renal failure, 644
thyroid effects of, 100t–101t
xylitol and, 89

Insulin resistance, 811–812
Insulin-like growth factor 1 (IGF-1), 812, 837
Integrins

in asthma, 749t–750t
inflammatory, 753

Interferon(s), 410, 1152–1154, 1152t, 1193–1197. See 
also Cytokine(s)

actions of, 1195
anticancer effects of, 1195
biology of, 1195
for cancer, 1197
classification of, 1195
feline, 410
for feline immunodeficiency virus infection, 421–422, 

1196
for feline infectious peritonitis, 415
for feline leukemia virus infection, 420, 1196
for feline respiratory infections, 418
native, 1195
natural, 1195

Interferon(s) (Continued)
ocular toxicity of, 95t
preparations of, 1194b
for pyoderma, 299
recombinant feline

dosing regimens for, 403t
for feline immunodeficiency virus infection, 421
for feline infectious peritonitis, 415
for respiratory infections, 418

recombinant human, 1195–1196
low-dose oral, 1197

therapeutic use of, 1195–1196
Interferon bovine beta, dosing regimens for, 403t
Interferon inducers, 410
Interferon-alpha, 1195

feline subtypes of, 1196
recombinant human, 1196

for cancer, 1197
therapeutic use of, 1195–1196

Interferon-alpha-2, dosing regimens for, 403t
Interferon-beta, 1195

therapeutic use of, 1195–1196
Interferon-gamma, 1195

therapeutic use of, 1195–1196
in cancer, 1197

Interferon-omega, 1195–1196
recombinant feline

for canine parvoviral enteritis, 411, 1196–1197
for feline immunodeficiency virus infection, 421
for feline infectious peritonitis, 415
for feline respiratory infections, 418

Interferon-stimulated genes, 1195
Interferon-tau, 1195

for feline immunodeficiency virus infection, 1196
Interleukin(s), 1151–1154, 1152t, 1193–1194, 

1197–1200. See also Cytokine(s)
actions of, 1197
biology of, 1197
for feline leukemia, 420
as hematopoietic growth factors, 1202–1204
in inflammatory diseases, 751
in inflammatory response, 1046t–1047t
preparations of, 1194b
therapeutic use of, 1197–1198

Interleukin-1, 1197–1198
Interleukin-1, in inflammatory response, 1046t–1047t
Interleukin-1 receptor antagonist, 1151
Interleukin-2, 1197–1198

adverse effects of, 1194–1195
dosage for, 1194–1195
toxicity of, 1198

Interleukin-6, 1199–1200
Interleukin-8, 1201–1202
Interleukin-11, 1200
Interleukin-12, 1199

local intratumoral, 1199
Intermediate-density lipoproteins, 548–549
Intermittent, intramuscular/subcutaneous 

administration, of insulin, 817
International Association for Study of Pain (IASP) 

definition, of pain, 994
International normalized ratio, 593
Interstitial cystitis. See Feline lower urinary tract disease
Interstitial fluid, drug concentration in, 172, 173b
Intestinal gradient, 706
Intestinal immunity, 332
Intestinal microflora. See Microflora
Intestinal motility, 332
Intestinal phosphate-binding agents, for renal failure, 

647t–648t, 649–650
Intestinal secretion, opioid effects on, 691
Intestinal stasis, 332
Intestines, bacterial overgrowth in, 332

diarrhea and, 333
Intraabdominal administration, of fluid, 611
Intraabdominal infections, 334–336
Intraarterial administration, 31–32
Intracardiac administration, 31–32
Intracellular fluid, 599. See also Fluid

drug concentration in, 172, 173b, 197t
Intracranial pressure, increased, 978

adjuvant nonpharmacologic management of, 978
analgesics, sedatives, paralytics, and general 

anesthetics for, 980
anticonvulsants for, 980

Intracranial pressure, increased (Continued)
barbiturates for, 980
brain injury causing, 977
diuretics for, 978–979
fluid therapy for, 980
glucocorticoids for, 979
in hepatic encephalopathy, 734
lidocaine for, 980
medical management of, 978–980
neuroprotection and, 979

Intradermal administration, 31–32
Intramedullary administration, 31–32
Intramuscular administration, 31

compounding and, 108
Intraosseous administration, 611
Intraperitoneal administration, of fluids, 611
Intrathecal administration, 31–32
Intrathoracic administration, 31–32
Intratracheal administration, 31–32, 546–548
Intravenous administration, 31

constant-rate infusion in, 24, 24b
dose extrapolation and, 48
drug interactions in, 55–59, 57t–59t
of fluids, 611
solution pH and, 55–56
solution storage and handling in, 55, 57t–59t,  

59
Intravesicular agents, 666–667
Intubation, chest, for pyothorax, 329–330
Invasins, 161–162
Iodides

antifungal, 371t–374t, 388
dosage for, 484t–491t
as expectorants, 768
for hyperthyroidism, 795
thyroid effects of, 100t–101t, 101–102

Iodine, 428–429. See also Povidone-iodine
for hyperthyroidism, 794–795
ototoxicity of, 281

Iodophors, 428–429
for hand hygiene, 431

Ion flow, in myocardial cells, 470–473, 470f
Ipecac syrup, 688

dosage for, 676t–684t
Ipodate, dosage for, 484t–491t
Ipratropium bromide, 760
Ipronidazole, for giardiasis, 727
Irbesartan, 502–503
Iron

administration of, 573
clinical use of, 573
drug interactions with, 573
with epopoietin, 576
with erythropoietin, 575
excretion of, 572
metabolism of, 572, 572f
nonheme, 572
preparations of, 572–573
for transfusion pretreatment, 576

Iron deficiency, erythropoietin failure in,  
575

Iron dextran, 573
drug interactions with, 57t–59t
in hemoglobin synthesis, 571–573

Irreversible antagonists, 4
Irrigation

of ear, 281
peritoneal, 336

Irritable bowel syndrome, 728
probiotics for, 715–716

Irritant(s), topical, 854
Irritant receptors, in respiratory system, 746–747
Isoflurane, 892–893
Isolates, 131
Isomers, disposition and, 15–19, 16f
Isoniazid

dosage for, 199t–201t
ocular toxicity of, 95t
for tuberculosis, 352–353

Isoniplex, 1181
Isophane (NPH) insulin, 804
Isopropamide

dosage for, 484t–491t, 757t–758t
for vomiting, 691–692

Isopropamide/prochlorperazine, 676t–684t
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Isoproterenol
dosage for, 484t–491t
for heart failure, 529
for resuscitation, 546, 547t

Isoquinolones, 453t, 461–462
Isosorbide, 484t–491t, 629–630
Isotonic crystalloids, 609–610, 609b
Isotretinoin, 852–853, 852f
Itraconazole, 380–386. See also Azole derivatives

adverse effects of, 384
for aspergillosis, 393
for blastomycosis, 391
for coccidioidomycosis, 392–393
for cryptococcosis, 392
cyclosporine and, 1167
for dermatophytosis, 389
dosing regimen for, 371t–374t
drug interactions with, 383–385
for histoplasmosis, 392
for intestinal histoplasmosis, 726–727
minimum inhibitory concentration of, 369t
pharmacokinetics of, 381–382
preparations of, 383
for pythiosis, 394
spectrum of activity of, 380–381
for sporotrichosis, 393
structure of, 370f
therapeutic use of, 385–386

Ivermectin, 452, 453t, 454–456
as antiparasitic, 856–857
dosage for, 484t–491t, 555t
for ear mites, 285
for heartworm disease, 455–456, 460, 462

in adulticide therapy, 556
in cats, 558
in microfilarial therapy, 557
for prophylaxis, 554–555, 557
with pyrantel, 463–464
with pyrantel and praziquantel, 464

mechanism of action of, 452
for skin disease, 858t, 862–863
therapeutic use of, 453t, 455–456
toxicity of, 454–455, 557–558

breed differences in, 452, 454–455, 455t
coprophagy and, 455
hematologic, 102
lipid rescue for, 455
neurologic, 73, 93, 93t, 454–455

Ivermectin-pyrantel, 463–464
Ivermectin-pyrantel-praziquantel, 464

J
Janus-kinase (JAK)–STAT pathway, 1158–1159
Jet nebulizer, 770–771
Joint fluid, drug concentration in, 197t
Junctional tachycardia, 540–541
Juvenile cellulitis, 299

K
Kallikrein inhibitors, for acute pancreatitis, 737
Kanamycin, 222

chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 57t–59t
ototoxicity of, 96
pharmacokinetics of, 190t–194t

Kaolin, 707–708
Kaolin/pectin, dosage for, 676t–684t
Kennel cough, 413
Keratan sulfate, 585–586, 586f
Keratinization disorders, in dogs, 853
Keratitis

bacterial, 275–278
herpetic, 402t

Keratitis sicca, cyclosporine for, 1173
Keratoconjunctivitis sicca, sulfonamide-induced, 250
Ketamine, 1028–1029

for anesthesia, 891
dosage for, 1001t–1005t, 1013t
drug interactions with, 57t–59t
gastrointestinal motility and, 705
for pediatric animals, 41
pharmacokinetic data for, 1014t–1016t

Ketoacidosis, diabetic, 607
fluid therapy for, 619–620, 816

Ketoconazole, 380–386. See also Azole derivatives
adrenocortical effects of, 101
adverse effects of, 384
for blastomycosis, 391
for coccidioidomycosis, 392–393
for cryptococcosis, 392
cyclosporine and, 383, 1165–1167, 1173
cytochrome P450 enzymes and, 64–65
for dermatophytosis, 389, 868–869
dosage for, 784t–786t
dosing regimens for, 371t–374t
drug interactions with, 383–385
gastrointestinal toxicity of, 384
for histoplasmosis, 392
for hyperadrenocorticism

in cats, 784t–786t, 834
in dogs, 784t–786t, 829–830

for intestinal histoplasmosis, 726–727
for Malassezia dermatitis, 390–391
minimum inhibitory concentration of, 369t
for perianal fistula, 1172
pharmacodynamics of, 381–382
preparations of, 383
structure of, 370f
therapeutic use of, 385

Ketolides, 260
Ketoprofen, 1074–1075

adverse effects of, 1071t
antipyretic effect of, 1075
dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t

Ketorolac, 1075
dosage for, 1001t–1005t, 1055t–1056t
pharmacokinetic data for, 1060t–1061t

Kidneyunder Renal
fluid and electrolyte transport in, 624–625, 

625f–626f
Killer T cells, 1152–1153
Kinetic calculations, in therapeutic drug monitoring, 

114t–115t, 123–124
Kinins, in inflammatory response, 1046t–1047t
Kirby-Bauer method, 142–147, 142f, 146t
Kittens. See Pediatric animals
Klebsiella pneumoniae, antimicrobial susceptibility of, 

196t, 317t–318t

L
Labor, premature, diagnosis and treatment of, 

879–880
Laboratory tests, drug effects on, 80–82
Labyrinthitis, 286
Lacitol

dosage for, 676t–684t
for hepatic encephalopathy, 733–734

Lactated Ringer’s solution, 609–610, 609b, 610t
for acid-base imbalances, 614–615
electrolyte composition of, 610t
for hyperchloremia, 612
for hyponatremia, 612

Lactation, drug disposition in, 42
Lactic acidosis, 606
Lactobacilli, as probiotics, 320, 727–728. See also 

Probiotics
Lactoferrin

dosing regimens for, 403t
for infectious canine hepatitis, 413

Lactulose, 676t–684t, 709
for hepatic encephalopathy, 733–734

Lamivudine, 402t, 409
for feline immunodeficiency virus infection, 421

Lamotrigine, pharmacokinetics of, 944t–945t
Lansoprazole, 695–696

as antisecretory drug, 695–697
Large intestine. See also under Gastrointestinal; 

Intestinal; Intestines
Lavage

closed chest, heparin for, 587t
peritoneal, 336
for pyothorax, 329–330

Laxatives, 708–710
emollient, 708–709
mechanism of action of, 705
simple bulk, 709

Lazaroids, 1106–1108, 1107f
LD50, 82–83, 83f

Leflunomide, 1175
dose for, 1161t
for immune-mediated hemolytic anemia, 1183–1184
for immune-mediated thrombocytopenia, 1184
structure of, 1162f

Leishmaniasis, 435t–436t, 445–446
Lente insulin, 804

for diabetes mellitus, 784t–786t, 806
Leprosy, 353
Leptin, 673–674, 673f

resistance to, 685
Leptospirosis, 350

diltiazem for, 494
Lethal dose, 82–83, 83f
Leucovorin, 571
Leukemia, feline, 402t, 416t–417t
Leukocytes

drug accumulation in, 170
drug concentration in, 173b
in inflammatory response, 1046–1047, 1048f

Leukotriene(s), 1084–1088
cysteinyl, 1153–1154
drugs targeting, for respiratory disease, 762–764, 763f
formation of, 1084–1085, 1085f
in health and disease, 1085–1086
in inflammatory response, 1046t–1047t
in respiratory inflammation, 748f, 752

Leukotriene receptor antagonists, 1088. See also specific 
drug

for inflammatory bowel disease, 731
structure of, 1087f

Leuprolide, for urethral hypotonicity, 662
Levallorphan, dosage for, 1001t–1005t
Levamisole

dosage for, 484t–491t
for feline eosinophilic granuloma complex, 

1185–1186
for heartworm disease, 556–558
as immunostimulant, 1181
skin lesions due to, 98, 98t

Levetiracetam
mechanism of action of, 937
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 967–968
structure of, 940f
therapeutic monitoring of, 114t–115t, 125, 948t

Levodopa, dosage for, 676t–684t
Levofloxacin, 231–232, 241–242

chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
spectrum of activity of, 236
structure of, 232f
susceptibility to, 196t

Levorphanol, dosage for, 1001t–1005t
Levosimendan, 524–526
Levothyroxine. See Thyroxine
L-form bacterial infections, 348
Licofelone, 1088
Lidocaine, 509–510, 1032

adverse effects of, 93t, 510
for arrhythmias, 506, 509–511, 541–542
dosage for, 484t–491t, 1001t–1005t, 1013t
drug interactions with, 57t–59t, 510
for esophagitis, 720–721
for gastric dilation-volvulus, 723
for head trauma, 980
for reperfusion injury, 1033
for resuscitation, 547t
structure of, 507f, 1031f
transdermal delivery of, 1032–1033
for ventricular fibrillation, 548

Lidocaine cream, 1032
Ligament injury, fluoroquinolone-induced, 242–243, 306
Ligand-receptor interactions, 1–4, 2f
Lignocaine, dosage for, 1001t–1005t
Lime sulfur

for dermatophytoses, 855
for dermatophytosis, 389, 389, 868
skin lesions due to, 98, 98t

Lime water, dosage for, 676t–684t
Lincomycin, 255–256

dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 256
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Lincosamides, 255–256
for pediatric animals, 40–41
serum concentration of, 197t

Linezolid, 260–261
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 260
serum concentration of, 197t
spectrum of activity of, 195t
structure of, 221f
susceptibility to, 196t, 260

Linoleic acid, 860–861, 861t
Linseed oil, 709
Liothyronine. See Triiodothyronine
Lipid(s). See also Lipoprotein(s)

avocado soybean unsaponifiable, for osteoarthritis, 
1101

dietary, in renal failure, 648
metabolism of, glucocorticoids in, 1124

Lipid mediators. See also Leukotriene(s); 
Prostaglandin(s)

drugs blocking, 1105–1108
in septic shock pathophysiology, 1103–1104

Lipid peroxidation. See also Oxygen radicals
drugs blocking, 1105–1108
in tissue injury, 1104–1105, 1105f

Lipid rescue, for ivermectin toxicity, 455
Lipidosis, feline hepatic, 733
Lipid-soluble drugs, 5, 6f

characteristics of, 48b
distribution of, 10, 12
dose extrapolation for, 48–49
in pediatric animals, 38–39
placental transfer of, 41–42
renal excretion of, 13

Lipopolysaccharide endotoxin antiserum, for septic 
shock, 341

Lipoprotein(s), 548–552
characteristics of, 548–549
cholesterol and, 548–549
chylomicrons and, 549, 548–549
classification of, 548–549
fatty acids and, 550
formation of, 549
triglycerides and, 549, 548–549
very low density, 549, 548–549

Lipoprotein lipase provocation test, heparin for, 587t
Liposomal amphotericin B, 375t, 376–377, 379
Liposomes, pharmacokinetic data for, 1014t–1016t
Lipotropics, 717–719
Lipoxins, in inflammatory response, 1046t–1047t
Lipoxygenase(s), 1084–1085

in inflammatory response, 1046t–1047t
inhibition of, 1086

Lipoxygenase inhibitors, 1086
Lisinopril, 499. See also ACE inhibitors

dosage for, 484t–491t
structure of, 492f

Lithium, thyroid effects of, 100t–101t
Liverunder Hepatic

age-related changes in, 35
drug-induced injury of, 87–89. See also 

Hepatotoxicity
metabolism in. See Metabolism

Liver disease, 733–735
ACE inhibitors in, dose modification for, 496
ascites in, 52–53, 53f
chronic, 734–735

sequelae of, 735–736
copper-related, 734
drug disposition in, 49t, 51–53, 52f–53f, 52b
drug-induced, 734. See also Hepatotoxicity
electrolyte disturbances in, 620
fluid therapy for, 620
metabolism in, 49t, 51–53
probiotics/synbiotics for, 713, 736

Liver failure, acute, 733–734
Liver function tests, heparin and, 590
Liver protectants, 717–719
L-NAME, for shock, 544
Loading dose, 23–24

of anticonvulsants, 946–947
in therapeutic drug monitoring, 117–118
therapeutic drug monitoring and, 949b

LOAEL, 82–83

LOEL, 82–83
Lomustine, 1220t–1221t, 1222
Loop diuretics, 633–635
Loperamide, 1022–1023

for diarrhea, 707
chemotherapy-induced, 1217

dosage for, 676t–684t
neurotoxicity of, 73, 93

Lorazepam, 956–960
as anxiolytic, 918–920
disposition of, 958
for seizures, 941t–943t
structure of, 946f

Lorcainide, 511
Losartan, 502–503

structure of, 492f
Lotions, as vehicle for topical drugs, 850
Lovastatin, 550–551
Low-density lipoproteins, 548–549
Low-dose dexamethasone suppression test (LDDST), 

for hyperadrenocorticism, 784t–786t, 822–824
Low-dose infusion, of insulin, 817
Lower urinary tract disease

antifungals for, 666
bacillus Calmette Guérin for, 666–667
dimethylsulfoxide for, 666
feline. See Feline lower urinary tract disease

Lowest absorbed effect level (LOAEL), 82–83
Lubricants, for ocular disease, 986
Lufenuron, 388–389

as antiparasitic, 857
dosing regimens for, 371t–374t
with milbemycin, 464

Lufenuron/milbemycin, dosage for, 484t–491t
Lugol’s solution, 428
Lung. See also under Pulmonary; Respiratory

adverse effects on, NSAID-induced, 1072
age-related changes in, 35
prostaglandins in, 1054

Lung flukes, albendazole for, 459
Lungworms

albendazole for, 459
selamectin for, 458

Lupus erythematosus
cutaneous, cyclosporine for, 1173
discoid, 1186
systemic, 1186

Luteinizing hormone, 872–873, 872f
for estrus induction, 877

Lyme borreliosis, 351
Lymecycline, 251–252
Lymphatic system, glucocorticoid effects on, 1125
Lymphocyte T-cell immune modulator, 410
Lymphocytes. See B cells; T cells
Lymphocytic cholangitis/cholangiohepatitis, 734–735
Lymphokine-activated killer cells, 1198
Lymphokines, in asthma, 749t–750t
Lymphoma, immunosuppressant-related, 1160
Lymphosarcoma, feline, polyclonal antibodies for,  

1179
Lyophilized canine albumin, 610
Lysine, 410

for bacterial rhinitis/sinusitis, 326
dosing regimens for, 403t
for feline respiratory infections, 418

Lysogenic bacteriophage-encoded superantigen genes, 
175

fluoroquinolone induction of, 243–244
Lysosomes, in inflammatory response, 1046t–1047t

M
Macroadenoma, pituitary, 824
Macrocytosis, drug-induced, 102–104
Macroglia, 933
Macrolide anthelmintics, 452–458, 453t

avermectins, 452, 453t, 454–456, 461
cost of, 452
disadvantages of, 452
for heartworm disease, 554–555
mechanism of action of, 452
milbemycin, 452, 453t, 456–457, 461
moxidectin, 453t, 457
selamectin, 453t, 457–458
toxicity of, 93, 93t, 452, 454–455, 555

environmental, 452

Macrolide antimicrobials, 257–260
adverse effects of, 259
anthelmintic. See Macrolide anthelmintics
bronchial concentration of, 322–323
drug interactions with, 259
mechanism of action of, 257
for pediatric animals, 40–41
pharmacokinetics of, 258–259
for pyoderma, 294
resistance to, 257–258
serum concentration of, 197t
spectrum of activity of, 257
structure-activity relationships of, 257

Macrophage inflammatory factor, 1152t
Magaldrate, 698
Magnesium

for arrhythmias, 519
dosage for, 784t–786t
for hypomagnesemia, 614
for tetanus, 347

Magnesium balance, 606
disturbances of, 606, 614

Magnesium chloride
for resuscitation, 547t
for ventricular fibrillation, 548

Magnesium citrate
as cathartic, 709
dosage for, 676t–684t

Magnesium hydroxide
as antacid, 698
as cathartic, 709
dosage for, 676t–684t

Magnesium oxide
as cathartic, 709
dosage for, 676t–684t

Magnesium salts, dosage for, 676t–684t
Magnesium sulfate

as cathartic, 709
dosage for, 676t–684t, 784t–786t
drug interactions with, 57t–59t
for hypomagnesemia, 816
for resuscitation, 547t

Magnesium trisilicate, 707–708
Maintenance dose, 24

in therapeutic drug monitoring, 117–118
Major histocompatibility complex (MHC),  

1150–1151
Malassezia dermatitis, 285, 385, 390–391
Malignant hyperthermia, 542
Malignant melanoma. See Melanoma
Malnutrition, insulin resistance due to, 812
Mammary gland tumors, 882

chemokines and, 1201–1202
interferons for, 1197
mixed bacterial vaccines for, 1179

Mandelic acid, for feline lower urinary tract disease, 
664

Mannitol, 629–630
for acute brain injury, 979
for acute renal failure, 642t, 643
as cathartic, 709
dosage for, 628t
drug interactions with, 57t–59t
for hepatic encephalopathy, 734
nephroprotective effects of, 378–379
for oliguric renal failure, 617
structure of, 629f

Marbofloxacin, 231–232
chemical characteristics of, 198t
dosage for, 199t–201t
for feline infectious anemia, 348–349
for hemobartonellosis, 349
lipid solubility of, 6f
ocular toxicity of, 95t
for otitis media, 283–284
pharmacokinetics of, 190t–194t, 235t, 238–242
for pyoderma, 290, 293–294, 293t, 297
structure of, 232f
for urinary tract infections, 316, 317t–318t

Margin of safety, 82–83
Marijuana, analgesic effects of, 1034
Maropitant

for chemotherapy-induced vomiting, 724, 1217
dosage for, 676t–684t
for motion sickness, 650–651
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Maropitant (Continued)
structure of, 690f
for vomiting, 688–689

in renal failure, 650–651
Masitinib, 1220t–1221t
Mast cell stabilizers, for respiratory disease, 760–761
Mastocytosis, antisecretory drugs for, 695
Maximum tolerated dose, 1215
MDR genes. See also P-glycoprotein transporter

mutations in, 44, 72–73
absorption and, 72–73
chemotherapy and, 1215–1216
clinical applications of, 76
distribution and, 73
excretion and, 75
ivermectin sensitivity and, 454–455, 455t, 555
neurotoxicity and, 93

species and breed differences in, 44
Mean absorption time, 29, 29b
Mean residence time, 29, 29b
Mebendazole, hepatotoxicity of, 89
Mechanomyography, quantifying evoked responses

in neuromuscular blockade monitoring, 899
vs. electromyography, 899

Mechlorethamine, 1220t–1221t, 1222
Meclizine

dosage for, 676t–684t
for motion sickness, 689–690

Meclofenamic acid, 1075
dosage for, 1055t–1056t
structure of, 1050f

Medetomidine, dosage for, 1001t–1005t, 1013t
Medication errors, 79, 80f

with compounded preparations, 106–108
prevention of, 104, 104b
reporting of, 84–85, 104–105

Medroxyprogesterone
dosage for, 784t–786t, 906t–908t
as immunosuppressant, 1175–1176

Megacolon, 729
Megaesophagus, 331–332, 698
Megaloblastosis anemia, drug-induced, 102–104
Megestrol acetate, 874

for cachexia, 675–684
dosage for, 676t–684t, 757t–758t, 906t–908t,  

1161t
for estrus suppression, 880
as immunosuppressant, 1175–1176

Meglumine antimoniate
for leishmaniasis, 446
for protozoal infections, 435t–436t

Meissner plexus, 700–701
Melanoma

granulocyte/macrophage colony-stimulating factor 
for, 1203

interferons for, 1197–1199
Melanoma vaccine, 1232
Melarsomine, 453t, 462

dosage for, 484t–491t
for heartworm disease, 456, 462, 555–556

in cats, 558
toxicity of, 89, 462

Melatonin
for noise phobias, 926
for seizures, 975

Melioidosis, 354
Meloxicam, 1081–1083

adverse effects of, 1070, 1070f, 1071t, 1081
disposition of, 1081
dosage for, 1055t–1056t
for osteoarthritis, 1093–1094
pharmacokinetic data for, 1060t–1061t
for pyoderma, 299
safety data for, 1065t–1066t
structure of, 1051f
structure-activity relationship of, 1081
therapeutic use of, 1081

Melphalan, 1220t–1221t, 1221–1222
for amyloidosis, 1187

Membrane potential, myocardial, 469–474, 471f
action, 469–474, 471f
resting, 470–472

Memory B/T cells, 1151, 1154
Menadione, 583–584
Menaquinone, 584

Meningitis
bacterial, 271–286
steroid-responsive, 1140

Meningoencephalitis
cyclosporine for, 1173
steroid-responsive, 1140

Mentation, altered, opioid-induced, 1037
Mepazine, for vomiting, 690–691
Meperidine, 1022

dosage for, 1001t–1005t, 1013t
gastroesophageal reflux and, 721
pharmacokinetic data for, 1014t–1016t
structure of, 1006f

Mepivacaine, dosage for, 1001t–1005t
6-Mercaptopurine, for inflammatory bowel disease, 1187
Meropenem

antimicrobial susceptibility of, 317t–318t
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 216
for pyothorax, 330
serum concentration of, 197t
spectrum of activity of, 195t, 205–209
susceptibility to, 196t, 210t
for urinary tract infections, 307t, 317t–318t

Mesalazine (mesalamine)
for diarrhea, 707
dosage for, 676t–684t
for inflammatory bowel disease, 731–732

Metabolic acidosis, 602
in acute renal failure, 644
causes of, 606–607, 607b
in chronic renal failure, 647t–648t, 649
compensation in, 602, 606t
in diabetes mellitus, 607

fluid therapy for, 619–620
in ethylene glycol poisoning, 607
in renal failure, 647t–648t

Metabolic alkalosis, 602
causes of, 607
compensation in, 606t

Metabolism, 7f, 9, 9f, 13–15. See also Disposition, drug
breed differences in, 44–47, 45t
of capacity-limited drugs, 51
conjugation in, 15
distribution and, 9
drug activity and, 14–15
drug interactions and, 60t, 63–65
energy, 672–675
enzymes in. See Drug-metabolizing enzymes
extrahepatic, 42
first-pass, 9, 9f
of flow-limited drugs, 51
in geriatric animals, 34–37, 36t
hepatic, 9, 9f
in liver disease, 49t, 51–53
of oral drugs, 9
pathologic factors in, 35b
in pediatric animals, 36t, 38–40
pharmacogenetics of, 73–75
pharmacologic factors in, 35b, 63–65. See also Drug 

interactions
phase I, 13–15, 13f–14f
phase II, 13, 13f–14f, 15
physiologic factors in, 35b
species differences in, 41
synthetic, 15

Metaflumizone, amitraz with, 857
Metalloproteinases, in inflammatory response, 1046t–1047t
Metamucil, 676t–684t
Metaproterenol, 754–755, 757t–758t

dosage for, 757t–758t
Metaraminol, 484t–491t
Metered dose inhalers, 755, 755f

drug administration by, 771
glucocorticoids in, 761–762

Metergoline, for estrus induction, 878
Metetomidine, preanesthetic, 889–890
Metformin

for diabetes mellitus, 796f, 813–815
dosage for, 784t–786t

Methacycline, 251–252
Methadone, 1022

dosage for, 1001t–1005t, 1013t
pharmacokinetic data for, 1014t–1016t

Methanamine mandelate, 199t–201t
Methazolamide, 630–631
Methemoglobinemia, 47

drug-induced, 102, 102t, 103f
Methenamine, 262

for feline lower urinary tract disease, 664
structure of, 246f

Methicillin, dosage for, 199t–201t
Methicillin-resistant staphylococci, 128–129, 213–214

antimicrobial susceptibility of, 279, 280t
in pyoderma, 291–292

Methimazole
dosage for, 784t–786t
for hyperthyroidism, 784t–786t, 792–794
thyroid effects of, 100t–101t, 101

Methionine, for feline lower urinary tract disease,  
664

Methocarbamol
as muscle relaxant, 901
for seizures, 941t–943t

Methohexital
for anesthesia induction, 890
for pediatric animals, 41

Methotrexate, 1176, 1220t–1221t
for cancer, 1227
for inflammatory bowel disease, 1187
ocular toxicity of, 95t
for rheumatoid arthritis, 1186
for systemic lupus erythematosus, 1186
therapeutic monitoring of, 114t–115t

Methoxamine, 484t–491t
Methoxyflurane

hepatotoxicity of, 89
nephrotoxicity of, 90

Methscopolamine
dosage for, 676t–684t
for vomiting, 691–692

Methylcellulose, 676t–684t, 709
Methylphenidate, for behavior modification, 921
Methylprednisolone, 1131t–1132t, 1136

adrenocortical effects of, 99–101
adverse effects of, 1144
dosage for, 784t–786t, 1132t–1135t, 1161t
drug interactions with, 57t–59t
for feline eosinophilic granuloma complex, 

1185–1186
for feline respiratory infections, 419
for gingivitis, 1141
for neurologic injuries, 1140
for seizures, 941t–943t
for shock, 545, 1106
structure of, 1107f, 1129f
for thoracolumbar disk extrusion, 982
for vomiting, 691

Methylprednisolone acetate, 1132t–1135t
Methylprednisolone sodium succinate, 1132t–1135t
4-Methylpyrazole, for seizures, 941t–943t
Methylsulfonylmethane, 1103
Methyltestosterone, structure of, 578f
Methylxanthine derivatives

for cardiovascular disorders, 525
toxicity of, 525

Methylxanthines. See also specific drug
adverse effects of, 759
as bronchodilators, 755–759, 757t–758t
disposition of, 756–759
drug interactions with, 759
pharmacologic effects of, 755–756, 755f

Metoclopramide
for acute renal failure, 642t
adrenocortical effects of, 100t–101t
with aspirin, 595
for bowel preparation, 709
for chemotherapy-induced vomiting, 724, 1217
dosage for, 676t–684t
drug interactions with, 57t–59t
for gastroesophageal reflux, 721
for inflammatory bowel disease, 732
in liver disease, 734
neurotoxicity of, 93t
postoperative ileus and, 724
as prokinetic, 702–703, 703f
structure of, 690f
for vomiting, 689, 691–692

in renal failure, 647t–648t, 650–651
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Metoprolol, 513–516
dosage for, 484t–491t
structure of, 507f, 514

Metritis, postpartum, 880–881
Metronidazole, 245–247

adverse effects of, 246–247
for bacterial overgrowth, 726
for C. difficile infections, 346
chemical characteristics of, 198t
for dental disease, 330–331
dosage for, 676t–684t
drug interactions with, 57t–59t
for giardiasis, 40–41, 443, 727
for H. pylori infection, 733
for hemobartonellosis, 356
for hepatic encephalopathy, 733–734
for inflammatory bowel disease, 732
for intraabdominal infections, 336
neurotoxicity of, 92–94, 93t
for pediatric animals, 40–41
pharmacokinetics of, 190t–194t, 246
preparations of, 247
for protozoal infections, 435t–436t
for pyothorax, 330
resistance to, 246
serum concentration of, 197t
spectrum of activity of, 195t, 246
structure of, 246f
for tetanus, 347
for trichomoniasis, 447

Metronomic chemotherapy, 1215
Metyrapone

dosage for, 784t–786t
for hyperadrenocorticism, in cats, 784t–786t, 834

Metzincins, in inflammatory response, 1046t–1047t
Mexiletine, 510–511

dosage for, 484t–491t
structure of, 507f

Mibefradil, 491–492
Mibolerone, 578, 874
Micafungin, 386
Miconazole, 380–386. See also Azole derivatives

for dermatophytoses, 855
dosing regimens for, 371t–374t
for Malassezia dermatitis, 390–391
for otitis media, 283–284
spectrum of activity of, 380–381
therapeutic use of, 385

Microaerophilic bacteria, 129–131, 130b–131b
Microflora

age-related changes in, 35
anaerobic, 342
antimicrobial resistance in, 163–164
beneficial effects of, 712–713
commensal, 132–134
in culture and sensitivity testing, 139
detrimental effects of, 713
gastric, 332
gastrointestinal, 332

age-related changes in, 35
antimicrobial resistance in, 163–164
prophylactic suppression of, 163–164, 181

genitourinary, 312–313
host interactions with, 711–712
normal, 132–134, 135t–137t, 711, 712t

in cats, 711
in dogs, 711, 712t

opportunistic, 132–134
pathogenic, 132–134, 135t–137t
probiotics and, 710–716. See also Probiotics
pyoderma and, 289–290

Microglia, 933
Microsomal drug-metabolizing enzymes, 13–14
Micturition

disorders of, 657–663
bladder hypercontractility and, 658t–659t, 

659–660
bladder hypocontractility and, 657–659, 

658t–659t
drugs for, 658t–659t
urethral hypertonicity and, 658t–659t, 662–663
urethral hypotonicity and, 658t–659t, 660–662
urinary retention in, 657
urine leakage in, 657

physiology of, 657

Midazolam
for pediatric animals, 41
preanesthetic, 888

Midgestation protocol, for termination of pregnancy, 
881

Milbemycin, 452–458, 453t
as antiparasitic, 857
cost of, 452
disadvantages of, 452
dosage for, 484t–491t, 555t
with febantel, 459
for generalized demodicosis, 868
for heartworm disease

in adulticide therapy, 556
in cats, 558
for prophylaxis, 554–555

mechanism of action of, 452
for skin disease, 858t, 862–863
toxicity of, 452, 557–558

environmental, 452
neurologic, 93t

Milbemycin-lufenuron, 464
Milbolerone, structure of, 578f
Milk, drug diffusion into, 42
Milk of magnesia, 709
Milk thistle, 718–719, 735–736

dosage for, 676t–684t
Milrinone

dosage for, 484t–491t
for heart failure, 525–526

in dilated cardiomyopathy, 535
Mineral oil, 708–709

dosage for, 676t–684t
Mineralocorticoid(s), 1128, 1128t. See also Aldosterone; 

Glucocorticoid(s)
cardiovascular effects of, 1126–1127
in fluid and electrolyte balance, 1124–1125
as glucocorticoid antagonist, 1124
for hypoadrenocorticism, 784t–786t, 820–821,  

1143
mechanism of action of, molecular basis of, 

1121–1123, 1122f
neurologic effects of, 1127
physiologic effects of, 1124–1128
potency of, 1128, 1128t

Mineralocorticoid receptors, 1120–1123
Minimum bacterial concentration (MBC), 157
Minimum inhibitory concentration (MIC), 142–147

of antifungals, 368, 369t
for antimicrobials, 146t–147t, 147–148
area under the curve and, 160
breakpoint, 144–145, 146t–147t, 148–154
in broth dilution method, 143–145
of concentration- vs. time-dependent drugs, 158–161, 

159f
in disk diffusion method, 142–143
in dosing regimen design, 155
in E test, 145–147
efficacy and, plasma concentration and, 158–161, 

159f, 168
mutant prevention concentration and, 164–165, 

165f, 238
pharmacodynamic indices and, 152t, 158,  

160–161
population pharmacodynamic/pharmacokinetic data 

from, 147–156, 149f–151f, 152t, 153f
resistance, 148–154
susceptibility, 148–154
target concentration and, 177
topical administration and, 171

Minocycline, 251–252
adverse effects of, 253
for brucellosis, 349–350
dosage for, 199t–201t
for ehrlichiosis, 355
ocular toxicity of, 95t
pharmacokinetics of, 190t–194t, 252–253
tooth discoloration due to, 90–92

MIP3-alpha, 1201
Mirtazapine, 675, 909f

for behavior modification, 922
dosage for, 676t–684t, 906t–908t
structure of, 909f

Mismating, inappropriate hormonal therapy for, 883t, 
884

Misoprostol
for acute renal failure, 642t
as cytoprotectant, 697, 722
dosage for, 676t–684t
for gastritis, 697

in renal failure, 647t–648t, 651
for gastrointestinal ulceration, NSAID-induced, 1068, 

1068f
for peptic ulcers, 697
as prokinetic, 704
for termination of pregnancy, 881

Mitotane
for adrenal tumor, 828–829
adrenocortical effects of, 100t–101t
dosage for, 784t–786t
for hyperadrenocorticism

in cats, 784t–786t, 834
in dogs, 784t–786t, 825–829, 825f–826f, 

828f–829f
thyroid effects of, 100t–101t

Mitoxantrone, 1220t–1221t, 1227
Mitral valve insufficiency, 529–532

treatment of, 530–532
pimobendan for, 526–527

Mivacurium, 896–897
dosage for, 896t

Mixed agonists/antagonists, 3–4
Molecular iodine, 428
Monensin, for toxoplasmosis, 441
Monoamine oxidase (MAO) inhibitors, 905f, 918. See 

also specific drug
Monoamines, 937
Monobactams. See also Beta-lactam antibiotics and 

specific drugs
serum concentration of, 197t

Monoclonal antibodies, 1179
for cancer, 1232
for septic shock, 341

Monocyte colony-stimulating factor, 1202–1204
Monocytes, in inflammatory response, 1048–1050
Montelukast, 762–763, 1088

dosage for, 757t–758t
for inflammatory bowel disease, 731

Moricizine, for arrhythmias, 518–519
Morphine, 1012–1018

administration of
epidural, 1017
oral, 1013–1017
rectal, 1017

adverse effects of, 1017
for critical ill patient, 1036
disposition of, 1013–1017
dosage for, 757t–758t, 1001t–1005t, 1013t
drug interactions with, 1017
gastrointestinal motility and, 704
for heart failure, 531–532
lipid solubility of, 6f
pharmacokinetic data for, 1014t–1016t
preanesthetic, 889t
structure of, 1006f
therapeutic use for, 1017–1018

Morphine mania, 1009
Motilin, 702
Motility modifiers, for diarrhea, 725
Motion sickness, 689–690

maropitant for, 650–651
Motor behaviors, stereotypic, 924–925
Mouth. See under Oral
Moxalactam, bone penetration by, 303, 303t
Moxidectin, 457

dosage for, 484t–491t, 555t
for heartworm disease

in adulticide therapy, 556
in cats, 558
for prophylaxis, 554–555

with imidacloprid, 464
imidacloprid with, 856
toxicity of, 93t, 454–455

Moxifloxacin, 231–232, 234
structure of, 232f

Mucociliary apparatus, in respiratory defense, 747,  
747f

Mucokinetics, 767–768
aerosolization of, 772b
for feline respiratory infections, 418–419
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Mucolytics
for bacterial rhinitis/sinusitis, 327
for feline respiratory infections, 418–419

Mucormycosis, 386
Mucus, viscoelastic changes in, 747
Multidrug resistance, 163. See also Antimicrobial 

resistance
Multiple-animal households, abnormal behaviors in, 

925
Mupirocin, 261, 854
Muramyl dipeptide, 1178
Muscarinic receptors, in gastrointestinal motility, 701
Muscle disorders. See Myopathy
Muscle relaxants, 894. See also specific drug or class of drug

centrally acting, 901
monitoring with, 897–900
newer, 895–897, 896t
skeletal, 900–901
for tetanus, 347
for urethral hypertonicity, 658t–659t, 663

Musculoskeletal infections, 301–306
Musculoskeletal toxicity, of fluoroquinolones, 242–243, 

306
Mutant prevention concentration (MPC), 164–165, 

165f, 238
Mutant selection window, 164
Mutations. See also Genetic polymorphisms

in antimicrobial resistance, 164–165, 165f
in cytochrome P450 enzymes, 44–47
MDR. See MDR genes, mutations in
in P-glycoprotein transporter, 44

Mutualistic organisms, 132–134
Myasthenia gravis

megaesophagus in, 720
mycophenolate mofetil for, 1175

Mycobacterial immunostimulants, 1178
Mycobacterial infections, 352–354

atypical, 352–354, 353f
dapsone for, 301
leprosy, 353
melioidosis, 354
tuberculosis, 352–353
tularemia, 354

Mycobacterium vaccae, 1178
Mycophenolate mofetil, 1174–1175

with cyclosporine, 1175
for megaesophagus, 720
for myasthenia gravis, 1175
for renal graft rejection, 1175

Mycophenolic acid, 410–411
structure of, 1162f

Mycoplasmal pneumonia, 328
Mycoplasmal tracheobronchitis, 327
Myelodysplasia, drug-induced, 102–104
Myelosuppression

drug-induced, 102
by anticancer agents, 1214, 1216–1217
by azathioprine, 1176
by chlorambucil, 1176, 1222
by chloramphenicol, 255
by cyclophosphamide, 1176, 1219
by mechlorethamine, 1222
by melphalan, 1221–1222
by nitrosurea, 1222

granulocyte colony-stimulating factor for, 1202–1204
granulocyte/macrophage colony-stimulating factor 

for, 1202–1204
Myocardial cells

action potential of, 469–474, 471f
automaticity and, 473
conduction velocity and, 473
impulse conduction in, 505–506, 505f
ion flow in, 469–470, 470–473, 470f
nondepolarizing, 469–473
pacemaker, 469–470, 473
refractory periods and, 473–474

Myocardial contractility, 474–475
adrenergic receptors and, 475
positive inotropes and, 519–529

Myocardial failure. See also Heart failure
compensatory mechanisms in, 478f, 480–481
digoxin-induced, 521
in dilated cardiomyopathy, 532–538. See also 

Cardiomyopathy
Myocardial infarction, identification of, 313–315

Myocardial membrane potential, 469–474, 471f
action, 469–474, 471f
resting, 470–472

Myocardial oxygen demand, 475–476
Myocardial remodeling, in heart failure, 480–481

negative sequelae of, 481–482
Myocardial wall tension, 475–476
Myopathy

glucocorticoid-induced, 1144
inflammatory, 1185, 1187
statin-related, 503

niacin and, 551
steroid, 1127

Myxedema coma, 787–788

N
Nadolol, 484t–491t, 513
Nafcillin, bone penetration by, 303t
Naftifine, 388
Nalbuphine, 1025–1026

dosage for, 1001t–1005t
preanesthetic, 889t

Nalidixic acid, 232f, 244
for urinary tract infections, 315t

Nalmefene
dosage for, 906t–908t, 1001t–1005t
for self-mutilating disorders, 924–925

Nalorphine, 1026
dosage for, 1001t–1005t

Naloxone, 547t, 548, 1025–1026
for behavior modification, 920–921
dosage for, 906t–908t, 1001t–1005t
preanesthetic, 889t
for psychogenic alopecia, 866

NALT (nasal-associated lymphoid tissue), 1155
Naltrexone, 1026

for acral lick dermatitis, 867
for behavior modification, 862, 920–921
dosage for, 906t–908t, 1001t–1005t
for self-mutilating disorders, 924–925

Nandrolone, 580
dosage for, 676t–684t
structure of, 578f

Nandrolone decanoate, 577, 577t
dosage for, 570t

Nandrolone phenylproprionate, 570t
Naproxen, 1075

ocular toxicity of, 95t
pharmacokinetic data for, 1060t–1061t
structure of, 1050f

Narcolepsy, 927
Narcotics. See Opioid(s)
Nasal decongestants, for feline respiratory infections, 

418–419
Nasal mucosal tolerance, 1155
Nasal-associated lymphoid tissue (NALT), 1155
Natamycin, 368, 380

dosing regimen for, 371t–374t
Natriuretic diuretics, 626–627
Natural killer cells, 1150–1151
Nausea, 332. See also Vomiting

chemotherapy-induced, 1217
postoperative, 724
in renal failure, 650–651

Near drowning, 778
Nebulizers, drug administration by, 770–771
Necrosis, 83–84

chemotherapy-induced, 1217–1218
Necrotizing fasciitis, 175
Neomycin, 222

dosage for, 199t–201t
for hepatic encephalopathy, 733–734
for otitis externa, 282t
skin lesions due to, 98, 98t
structure of, 223f

Neonatal period, 37. See also Pediatric animals
drug disposition in, 42

Neonates. See also Pediatric animals
pain control in, 1034–1035

Neorickettsia helmithoeca, 356
Neosporosis, 435t–436t, 448
Neostigmine

for avermectin-induced neurotoxicity, 93
dosage for, 676t–684t, 900t
for neuromuscular blockade reversal, 900

Nephropathy, analgesic, NSAID-induced, 1069–1071
Nephrotic syndrome, diuretics for, 636
Nephrotoxicity, 89–90, 90b

of ACE inhibitors, 496–499, 498f
of aminoglycosides, 90, 174–175, 227–229, 227f, 

228b, 231
of amphotericin B, 370–374, 374f, 377–378

drug interactions and, 378
minimization of, 378–380

of antiviral agents, 405
of arsenicals, 90
of carprofen, 1077–1078
of cyclosporine, 1167
drugs causing, 90, 90b
of furosemide, 634–635
of methoxyflurane, 90
of NSAIDs, 90, 641, 1069
of polymyxins, 261

Nervous system
age-related changes in, 35
drug movement into, 274–275
drug-induced injury of, 92–94. See also Neurotoxicity
enteric, 700–705, 700f

Netilmicin, 222
ototoxicity of, 96
spectrum of activity of, 224–225

Neuroendocrine compensation, in heart failure, 477, 
478f, 480–481

Neurohormones, 934
Neurokinin receptor antagonists, 766

for chemotherapy-induced vomiting, 1217
Neuroleptics. See Antipsychotic drugs
Neuromediators, 934
Neuromodulators, 934
Neuromuscular blocking agents, 894–900. See also 

specific drugs
depolarizing, 895–896, 896t
monitoring of, 897–900, 898f
nondepolarizing, 896–897, 896t

drug interactions with, 897, 897t
pharmacology of, 894–895
reversal of, 900, 900t

Neuromuscular junction, anatomy and physiology of, 
894, 895f

Neurons
action potential of, 938
activation of, physiology of, 933–934, 935f
anatomy of, 933

Neuropathic pain, 994–995. See also Pain
in animals, 1034
pathophysiology of, 996–997
preemptive control of, 997–998

Neuropeptide Y, 672–673
Neuropeptides, inflammatory, 752
Neuroprotection, associated with brain injury, 979
Neurotoxicity, 92–94, 93t

of aminoglycosides, 93t, 94
of amitraz, 93, 93t
of cyclosporine, 1167
of fluoroquinolones, 243
of glucocorticoids, 1127, 1140
in heart disease, 53
of ivermectin, 73, 454–455
of lidocaine, 93t, 510
of loperamide, 73
of metronidazole, 93, 93t, 246–247
of phosphate enemas, 93–94

Neurotransmitters, 934–938, 936f
in abnormal behavior, 903–904, 905f
in seizure therapy, 936t. See also specific 

neurotransmitter
Neutropenia. See also Myelosuppression

drug-induced, 102–104
granulocyte colony-stimulating factor for, 

1202–1204
granulocyte/macrophage colony-stimulating factor 

for, 1202–1204
granulopoietin for, 577
immune-mediated, 1173
nitrosurea-induced, 1222

Neutrophil(s)
in inflammatory response, 1048–1050
NSAIDs effects on, 1057

Neutrophil-activating protein, in inflammatory 
response, 1046t–1047t
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Niacin
dose for, 1161t
for hyperlipidemia, 551

Nicotinamide, dosage for, 484t–491t
Nicotine, 1034
Nicotinic acid, dosage for, 484t–491t
Nicotinic receptors, at neuromuscular junction, 894, 

895f
Nifedipine

adverse effects of, 493
dosage for, 484t–491t
as vasodilator, 492–493

Nimesulide, 1083
pharmacokinetic data for, 1060t–1061t

Nitenpyram, as antiparasitic, 856
Nitrates, organic, 503–504
Nitric oxide

in coagulation, 582–583
physiologic effects of, 479–480
in shock, 543–544
in vasodilation, 476, 477f, 479–480

Nitrofurans, 262
Nitrofurantoin, 262

neurotoxicity of, 93t, 94
pharmacokinetics of, 190t–194t
for protozoal infections, 444
structure of, 246f
susceptibility to, 196t
for urinary tract infections, 315t, 316–318

in prophylaxis, 319–320
Nitrofutimox, for Chagas disease, 444
Nitrogen mustards, 1219–1223
Nitroglycerin, 503

for dilated cardiomyopathy, 535
dosage for, 484t–491t
structure of, 492f

Nitroprusside, 503
dosage for, 484t–491t
for hypertension, 538–539
for pulmonary edema, 531–532
for resuscitation, 547t
structure of, 492f

Nitrosoureas, 1220t–1221t, 1222
Nitrous oxide, 892
Nizatidine, 693–694

dosage for, 676t–684t
as prokinetic, 704

NK-1 receptor antagonists, for chemotherapy-induced 
vomiting, 1217

NKκB, 1158
N-methyl-D-aspartate (NMDA) agonists, 1028–1030. 

See also specific drug
N-methyl-D-aspartate (NMDA) receptors, in 

transmission of pain, 997
No observed (adverse) effect level (NOAEL), 82–83
Nocardiosis, 351–352
Nociceptin, 999–1000

administration of, 1008
Nociception, 995
Nociceptive pain, 994–996. See also Pain
Noise phobias, in dogs, 925–926
Noncompartmental analysis, 29, 29f, 29b
Nonsteroidal anti-inflammatory drugs (NSAIDs), 

1050–1072. See also specific drug
ACE inhibitors and, 499
adverse reactions to, 1063

cardiovascular, 1071–1072
gastrointestinal, 1063–1069, 1065t–1066t, 1068f
pulmonary, 1072
renal, 1069–1071, 1070f, 1071t
thyroid, 1072

chemistry of, 1050, 1050f–1051f
conventional, 1072–1076
COX-1:COX-2 ratios for, 1057, 1058t
COX-1-sparing, 1076–1083

for use in humans, 1083
for critical ill patient, 1036
cyclooxygenase and, 1055–1057, 1055t–1056t
for diarrhea, 707
dosage for, 1055t–1056t
dose-dependent toxicity of, 1064–1067, 1065t–1066t
drug interactions with, 1062–1063
dual-acting, 1086
enzymes targeted by, 1050
gastrointestinal toxicity of, 92

Nonsteroidal anti-inflammatory drugs (Continued)
hematologic disorders due to, 102t, 102–104
for hyperthermia, 542
mechanism of action of, 1048f–1049f, 1050–1057
miscellaneous, 1084–1091
nephrotoxicity of, 90, 641
neurotoxicity of, 92–93, 93t
ocular toxicity of, 95t
for osteoarthritis, 1093–1094
ototoxicity of, 96t, 97
overdose of, 722
pharmacokinetics of, 1059, 1060t–1061t
pharmacologic effects of, 1059–1062
for postoperative pain, 1036
prophylactic, for colon cancer, 1054–1055
for pruritus, 867
for respiratory disease, 764
for septic shock, 341, 1105
for shock, 545, 1103–1108
for thoracolumbar disk extrusion, 983

Norepinephrine, 904
in CNS cells, 937
dosage for, 484t–491t
as procoagulant, 583
in seizure therapy, 936t

Norfloxacin, 231
for pyoderma, 290

Nortriptyline, dosage for, 906t–908t
Noscapine

as antitussive, 766
dosage for, 757t–758t

Nose, fungal infections of, 772
Nosocomial infections

pathogens in, 132–134
probiotics for, 715

Notrimidazoles, for protozoal infections, 444
Novobiocin, 199t–201t, 261
NSAIDs. See Nonsteroidal anti-inflammatory drugs 

(NSAIDs)
Nutrition. See also Diet

in acute renal failure, 644–645
Nutritional supplements

adverse reactions to, 105–106, 106t
antimicrobial effects of, 174
for behavior modification, 921–922
for chronic renal failure, 649–650
for dilated cardiomyopathy, 535
drug interactions with, 54, 55t, 59, 65–66
for feline hepatic lipidosis, 733
for liver disease, 717–719
for osteoarthritis, 1098–1102
prebiotics, 686, 710–711
probiotics, 710, 713–716
for urinary tract infections, 320
veterinary, 1096–1098

quality of, 1097–1098
regulatory considerations in, 1096–1097
safety and efficacy of, 1098

Nutritional support, for osteoarthritis, 1101
Nystatin, 368, 380

for dermatophytoses, 855
for otitis externa, 282t

O
Obesity

insulin resistance due to, 812
treatment of, 684–686

Obligate aerobes, 129–131
Obsessive compulsive disorders, 924–925
Obstructive shock, 615

treatment of, 606
Occupational Safety and Health Administration 

(OSHA), chemotherapy guidelines of, 1218
Ocular disease

drug therapy for, 983–986
relevant anatomy and physiology in, 983–984

Ocular infections
causative organisms in, 135t–137t, 275–276, 276t
feline, 415, 417–418
treatment of, 275–278

Ocular tissues, drugs targeting, 984–986
anesthetics, 984–985
anti-infective, 986
anti-inflammatory and immunomodulatory, 985–986
antiprotease, 986

Ocular tissues, drugs targeting (Continued)
autonomic nervous system, 985
lubricants, 986
prostaglandins, 985
protectants, 986

Ocular toxicity, 94–97, 95t
of azoles, 384–385
of fluoroquinolones, 243
of sulfonamides, 250

Ofloxacin, 231–232
adverse effects of, 242–243
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t

Ointments
antipruritic, 864
eye, 984
as vehicles for topical drugs, 850–851

Older animals. See Geriatric animals
Oliguria, 616
Olive oil, 709
Olmesartan, 502–503
Olsalazine

for diarrhea, 707
dosage for, 676t–684t
for inflammatory bowel disease, 731–732

Olstamavir, for viral enteritis, 725–726
Omega-3 fatty acids

as appetite stimulants, 686
for glomerulonephritis, 655
in renal failure, 647t–648t, 648
for skin disease, 860–862, 861f, 861t

Omega-6 fatty acids, for skin disease, 860–862, 861f, 
861t

Omeprazole
adverse effects of, 696
as antisecretory drug, 695–697, 722
dosage for, 676t–684t
drug interactions with, 696
for gastrointestinal ulceration, NSAID-induced, 

1067–1068
mechanism of action of, 695–696
for nausea and vomiting, in renal failure, 650–651
pharmacokinetics of, 696
structure of, 690f

Ondansetron
dosage for, 676t–684t
structure of, 690f
for vomiting, 689, 691

chemotherapy-induced, 1217
in renal failure, 650–651

Ophthalmic disorders. See under Eye; Ocular
Opiates, 1005–1012, 1006f. See also Opioid(s)

definition of, 1005
Opioid(s)

addiction to, 1011
adrenocortical effects of, 100t–101t
adverse effects of, 1009–1012
agonist

for behavior modification, 920–921
mild to moderate, 1022–1023
mixed, 1005–1006, 1023–1025
partial, 1005–1006
powerful, 1012–1022, 1013t–1016t

analgesic, 1026–1027
antagonist

for behavior modification, 920–921
mixed, 1023–1025
for stereotypic behaviors, 924–925

as antitussives, 766
cardiovascular effects of, 1011–1012
central nervous system depression and, 93t
central nervous system depression with, 1009–1011, 

1037
constipation due to, 706
for cranial trauma, 1037
in critically ill patients, 1036–1038
for diarrhea, 706
dosage for, 1013t–1016t
drug interactions with, 1012
endogenous, 999–1000, 1000f
epidural administration of, 1013t, 1038
gastrointestinal effects of, 1011–1012
in geriatric animal, 1035
immunomodulatory effects of, 1159
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Opioid(s) (Continued)
indications for, 1026–1027
mechanism of action of, 1005–1006
neonatal effects of, 1012
overdose of, naloxone reversal for, 547t, 548
in pediatric animal, 1035
for pediatric animals, 41
pharmacodynamics of, 1006–1008, 1007t
pharmacokinetics of, 1008–1009, 1014t–1016t
physical dependence on, 1011
postoperative, 1035–1036
postoperative ileus due to, 724–725
preanesthetic, 888–889, 889t
in pregnant animal, 1034–1035
rotation of, 1027
for surgical pain, 1035–1036
tolerance to, 1011
transdermal preparations of, 1008–1009
ureteral effects of, 1012
uterine effects of, 1012

Opioid antagonists, 1025–1026
Opioid receptors, 1005–1006

intestinal, 706
pharmacodynamic effects of, 1007, 1007t

Opiopeptins, 999–1000, 1000f
Opium, dosage for, 676t–684t
Opportunistic organisms, 132–134
OPPPD, adrenocortical effects of, 100t–101t
Oral administration, 31

absorption and, 8–9, 9f
compounding and, 108
distribution and, 13
dose extrapolation and, 48
drug interactions in, 59
esophageal motility and, 688–692
first-pass metabolism and, 9

Oral antiseptics, 431
Oral dryness, drug-induced, 91t, 92
Oral infections, bacterial, 330–333

causative organisms in, 135t–137t
Oral mucosal tolerance, 1155
Oral toxicity, of calcium channel blockers, 493
Oral ulcers

drug-induced, 90, 91t, 92
glucocorticoids for, 1141
in renal failure, 650–651

Orbifloxacin, 231–232, 234
chemical characteristics of, 198t
ocular toxicity of, 95t
for otitis externa, 282t
pharmacokinetics of, 190t–194t, 235t, 238–242
for pyoderma, 293–294, 293t
structure of, 232f
for urinary tract infections, 317t–318t

Organic nitrates, 503–504
Organisms, definition of, 131
Organophosphates, as antiparasitics, 856
Orgotein (superoxide dismutase), 1102

in inflammatory response, 1046t–1047t
Orlistat, 685
Ormetoprim, 437–438

mechanism of action of, 248–249, 437–438
with sulfonamides, 247–251. See also Sulfonamides

Orthopedic prostheses, osteomyelitis and, 305
Oseltamivir, 402t, 409

for canine parvoviral enteritis, 411
dosing regimens for, 403t
structure of, 404f

OSHA regulations, for chemotherapy, 1218
Osmolality

effective, 599–600
measurement of, 599
plasma, 599–600

Osmotic cathartics, 709
Osmotic diuretics, 629–630. See also Diuretics
Osteoarthritis, 1091–1094

cartilage in, 1091–1093, 1092f–1093f
definition of, 1091
glucocorticoids for, 1139–1140
pathophysiology of, 1091
treatment of, 1093–1094

chondroprotectants in, 1094–1102
Osteomalacia, phenobarbital-induced, 954
Osteomyelitis, 301–305

causative organisms in, 135t–137t

Osteoporosis
glucocorticoid-induced, 1127, 1143–1146
heparin-induced, 590

Osteosarcoma
interferons for, 1197
interleukin-2 for, 1198

Otic infections, 278–286
Otitis externa, 278

causative organisms in, 135t–137t
ceruminous, 285
ear mites and, 285
glucocorticoids for, 1139
Malassezia, 285, 385, 390–391
microbial targets in, 279, 280t
pathophysiology of, 278
seborrheic, 285
treatment of, 279–286, 282t

for acute disease, 284
for chronic disease, 284

Otitis interna, 286–299
vomiting in, 689–690

Otitis media, 279f, 285–286
pseudomonal, 284–285
swimmer’s ear and, 285

Otodectes, 285
Ototoxicity

of amikacin, 96
of aminoglycosides, 96, 174–175, 222, 229
of antimicrobials, 96–97, 96t
of chlorhexidine, 281
of furosemide, 634–635
of topical agents

for otitis externa, 281
for otitis media, 284

Ovarian activity, androgen suppression of, 880
Ovarian cysts, follicular and luteal, 879
Ovulation

failure of
in cats, 879
in dogs, 878–879

induction of, 878–879
Ovulation timing, 874
Oxacillin

dosage for, 199t–201t
pharmacokinetics of, 190t–194t

Oxalate calculi, 638
probiotics for, 715

Oxandrolone, 577t
Oxazepam

as anxiolytic, 918–920
as appetite stimulant, 675
dosage for, 676t–684t, 906t–908t
pharmacokinetics of, 944t–945t
structure of, 946f

Oxazolidinones, 260–261
Oxfendazole, teratogenicity of, 458
Oxibendazole, hepatotoxicity of, 89
Oxidation, 14, 14f
Oxidation-reduction potential, in anaerobic infections, 343
Oxidized cellulose, 583, 583f
Oxpentoxifylline, for inflammatory bowel disease, 731
Oxtriphylline, dosage for, 757t–758t
Oxybutynin

for bladder hypercontractility, 658t–659t, 659
for feline lower urinary tract disease, 664

Oxycarbazepine, pharmacokinetics of, 944t–945t
Oxycodone, 1022–1023
Oxygen free radicals, in shock, 543, 545
Oxygen radicals. See also Lipid peroxidation

glucocorticoids as scavengers of, 1106
in inflammatory response, 1046t–1047t

Oxygen therapy
hyperbaric, for osteomyelitis, 305
for smoke inhalation, 778

Oxygen-carrying solutions, 580–582, 610, 612
drug interactions with, 57t–59t

Oxyglobin, 580–582, 610
drug interactions with, 57t–59t

Oxymetholone, 577t
dosage for, 570t

Oxymorphone, 1018
dosage for, 1001t–1005t, 1013t
for gastric dilation-volvulus, 723
pharmacokinetic data for, 1014t–1016t
structure of, 1006f

Oxytetracycline
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 252

Oxytocin, 872
drug interactions with, 57t–59t
for dystocia, 881–882

P
P2X receptor channels, in transmission of pain, 996
Pacemaker cells, 469–470, 473

automaticity and, 473
conduction velocity and, 473

Paclitaxel, 1220t–1221t, 1224
Pain

acute, 994–995
chronic, 994–995
classification of, 994–995
control of, 998–1000. See also specific drug and class of drug

agonists in
mild to moderate, 1014t–1016t, 1022–1023
powerful, 1012–1022, 1013t–1016t
analgesics in, 1026–1027
in animals, 1034–1038
anticonvulsants in, 1030–1031, 1030f
behavior-modifying drugs in, 1030–1031
in cancer patients, 1034
in critically ill patients, 1036–1038
endogenous and exogenous, 999–1000, 1000f, 

1001t–1005t
in geriatric patients, 1034
levels of consciousness and, 999
local anesthetics in, 1031–1034, 1031f
miscellaneous drugs in, 1034
mixed agonists/antagonists in, 1023–1025
narcotic antagonists in, 1025–1026
opiates in, 1005–1012, 1006f, 1007t
other centrally acting drugs in, 1027–1030
pharmacologic, 998
in pregnant, neonate, and pediatric patients, 

1034–1035
in surgical patients, 1035–1036

heightened sensitivity to, 997
IASP definition of, 994
increased perception of, prostaglandins causing, 1052
neuropathic, 994–995

pathophysiology of, 996–997
preemptive control of, 997–998

nociceptive, 994–995
physiologic, 994–995
response to, 998–999, 999b
transmission of, 995–998, 995f

Pain pathways, 995, 995f
Palmar-plantar erythrodysesthesia, chemotherapy-

induced, 1218
Pamidronate

dosage for, 784t–786t
for hypercalcemia, 784t–786t, 801
ocular toxicity of, 95t

Pancreas
diseases of, 801–818. See also specific disease
physiology of, 801–802

Pancreatic disorders, 736–737
drug-related, 736

Pancreatic enzymes, 710, 737–738
dosage for, 676t–684t

Pancreatic insufficiency, 710, 737–738
Pancreatin, 710
Pancreatitis

acute, 736–737
fluid therapy for, 619
heparin for, 587t

cholangitis and, 735–736
chronic, 737
glucocorticoid-induced, 1144, 1146

Pancuronium, 896
dosage for, 896t

Pancytopenia
drug-induced, 102–104
parvovirus-related, erythropoietin for, 576

Panleukopenia, feline, 413–414, 416t–417t
Pantoprazole, 695–697
Pantothenic acid, dosage for, 676t–684t
Papillomavirus infection, canine, 413
Paracoccidioidomyosis, 393
Parainfluenza virus, canine, 413
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Paralytics, for head trauma, 980
Paramycin, 368

for cryptosporidiosis, 447
for protozoal infections, 435t–436t

Paraoxetine, dosage for, 906t–908t
Parasympatholytic agents, 985

for diarrhea, 705
Parasympathomimetic drugs, 985
Parathyroid glands

in calcium homeostasis, 795–796, 796f
diseases of, 795–801. See also specific disease

Parathyroid hormone
in calcium balance, 795, 796f
calcium metabolism and, 652–653

Paregoric, 676t–684t
Parenteral administration, 31–32
Paroxetine, for feline lower urinary tract disease, 665
Partial agonists, 3–4
Partition coefficients, 5, 6f
Parvoviral enteritis, canine, 411–413, 619, 725–726, 

1196–1197
erythropoietin for, 576
recombinant feline interferon-omega for, 1196–1197

Passive diffusion, 5–8, 5b
Pasteurella multocida, antimicrobial susceptibility of, 

317t–318t
Pathogen(s), 132–134, 135t–137t

infection site and, 132–134, 135t–137t
Pathogen-associated molecular patterns, 711–712
Peak concentration, 4

in therapeutic drug monitoring, 114t–115t, 116–119
Pectin, 708
Pediatric animals

age range of, 37
classification of, 37
drug disposition in, 36t, 37–39
fluid therapy for, 40
pain control in, 1034–1035

Pegaspargase, 1230–1231
Pemoline, for behavior modification, 921
Pemphigus, 1185
Pemphigus foliaceus, 1185

cyclosporine for, 1173
Penciclovir, 402t, 407

for feline respiratory infections, 402t, 415–419
D-Penicillamine

for cysteine urolithiasis, 637
dosage for, 676t–684t

Penicillin(s), 198–202. See also Beta-lactam antibiotics 
and specific drugs

for actinomycosis, 352
for anaerobic infections, 344
bronchial concentration of, 322
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 56, 57t–59t

aminoglycosides, 230
international units of, 198–202
for leptospirosis, 350
for nocardiosis, 352
pharmacokinetics of, 216
for pyothorax, 330
resistance to, 211–214
serum concentration of, 197t
spectrum of activity of, 195t, 205, 206t–209t
structure of, 203f
for tetanus, 347
thyroid effects of, 100t–101t
for urinary tract infections, 315t, 316

Penicillin G
dosage for, 199t–201t
drug interactions with, 57t–59t
for leptospirosis, 350
pharmacokinetics of, 190t–194t
for urinary tract infections, 315t

Penicillin V, dosage for, 199t–201t
Penicillinase, 211, 212t
Penicillin-binding proteins, 202–205, 204f

in antimicrobial resistance, 213–214
Pennyroyal oil, as antiparasitic, 857
Pentamidine

for babesiosis, 448
for leishmaniasis, 446
for protozoal infections, 435t–436t, 445
for trypanosomiasis, 446–447

Pentatrichomoniasis, 727
Pentazocine, 1025

dosage for, 1001t–1005t
Pentobarbital, 956

for acute brain injury, 979–980
cytochrome P450 induction and, 64
drug interactions with, 57t–59t
for seizures, 941t–943t
structure of, 940f

Pentosan polysulfate
dosage for, 1055t–1056t
for feline lower urinary tract disease, 665–666
for osteoarthritis, 1095–1096

Pentoxifylline, 1088–1089
for dermatomyositis, 1185
for dilated cardiomyopathy, 535
dose for, 1161t
for inflammatory bowel disease, 731
structure of, 1087f

Peptic ulcers, 721–723
antacids for, 698–699
antisecretory drugs for, 693–695

H2-receptor antagonists, 693–694
prostaglandin analogs, 697
proton pump inhibitors, 695–697

in chronic liver disease, 735
cytoprotectants for, 697–699
glucocorticoid-induced, 1127, 1144, 1146
H. pylori and, 722–723
mucosal defenses against, 693, 694f
NSAID-induced, 722
stress, 722
sucralfate for, 699, 699f

Peptostreptococci, antimicrobial susceptibility of, 345t
Percutaneous administration, in pediatric animals, 38
Perianal fistula, 869

cyclosporine for, 1170, 1172
ketoconazole for, 1172

Pericardial effusion, 499
Periodontal disease, 330–331. See also Gingival 

hyperplasia; Gingivitis
probiotics for, 713

Peripheral nerve stimulation, in neuromuscular 
blockade monitoring, 897, 898f

Peripheral neuropathy, drug-induced, 93t, 94
Peristalsis, 701, 701f
Peritoneal dialysis, 336, 656–657
Peritoneal irrigation, 336
Peritonitis, 334–336

feline infectious, 414–415, 416t–417t, 1196
interleukin-12 for, 1199
promodulin for, 1181–1182

Peroxygen compounds, 429
Perphenazine, for vomiting, 690–691
Petrolatum, 676t–684t
PF1022A, 460
P-glycoprotein transporter, 5

blood-brain barrier and, 73
breed differences in, 44
in distribution, 73
drug interactions and, 61, 63
in herding breeds, 44

neurotoxicity and, 93
polymorphisms in, 44, 45t

in absorption, 72
adverse drug reactions and, 84
in distribution, 73
in excretion, 75

species differences in, 44
substrates, inducers, and inhibitors for, 45t

PH
acid-base balance and, 601
antimicrobial efficacy and, 168
of intravenous solutions, 55–56
measurement of, 606
urine, drugs affecting, 65, 65b, 637–638

PH partition theory, 5, 6f, 7b
Phagocytes

antimicrobial accumulation in, 170
antimicrobial effects on, 170, 174

Pharmacodynamic indices, 152t, 158, 160–161
Pharmacodynamics

agonist, 3–4
antagonist, 3–4
dose-response relationship and, 1–4, 2f

Pharmacodynamics (Continued)
drug interactions and, 65–66
drug-receptor interactions and, 1–4, 2f–3f
genetic factors in, 75–76
population data for, 147, 147–156, 149f–151f, 152t, 

153f
for antimicrobials, 189–194, 270–271

Pharmacogenetics, 71–78
of absorption, 71–73
adverse drug reactions and, 84
in clinical practice, 71, 76
of distribution, 73
drug-receptor interactions and, 75–76
of excretion, 75
future directions for, 76
hypersensitivity reactions and, 76
of metabolism, 73–75
overview of, 71

Pharmacokinetics, 25–30. See also Disposition, drug
alternative, 29–30
compartmental analysis in, 25–28, 26b

area under the curve and, 26b, 27
clearance and, 26b, 28
compartments in, 25
half-life in, 27
limitations of, 29
mathematical description in, 25–27
parameters for, 26b
rate constants in, 27
volume of distribution in, 26b, 27–28, 28f

definition of, 25
drug interactions and, 60–61
equations in

for compartmental analysis, 26b
for constant-rate infusion, 24b
for half-life, 20b

genetic factors in. See Pharmacogenetics
noncompartmental analysis in, 29, 29f, 29b
population, 29–30
population data for, 147, 147–156, 149f–151f, 152t, 153f

for antimicrobials, 189–194, 190t–194t, 270–271
sources of, 189–194, 270–271

Phenamidine
for babesiosis, 448
for protozoal infections, 435t–436t

Phenicols, 253–255. See also Chloramphenicol; 
Florfenicol

Phenobarbital, 950–955
acute toxicosis due to, 955
bone marrow dyscrasias due to, 954
disposition of, 950–951
dosage for, 676t–684t, 906t–908t
dose modification with, 951, 952f–953f
drug interactions with, 951–954
hematologic toxicity of, 102, 102t
hepatotoxicity of, 954–955
hypertriglyceridemia due to, 955
mechanism of action of, 950
neurotoxicity of, 93t
osteomalacia due to, 954
pharmacokinetics of, 944t–945t
preparations of, 951
for seizures, 941t–943t, 951
side effects of, 954–955
structure of, 940f
for tetanus, 347
therapeutic monitoring of, 114t–115t, 119b, 125, 

126b, 948t
thyroid effects of, 99, 100t–101t, 954
for vomiting, 691

Phenols, 429
Phenothiazines

antimicrobial effects of, 174
for hyperthermia, 542
neurotoxicity of, 93t
pharmacologic effects of, 905–909
for seizures, 976
side effects of, 909
skin lesions due to, 98, 98t
for tetanus, 347
for vomiting, 690–691

Phenoxybenzamine
dosage for, 484t–491t
for feline lower urinary tract disease, 664–665
for urethral hypertonicity, 658t–659t, 662



1325INDEX

Phentolamine, dosage for, 484t–491t
Phenylbutazone, 1075–1076

dosage for, 1055t–1056t
myelosuppression due to, 102
pharmacokinetic data for, 1060t–1061t
structure of, 1050f
thyroid effects of, 100t–101t

Phenylephrine
drug interactions with, 57t–59t
ocular toxicity of, 95t

Phenylethylmalonic acid (PEMA), 955–956
pharmacokinetics of, 944t–945t

Phenylpropanolamine
for heart failure, 529
for retrograde ejaculation, 883
for urethral hypotonicity, 658t–659t, 661–662

Phenytoin, 968–970
for arrhythmias, 511
blood concentrations and, 969
disposition of, 968–969
dosage for, 484t–491t
drug interactions with, 969
hepatotoxicity of, 969–970
pharmacokinetics of, 944t–945t
pharmacologic activity of, 968
for seizures, 941t–943t, 969
side effects of, 970
skin lesions due to, 98, 98t
structure of, 940f
therapeutic monitoring of, 114t–115t
thyroid effects of, 99, 100t–101t

Pheromones
for behavior modification, 921
for feline lower urinary tract disease, 665
for noise phobias, 926

Phlebitis, chemotherapy-induced, 1217–1218
Phobias, noise, 925–926
Phosphate. See also Phosphorus

for diabetic ketoacidosis, 816
dosage for, 784t–786t
for hypophosphatemia, 613

Phosphate enemas
dosage for, 676t–684t
neurotoxicity of, 93–94

Phosphodiesterase inhibitors, 503–504, 525–527
for cardiovascular disorders, 525–527
ocular toxicity of, 95t
structure of, 492f

Phosphomethoxyethyladenine (PMEA)
for feline immunodeficiency virus infection, 420–422
for feline leukemia, 419–420

Phosphorus. See also Phosphate
dietary

in hyperparathyroidism, 653
in renal failure, 648

for hypophosphatemia, 613
Phosphorus balance, 606
Phosphorus binders

in hyperparathyroidism, 653
for renal failure, 647t–648t, 649–650

Photoallergy, 98–99
Photosensitization, 98–99, 99b

drug-induced, 94, 99b
Phycocyanin, 1102
Phycomycosis, 394
Physical dependence, on opioids, 1011
Physiologic pain, 994–995. See also Pain
Physiologic saline solution, 609–610

for hyponatremia, 612
Physostigmine

for avermectin neurotoxicity, 93, 455
for seizures, 941t–943t

Phytonadione
dosage for, 676t–684t
drug interactions with, 57t–59t

Picrotoxin
for avermectin-induced neurotoxicity, 93
for seizures, 941t–943t

Pilocarpine, 985
for seizures, 941t–943t

Pimaricin, 368
Pimobendan, 524–525

as calcium sensitizer, 525–527
dosage for, 484t–491t
as inodilator, 527–529

Pimobendan (Continued)
as positive inotrope, 525–527
for pulmonary hypertension, 540
structure of, 520f
toxicity of, 527

Pimozide, dosage for, 906t–908t
Pinocytosis, 5
Piperacillin

dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
susceptibility to, 210t

Piperacillin/tazobactam
antimicrobial susceptibility of, 317t–318t
for urinary tract infections, 317t–318t

Piperazines, for helminthic infections, 453t, 460–461
Piramicin, 380
Pirbuterol, dosage for, 757t–758t
Piroxicam, 1076

for cancer, 1231
dosage for, 1055t–1056t
intravesicular, 667
for lower urinary tract disease, 667
ocular toxicity of, 95t
pharmacokinetic data for, 1060t–1061t
structure of, 1050f

Pituitary gland, disorders of, 835–839. See also specific 
disorder

Pituitary macroadenoma, 824
Placenta, drug disposition and, 41–43, 73
Plantago seed, 676t–684t, 709
Plasma clearance. See Clearance, drug
Plasma drug concentration. See Drug concentration, 

plasma
Plasma osmolality, 599–600
Plasma-derived mediators, in inflammatory response, 

1048
Platelet activation, 580, 582
Platelet adherence, 582, 582f
Platelet aggregation, 569, 580, 582
Platelet receptors, 594
Platelet-activating factor

in inflammatory response, 1046t–1047t
in respiratory tract inflammation, 748f, 752

Platelets, regulation of, 594
Platinum agents, 1220t–1221t, 1229–1230. See also 

specific drugs
Pleural disease, 778
Pleural fluid, drug concentration in, 197t
PMEA

for feline immunodeficiency virus infection, 420–422
for feline leukemia, 419–420

PMEDAP, for feline respiratory infections, 415–417
PMMA beads, antimicrobial-impregnated, 304, 304
Pneumonia

aspiration, 778
megaesophagus and, 331

bacterial, 328
mycoplasmal, 328

Pneumonitis, in heartworm disease, 504–505
Poisoning, 82. See also Toxicology

ethylene glycol
metabolic acidosis in, 607
sodium bicarbonate for, 614–615

rodenticide, vitamin K for, 584, 593
salmon, 356, 726

Polyarthritis, feline chronic progressive, 1186
Polyclonal antibodies, 1179
Polycythemia, erythropoietin-induced, 574–575
Polydipsia

in diabetes insipidus, 838
glucocorticoid-induced, 1145
phenobarbital-induced, 954
psychogenic, 604

Polyelectrolyte sorbents, for acute renal failure, 643
Polyene macrolide antibiotics, 368–380. See also 

Amphotericin B
Polyethylene glycol

for bowel preparation, 709
dosage for, 676t–684t

Polyhydroxine complex, for otitis externa, 281
Polymethyl methacrylate beads, antimicrobial-

impregnated, 304, 304
Polymorphic neutrophils, drug concentration in, 197t
Polymorphisms. See Genetic polymorphisms

Polymyositis, 1187
Polymyxin(s), 261. See also specific drugs

for digestive decontamination, 545
nephrotoxicity of, 174–175, 261
for otitis externa, 282t
for shock prophylaxis, 545

Polymyxin B
for otitis media, 283–284
for septic shock, 341

Polymyxin-colistin, for bacterial rhinitis/sinusitis, 327
Polyphagia, phenobarbital-induced, 954
Polysulfated glycosaminoglycans

for osteoarthritis, 1094–1095
for urinary tract infections, 320

Polyunsaturated fatty acids, 860
Polyuria, 616

in diabetes insipidus, 838
glucocorticoid-induced, 1145
phenobarbital-induced, 954

POMC (pro-opiomelanocortin), 672–673
Ponazuril, for protozoal infections, 435t–436t, 444
Porins, in antimicrobial resistance, 165–166
Porphyromonas spp., antimicrobial susceptibility of, 345t
Portosystemic shunts

drug disposition and, 51, 52f
neurologic abnormalities and, 736

Posaconazole, 380–386. See also Azole derivatives
for otitis externa, 282t
pharmacokinetics of, 382t, 383
preparations of, 383
spectrum of activity of, 380–381
therapeutic use of, 386

Positive inotropes, 519–529, 520f. See also specific drugs
beta-adrenergic agonists, 527–529
bipyridines, 525
calcium sensitizers, 524–525
cardiac glycosides, 519–524
coenzyme Q, 529
methylxanthine derivatives, 525
phenylpropanolamine, 529
phosphodiesterase inhibitors, 525–527
for renal failure, 635–636
for shock, 544–545

Postantibiotic effect, 158, 159t
Postantibiotic exposure, 158, 159t
Postantibiotic leukocyte enhancement effect, 158
Postantibiotic sub-MIC effect, 158
Postantifungal effect, 374–375
Postmarket surveillance, 84–85
Postoperative disorders. See Surgery
Postpartum metritis, 880–881
Potassium

for acute renal failure, 644
in fluid balance, 600–601
in fluid therapy, 609–610
for hypokalemia, 612–613, 613t

in diabetic ketoacidosis, 619–620
diarrhea-induced, 619
in renal failure, 649–650
vomiting-induced, 618–619

Potassium balance, 604–605
disturbances of, 604–605. See also Hyperkalemia; 

Hypokalemia
regulation of, 600–601

Potassium bromide. See also Bromide
pharmacokinetics of, 944t–945t
for seizures, 941t–943t
therapeutic monitoring of, 114t–115t

Potassium chloride
drug interactions with, 57t–59t
for hypochloremia, 612
for renal failure, 649–650

Potassium citrate
for calcium oxalate urolithiasis, 638
for metabolic acidosis, in renal failure, 647t–648t
for renal failure, 649

Potassium gluconate, dosage for, 784t–786t
Potassium iodide, dosage for, 371t–374t, 484t–491t, 

784t–786t
Potassium ion channels, in cardiovascular system, 

470f–471f, 471–472, 472t
Potassium permanganate, for seizures, 941t–943t
Potassium sodium tartrate, 709
Potassium-sparing diuretics, 632
Potency, 3, 3f
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Povidone-iodine, 428–429
dosing regimen for, 371t–374t
for hand hygiene, 431
for hepatic encephalopathy, 733–734
for oral hygiene, 431
for otitis externa, 281
ototoxicity of, 281
for peritonitis, 336
for wounds, 300, 431

Pradofloxacin, 231–232, 241
for anaerobic infections, 346
for bacterial rhinitis/sinusitis, 326
for dental disease, 330–331
for feline infectious anemia, 349
for hemobartonellosis, 349
lipid solubility of, 6f
pharmacokinetics of, 235t, 238–242
for pyoderma, 298
resistance to, 238
spectrum of activity of, 195t
structure of, 232f
for urinary tract infections, 319

Pralidoxime chloride, drug interactions with, 57t–59t
Pravastatin, 550–551
Praziquantel, 453t, 461

with emodepside, 463
with pyrantel, 463
with pyrantel-febantel, 463
with pyrantel-ivermectin, 464

Prazosin, 503
dosage for, 484t–491t
for feline lower urinary tract disease, 664–665
for hypertension, in renal failure, 647t–648t
for urethral hypertonicity, 658t–659t, 662

Preanesthetic medications, 887–890
Prebiotics, 710–711, 715

efficacy of, 686–687
Prednisolone, 1131t–1132t, 1136

adrenocortical effects of, 99–101
for asthma, 774–775
for atopy, 1139
in chemotherapy, 1142-1143
for chronic hepatitis, 734–735
for corneal ulcers, 1143
dosage for, 757t–758t, 784t–786t, 1132t–1135t, 1161t
for feline eosinophilic granuloma complex, 720
for feline lower urinary tract disease, 664
for gastrointestinal disorders, 676t–684t
for hypercalcemia, 620
for hypoadrenocorticism, 784t–786t, 819, 821
for immune-mediated hemolytic anemia, 1183–1184
for immune-mediated polyarthritis, 1186–1187
for inflammatory bowel disease, 731, 1140
for juvenile cellulitis, 299
for meningoencephalitis, 1140
for neurologic injuries, 1140
ocular toxicity of, 95t
for otitis externa, 1139
for otitis media, 283–284
for pemphigus, 1185
for pruritus, 865
for renal transplantation, 657
structure of, 1129f

Prednisolone acetate, 1132t–1135t
Prednisolone sodium phosphate, 1132t–1135t
Prednisolone sodium succinate, 1132t–1135t
Prednisone, 1131t–1132t, 1136

adrenocortical effects of, 99–101
for cancer, 1231–1232
dosage for, 784t–786t, 1132t–1135t, 1161t
for feline eosinophilic granuloma complex, 720
for feline lower urinary tract disease, 664
for gastrointestinal disorders, 676t–684t
for gingivitis, 1141
for hemolytic anemia, 1143
for hyperadrenocorticism, in dogs, 827
for hypercalcemia, 784t–786t, 800–801
for hypoadrenocorticism, 827
for immune-mediated hemolytic anemia, 1183–1184
for immune-mediated thrombocytopenia, 577
for inflammatory bowel disease, 732
for megaesophagus, 720
ocular toxicity of, 95t
for pruritus, 865
skin lesions due to, 98, 98t

Prednisone (Continued)
structure of, 1129f
for thrombocytopenia, 1143

Pregabalin, 1030–1031
dosage for, 1001t–1005t
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 966–967
structure of, 940f, 1030f

Pregnancy
drug disposition in, 41–43
glucocorticoids in, 1146
pain control in, 1034–1035
teratogens and, 83
termination of, 881

inappropriate hormonal therapy for, 883t, 884
Pregnane nucleus, structure of, 1129f
Pregnant mare serum gonadotropin, 873. See also 

Equine chorionic gonadotropin
Preload, 474

in heart failure, 481
Premature labor, diagnosis and treatment of, 879–880
Pressor drugs. See also Diuretics

diuretic effects of, 635–636
for renal failure, 635–636
for shock, 544–545

Prevotella spp., antimicrobial susceptibility of, 345t
Primaquine, for babesiosis, 448
Primary hyperaldosteronism, diuretics for, 628t
Primidone, 955–956

drug interactions with, 956
pharmacokinetics of, 944t–945t
for seizures, 941t–943t
side effects of, 956
structure of, 940f
therapeutic monitoring of, 114t–115t

Prion diseases, 399
Probenecid, renal excretion and, 15–16
Probiotics

for acute pancreatitis, 737
for diarrhea, 728–729

antibiotic-induced, 713
infectious, 713
nosocomial, 713–716, 714t

efficacy of, 737, 686–687, 716
for gingival disease, 713
for hyperlipidemia, 713
for inflammatory bowel disease, 713–715, 732
for irritable bowel syndrome, 715–716, 728
for liver disease, 713, 736
for renal calculi, 320
safety and quality of, 687, 716
for short bowel syndrome, 727–728
in synbiotics, 710–711
therapeutic use of, 713–716
for urinary tract infections, 320, 715

Procainamide, 506, 508–509
adverse effects of, 509
for arrhythmias, 506, 508–509

digoxin-induced, 524
ventricular, 541–542

dosage for, 484t–491t
drug interactions with, 57t–59t, 509
metabolism of, 47
for resuscitation, 547t
structure of, 507f
therapeutic monitoring of, 114t–115t

Procaine penicillin
for leptospirosis, 350
structure of, 1031f

Procarbazine, 1220t–1221t
for cancer, 1230

Prochlorperazine
antimicrobial effects of, 174
dosage for, 676t–684t
for vomiting, 690–691

in chemotherapy, 1217
Progestagens

for benign prostatic hypertrophy, 882–883
synthetic, 874

Progesterone, 873–874
in energy metabolism, 691
serum concentration of

in ovulatory failure, 878
in premature labor, 879–880

synthetic, 874

Progesterone-receptor blockers, commercial availability 
of, 875

Progestins
for behavior modification, 920
for inappropriate elimination, 928

Progestogens, insulin resistance due to, 812
Prokinetics, 702

cholinergics, 702
metoclopramide, 702–703
for postoperative ileus, 724–725
for vomiting, 691–692

Prolactin, 873
suppression of, in estrus induction, 878

Proligestone, dosage for, 784t–786t
Promethazine

dosage for, 676t–684t
structure of, 690f

Promodulin, 1181–1182
dose for, 1161t

Pro-opiomelanocortin (POMC), 672–673
Propafenone, 511
Propantheline

for bladder hypercontractility, 658t–659t, 659–660
dosage for, 484t–491t, 676t–684t
for feline lower urinary tract disease, 664
for vomiting, 691–692

Propionibacterium acnes, 403t, 413
for feline infectious peritonitis, 1196
for feline leukemia, 420
as immunostimulant, 1178
for pyoderma, 863

Propofol
for anesthesia, 891–892
as appetite stimulant, 686
drug interactions with, 57t–59t
redistribution of, 12–13
for seizures, 941t–943t

Propoxyphene, 1022–1023
Propranolol, 513

for arrhythmias, atrial fibrillation, 541
dosage for, 484t–491t, 784t–786t
drug interactions with, 57t–59t
for hypertension, 538

in renal failure, 647t–648t, 652
for hyperthyroid cardiomyopathy, 795
for hypertrophic cardiomyopathy, 529, 536–537
metabolism of, 14f
structure of, 507f
thyroid effects of, 99–101, 100t–101t, 513

Propylene glycol, ototoxicity of, 96
Propylthiouracil

dosage for, 484t–491t
thyroid effects of, 99–101, 100t–101t

Prostacyclin
in coagulation, 582–583
for pulmonary hypertension, 540

Prostaglandin(s), 1050–1057
adrenocortical effects of, 100t–101t
in cardiovascular system, 1053–1054, 1054f
formation of, 1050–1052
in gastrointestinal tract, 1052–1053, 1053f
for glaucoma, 985
immunomodulatory effects of, 1180
increased pain perception and, 1052
in inflammatory response, 1052
in lungs, 1054
in renal blood flow, 1054, 1055f
in reproductive tract, 1054
in respiratory tract inflammation, 748f, 752
thyroid effects of, 100t–101t

Prostaglandin analogs, for peptic ulcers, 697
Prostaglandin E

in gastrointestinal motility, 702
in inflammatory response, 1052

Prostaglandin F2, adrenocortical effects of, 100t–101t
Prostaglandin F2α, 874–875

commercial availability of, 875
for estrus induction, 878
for pyometra and postpartum metritis, 880–881
for retrograde ejaculation, 883
for termination of pregnancy, 881

Prostatic hypertrophy, benign, 882–883
inappropriate hormonal therapy for, 883t, 884

Prostatitis, 306, 321, 321f. See also Urinary tract 
infections
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Prosthetic devices, osteomyelitis and, 305
Protamine

dosage for, 484t–491t, 570t
for heparin overdose, 584, 590

Protamine zinc insulin (PZI), 804
for diabetes mellitus, 784t–786t, 805

Protease inhibitors
for acute pancreatitis, 737
for feline immunodeficiency virus infection,  

421
Protectants, for ocular disease, 986
Protein(s). See also specific protein

dietary
in glomerulonephritis, 655–656
in renal failure, 645–649

metabolism of, glucocorticoids in, 1124
stress, in inflammatory response, 1046t–1047t
surfactant-associated, 747–748

Protein binding
binding sensitivity and, 51
distribution and, 10, 10f
drug interactions and, 61–63, 63b
in geriatric animals, 37
in liver disease, 51–53
in pediatric animals, 39
plasma concentration and, 10, 10f
in renal disease, 50, 50b
species differences in, 43

Protein C
activated, recombinant human, 1108
for septic shock, 340–341

Proteinuria
ACE inhibitor–induced, 499
ACE inhibitors for, 501–504
fluid therapy for, 617–618
in glomerular disease, 654

Proteolytic enzymes, in cartilage degeneration, 1092
Proteus spp., antimicrobial susceptibility of, 317t–318t
Prothrombin time

in anticoagulation, 587–588, 593
international normalized ratio and, 593

Proton pump inhibitors, 695–697
adverse effects of, 696
clinical use of, 697
drug interactions with, 696
efficacy of, 697
for gastrointestinal ulceration, NSAID-induced, 

1067–1068
Protothecosis, 435t–436t, 448–449
Protozoal infections, 434

babesiosis, 448
Chagas disease, 446–447
coccidiosis, 434–439
cryptosporidiosis, 447
cytauxzoonosis, 447–448
giardiasis, 441–443
hepatozoonosis, 448
intestinal, 727
leishmaniasis, 445–446
neosporosis, 448
protothecosis, 448–449
toxoplasmosis, 439–441
treatment of, 435t–436t, 443–449
trichomoniasis, 447
trypanosomiasis, 446–447

Protriptyline, dosage for, 906t–908t
Prucalopride, 704

dosage for, 676t–684t
Pruritus

atopic, glucocorticoids for, 1139
cholestatic, 735
chronic, 864

drug therapy for, 864–867
pathophysiology of, 864

opioid-induced, 1038
Pseudocholinesterase, polymorphisms in, 73
Pseudocyesis, treatment of, 880
Pseudoephedrine

dosage for, 757t–758t
for retrograde ejaculation, 883
for urethral hypotonicity, 658t–659t, 661

Pseudohyperkalemia, 605
Pseudohyponatremia, 603
Pseudomembranous colitis, clindamycin-induced,  

256

Pseudomonas aeruginosa
antimicrobial resistance of, to fluoroquinolones, 

236–238
antimicrobial susceptibility of, 196t, 279, 280t, 

317t–318t
Pseudomonas spp., antimicrobial susceptibility of, 

317t–318t
Psychogenic polydipsia, 604
Psychogenic vomiting, 686–687
Psyllium, 709

dosage for, 676t–684t
Ptyalism, anticholinergic-induced, 660
Pulmonary diseases, 776–777

immune-mediated, 777
vascular, 777–778

Pulmonary edema, 777–778
cardiogenic, nitroprusside for, 531–532
in dilated cardiomyopathy, 531–532
diuretics for, 628t, 635
drug-induced, 104
in hypertrophic cardiomyopathy, 536
in restrictive cardiomyopathy, 537

Pulmonary embolism. See also Thromboembolism
in cats, 558
glucocorticoid-induced, 1146
in heartworm disease, 552, 553–554, 556–557, 592

in cats, 558
prevention of, 592

Pulmonary hypertension, 539–540, 777
Pulmonary infiltrates with eosinophils, 777
Pulmonary intravascular macrophages, in respiratory 

defense, 747
Pulmonary vasoconstriction, digoxin-induced, 521
Pulseless electrical activity, 548
Puppies. See Pediatric animals
Puppy strangles, 299
Pure red cell aplasia, 574, 576
Purgatives, 709

irritant (contact), 709
saline, 709

Purine nucleosides, 402t, 406–408
structure of, 404f

Purpura
thrombocytopenic, vincristine for, 577
thrombotic thrombocytopenic, drug-induced, 

102–104
Pus, 1045
Pyelonephritis, 306, 308, 320–321. See also Urinary tract 

infections
Pyoderma, 286–299

cellulitis and, 286
microbial flora and, 289–290
pathophysiology of, 286–289
treatment of

adjuvant, 299
algorithm for, 286f–287f
antimicrobial resistance in, 291–292
antimicrobial selection for, 292–294
clinical trials for, 297–298
dosage for, 296–297
drug distribution in, 290–291
drug selection for, 290
duration of, 297
topical, 298–299

Pyometra, 322, 880–881
Pyothorax, 328–330
Pyrantel, 453t, 459–460

with ivermectin, 463–464
with praziquantel, 463
with praziquantel-febantel, 463

Pyrethins, 855
Pyrethroids, 856
Pyridostigmine

dosage for, 676t–684t, 900t
for megaesophagus, 720
for neuromuscular blockade reversal, 900

Pyrimethamine
for hepatozoonosis, 448
for protozoal infections, 435t–436t
with sulfonamides, 248
for toxoplasmosis, 441, 443

Pyrimidine nucleosides, 402t, 405–406
structure of, 404f

Pythiosis, 394

Q
Quaternary ammonium compounds, 429–430
Quinacrine, 435t–436t

for coccidioidomycosis, 727
for coccidiosis, 439
for giardiasis, 443, 727

Quinidine, 507–508
for arrhythmias, 506–508

atrial fibrillation, 540–541
ventricular, 540–541

digoxin and, 522
dosage for, 484t–491t
for protozoal infections, 444–445
skin lesions due to, 98, 98t
structure of, 507f

Quinine, for protozoal infections, 444–445
Quinipril, 499. See also ACE inhibitors
Quinolones. See also specific drugs

for pediatric animals, 40–41
for protozoal infections, 444–445

R
Rabeprazole, 695–696
Racing dogs

anabolic steroids for, 580
erythropoietin for, 576

Racoon roundworm, 456
Radiation therapy, for acromegaly, 837
Radiofrequency ablation, for hyperthyroidism,  

795
Ramipril/ramiprilat, 480, 499, 527. See also ACE 

inhibitors
pharmacokinetics of, 497

Ranitidine
for acute renal failure, 642t
dosage for, 676t–684t
for gastrointestinal ulceration, NSAID-induced, 1068, 

1068f
as gastroprotectant, 693–694, 697
for nausea and vomiting, in renal failure, 647t–648t, 

650–651
as prokinetic, 704
thyroid effects of, 100t–101t

Rapidly adapting receptors (RARs), in respiratory 
system, 746–747

Rate constants
in compartmental analysis, 27
disappearance, 27

RBPI21, for viral enteritis, 726
Reabsorption, fetal, 879–880
Reactive oxygen species (ROS), 752–753. See also Lipid 

peroxidation: Oxygen radicals
Receptor tyrosine kinase inhibitors, 1220t–1221t

for cancer, 1230
Receptor-ligand interactions. See Drug-receptor 

interactions
Recombinant amino terminal fragment of bactericidal 

permeability-increasing protein (rBPI21), for viral 
enteritis, 725–726

Recombinant cytokines, 1194
Recombinant DNase, for bacterial rhinitis/sinusitis, 

327
Recombinant erythropoietin. See Erythropoietin, 

recombinant
Recombinant human activated protein C, 1108
Recombinant human Factor VIIa, 585
Recombinant insulins, 804
Recombinant interferons. See Interferon(s)
Rectal administration

of anesthetics, 38, 41
of fluids, 611
in pediatric animals, 38, 41

Red blood cells
drug interactions with, 47, 57t–59t
formation of, 568, 569f

drugs affecting, 568–569, 570t
vitamin B12 in, 569–571

species differences in, 47
Red cell aplasia, 574, 576
Red cell transfusions, intraoperative, 620–621
Redistribution, drug, 12–13, 13f
Reduction, 14, 14f
Reflex

sneeze, 747
vomiting, 686–688, 686f–687f
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Reflux esophagitis. See Gastroesophageal reflux disease
Refractory periods, myocardial, 473–474
Regional enteritis, 729. See also Inflammatory bowel 

disease
Regressin-V, 1178
Relative adrenal insufficiency, 616
Renal amyloidosis, 654–656
Renal blood flow

in excretion, 15–16
in heart disease, 53, 480
nephrotoxicity and, 90
in pediatric animals, 39
prostaglandins in, 1054, 1055f
in renal disease, 50

Renal calculi. See Urolithiasis
Renal disease

anemia of, 575
erythropoietin for, 575, 579

dialysis for, 656–657
drug disposition in, 49t, 50–51, 50b
drug-induced, 89–90. See also Nephrotoxicity
fluid therapy for, 616–617
hypertension in, 538

ACE inhibitors for, 500–501
progressive, ACE inhibitors for, 500–501
proteinuria in

ACE inhibitors for, 501–504
fluid therapy for, 617–618

transplantation for, 657
Renal embolism, in infective endocarditis, 334
Renal excretion, 7f, 15–16, 17f. See also Clearance, drug; 

Disposition, drug
drug interactions and, 60t, 65, 65b
in geriatric animals, 34–37, 36t
in pediatric animals, 36t, 40, 42
pharmacologic factors in. See Drug interactions
rate of, 13
in renal disease, 50–51, 50b
serum creatinine and, 50–51
species differences in, 47

Renal failure
ACE inhibitor–induced, 497, 498f
ACE inhibitors for, 500–501
acute, 640–645

cellular protectants for, 645–654
complications of, 644–645
diet in, 644–645
diuretics for, 641–643
drugs used in, 642t
extrarenal complications in, 644–645
fluid therapy for, 641, 644
hyperkalemia in, 644
management principles for, 641
metabolic acidosis in, 644
NSAID nephrotoxicity in, 641
pathophysiology of, 640–641

anuric, 616–617
chronic, 645–654

anemia in, 653–654
anorexia in, 647t–648t, 650–651
dialysis for, 656–657
diet in, 645–650. See also Diet, in chronic renal 

failure
drugs for, 647t–648t
erythropoietin for, 575
hyperparathyroidism in, 647t–648t, 652–653
hyperphosphatemia in, 647t–648t
hypertension in, 647t–648t, 651–652
metabolic acidosis in, 647t–648t
monitoring in, 645, 646f
nutritional supplements for, 649–650
pathophysiology of, 645
transplantation for, 657
vomiting in, 647t–648t, 650–651

diuretics for, 628t
glucocorticoids and, 1146
with heart failure, fluid therapy for, 618
metabolic acidosis and, 606–607
oliguric, 616–617
polyuric, 616
pressor drugs for, 635–636

Renal function, adverse effects on, NSAID-induced, 
1069–1071, 1070f, 1071t

Renal injury, drug-induced, 89–90. See also 
Nephrotoxicity

Renal osteodystrophy, 653
Renal system

in acid-base balance, 602
age-related changes in, 35
in fluid balance, 602
in heart failure, 478f, 480–481
in micturition, 657
in pediatric animals, 40
renin-angiotensin-aldosterone system and, 477–479, 

478f
Renal toxicity. See Nephrotoxicity
Renal transplantation, 657

immunosuppressants for, 657, 1160, 1170, 1173, 1175
Renin-angiotensin-aldosterone system

cardiovascular function and, 477–479, 478f
in heart failure, 477, 478f, 480–482
renal function and, 477–479, 478f

Replication, viral, 399–400, 401f
Reporting

of adverse drug events, 84–85, 104–105
of adverse reactions to supplements, 106

Repositol steroids, for asthma, 1139
Repositol tetracycline, for ehrlichiosis, 355
Reproduction, role of COX-1 and COX-2 in, 1054
Reproductive hormones, 871. See also specific hormone

commercial availability of, 875
evidence-based use of, 876–883, 876t–877t
misuses of, 883–884, 883t
physiologic principles of, 871–875
for urethral hypotonicity, 658t–659t, 660–661

Reproductive system
chemotherapy-induced changes in, 1218
glucocorticoid effects on, 1127–1128

Resiquimod, 1182
Resistance. See Antimicrobial resistance
Resorcinol, as antiseborrheic, 852
Respiratory acidosis, 602, 607

compensation in, 606t
Respiratory alkalosis, 602, 607

compensation in, 606t
Respiratory depression

cranial trauma associated with, 1037–1038
opioid-induced, 1010

Respiratory disorders. See also specific disorder
drug therapy for, 772–779
inflammatory

mediators of, 748f, 751–752
pathogenesis of, 750–751

Respiratory distress syndrome, acute, surfactant changes 
in, 750

Respiratory infections, 135t–137t, 322–330
treatment of, 322–323

Respiratory secretions, mobilization of, 327–328
drug concentration in, 197t, 322–323
in feline respiratory infections, 418–419

Respiratory system
in acid-base balance, 602
age-related changes in, 35, 36t
defense mechanisms of, 747, 747f–748f, 749t–750t
drugs affecting, 745
drugs modulating, 753–764

dosage for, 757t–758t
glucocorticoid effects on, 1127
normal physiology of, 745–747, 746f
specimen collection from, 140b–141b
toxicant injury of, 104

Resting membrane potential, 470–472
of neuronal cell, 938

Restrictive cardiomyopathy, 537
Resuscitation. See Cardiopulmonary cerebrovascular 

resuscitation; Fluid therapy
Retinoic acid, for hyperadrenocorticism, in dogs, 833
Retinoids, topical, 852–853, 852f
Retinopathy, 94, 95t

drug-induced, 94–97, 95t. See also Ocular toxicity
by fluoroquinolones, 243

Retrograde ejaculation, treatment of, 883
Retroviruses, 399. See also specific infections
Reversal drugs, 3–4
Reversible antagonists, 4
Rheumatoid arthritis, 1186–1187

gold compounds for, 1177
Rhinitis, 324–327, 1182–1183

causative organisms in, 135t–137t
viral, 324

Rhinosporidiosis, 393–394
Rhinovirus infections, 324, 402t

feline, 415–419, 416t–417t
Ribavirin, 402t, 407–408

dosing regimens for, 403t
Riboflavin, dosage for, 676t–684t
Ribosomal inhibitors. See Aminoglycosides; 

Tetracycline(s)
Rickettsial diseases, 354–356
Rifabutin, 245
Rifamide, 244
Rifampicin, for leprosy, 353
Rifampin, 244–245

adverse effects of, 245
antifungal effects of, 389
for aspergillosis, 393
chemical characteristics of, 198t
dosage for, 199t–201t
drug interactions with, 245
for leprosy, 353
for osteomyelitis, 304–305
pharmacokinetics of, 190t–194t, 245
for pyoderma, 294
serum concentration of, 197t
spectrum of activity of, 195t, 244–245
structure of, 221f
susceptibility to, 196t
for tuberculosis, 352–353

Rifamycins, 244–245
Rifapentine, 245
Rifaximin, 245
Rimantadine, 402t
Rimonabant, 685
Ringer’s solution, 609–610, 609b

electrolyte composition of, 610t
lactated, 609–610, 609b, 610t

for acid-base imbalances, 614–615
electrolyte composition of, 610t
for hyperchloremia, 612
for hyponatremia, 612

Rinidazole, for protozoal infections, 435t–436t
Rinses

chlorhexidine, 865
as vehicle for topical drugs, 850

Risperidone, dosage for, 906t–908t
Rituximab, for cancer, 1232
Rivalta’s test, 414
RNA viruses, 399–400, 400t, 401f, 410
Robenacoxib, 1083

pharmacokinetic data for, 1060t–1061t
Rochelle salt, 709
Rocky Mountain spotted fever, 355–356
Rocuronium, 897

dosage for, 896t
Rodenticide poisoning, vitamin K for, 584,  

593
Rofecoxib, 1083

pharmacokinetic data for, 1060t–1061t
structure of, 1051f

Rolitetracycline, 251–252
Romifidine, preanesthetic, 890
Ronidazole

for protozoal infections, 444
for trichomoniasis, 447

Ropivacaine
dosage for, 1001t–1005t
structure of, 1031f

Rosuvastatin, 503
Roundworms

combination therapy for, 453t, 463–464
febantel for, 459
febendazole for, 459
ivermectin for, 454–456
milbemycin for, 456–457
piperazine for, 452–458
pyrantel for, 460
selamectin for, 458
treatment of, 453t. See also Anthelmintics

Routes of administration, 30–31. See also specific 
routes

dose extrapolation and, 48
in heart disease, 53–54

Roxithromycin, 199t–201t
Rubber jaw, in renal osteodystrophy, 653
Rutin, for chylothorax, 778
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S
S1PR antagonists, 1175
Saccharomyces spp., as probiotics, 713–716, 714t. See 

also Probiotics
S-adenosyl methionine. See S-Adenosylmethionine
Safety assessment, toxicologic, 82–85
Safflower oil, for canine seborrhea, 867–868
St John’s wort, for behavior modification, 921–922
Salicylate, thyroid effects of, 100t–101t
Salicylic acid, 583, 583f. See also Aspirin

topical, as antiseborrheic, 852
Saline, 609–610, 609b

electrolyte composition of, 610t
as emetics, 688
for hyperchloremia, 612
hypertonic, aerosolized, 769
for hyponatremia, 612

Salmeterol, dosage for, 757t–758t
Salmon poisoning, 356, 726
Salmonella typhimurium, for viral enteritis, 726
Salt, as emetic, 688
SAMe, 717–718, 735
Sargramostim, 1202
Saturated fats, 550
Sceletium, for behavior modification, 921–922
Sclerosing cholangitis/cholangiohepatitis, 734–735
Scopolamine, dosage for, 676t–684t
Scrubs, surgical, 430–431
Seborrhea, canine, 867–868
Seborrheic otitis, 285
Secretory leukocyte proteinase inhibitor, 1156
Sedation, 1030

antihistamine-induced, 769
definition of, 999
for head trauma, 980
opioid-induced, 1009
for pediatric animals, 41

Seizures
acute management of, 973–974
chronic control of, 974–976

alternative therapies in, 975–976
combination therapy in, 974–975
discontinuing therapy in, 975

drug-induced, 92–93, 93t. See also Neurotoxicity
by fluoroquinolones, 243
by metronidazole, 247

due to phenothiazines, 909
initiation of, 938–939
opioid-induced, 1010
pathology of, 938–939
pathophysiology of, 933–939, 934f
treatment of

anticonvulsants in, 939–940, 939t, 940f, 950–973
drug interactions with, 947–948
pharmacokinetics of, 940–947, 941t–945t, 946f, 

947b
safety of, 947
therapeutic monitoring of, 948–950, 948t, 949b
drugs contraindicated in, 976–977, 976t
neurotransmitters in, 934–938, 936f, 936t

Selamectin, 452, 453t, 457–458
as antiparasitic, 856
dosage for, 484t–491t, 555t
for heartworm disease

in adulticide therapy, 556
in cats, 558
for prophylaxis, 554–555

toxicity of, 93t, 458
Selective digestive decontamination, for shock 

prophylaxis, 545, 727
Selective serotonin reuptake inhibitors, 906t–908t, 

915–917. See also specific drug
drug interactions with, 916
indications for, 917
pharmacology of, 916
side effects of, 916–917

Selegiline
dosage for, 784t–786t
for hyperadrenocorticism, in dogs, 784t–786t, 

830–831, 831f
for seizures, 975–976

Selenium
for acute pancreatitis, 737
dosage for, 676t–684t
hepatic effects of, 719

Selenium sulfide, as antiseborrheic, 852
Self-mutilating disorders, 924–925
Senna, dosage for, 676t–684t
Sepsis/septic shock, 336–342, 543

adrenocortical deficiency and, 1141–1142
definition of, 336
glucocorticoids for, 1106, 1141–1142
incidence of, 336, 338–339
mediators of, drugs impairing, 1105–1108
microbial targets in, 338
NSAIDs for, 1105
pathophysiology of, 336–338, 338f, 543–544, 1103–1104
refractory, 336
survival in, 336, 338–339
treatment of, 338–340, 544–545, 616

adjuvant, 340–342
anticoagulants for, 340–341
coagulopathy in, 337–338, 340–341
combination, 339–340
de-escalation in, 339–340
duration of, 340
fluid therapy in, 340–341
information sources for, 336
resistance in, 338–339, 339b
in severe disease, 337b
tissue factor pathway inhibitors in, 340–341

in viral enteritis, 725–726
Septic arthritis, 305–306
SEPTI-serum, for septic shock, 341
Serotonin, 903, 937

in gastrointestinal motility, 701–702
in inflammatory response, 1046t–1047t
in respiratory tract inflammation, 748f, 752
in seizure therapy, 936t
structure of, 909f

Serotonin receptor antagonists, for vomiting, 691
in chemotherapy, 1217

Serotonin syndrome, 914, 914t
Serratia marcescens extracts, 577

in bacterial vaccines, 1179
Sertraline

for acral lick dermatitis, 867
dosage for, 906t–908t

Serum sickness, 86–87
Sevoflurane, 893
Sex differences, in drug disposition, 42–43
Sex hormones, excess of, 834
Sexual behaviors, abnormal

in cats, 928
in dogs, 926

Shampoos
antibacterial, 865
antiparasitic, 855
coal tar

as antiseborrheic, 852
skin lesions due to, 98, 98t

colloidal, 864–865
hypoallergenic, 864–865
for Malassezia dermatitis, 390–391
for pruritus, 864
for pyoderma, 298
as vehicle for topical drugs, 850

Shape constant (K), 30
Shock, 542–548

anaphylactic, 543. See also Anaphylaxis
cardiogenic, 543

treatment of, 615–616
classification of, 543–545
compensatory mechanisms in, 544
distributive, 543

treatment of, 616
hemorrhagic, glucocorticoids for, 1106
hyperdynamic, 616
hypovolemic, 543

treatment of, 615
obstructive, treatment of, 615
pathophysiology of, 543–544
prophylactic digestive decontamination for, 545
septic. See Sepsis/septic shock
treatment of, modulators of inflammation in, 

1103–1108
Short bowel syndrome, 727–728
Shunts, portosystemic, 736–738

drug disposition and, 51, 52f
neurologic abnormalities and, 736

Side effects, 79, 80f. See also Adverse drug reactions
Siderophores, 161–162
Sildenafil

dosage for, 484t–491t
ocular toxicity of, 95t
for pulmonary edema, 503–504
for pulmonary hypertension, 539
structure of, 492f

Silent cirrhosis, 88
Silodosin, for urethral hypertonicity, 658t–659t, 

662–663
Silver nitrate sticks, 583, 583f
Silver sulfadiazine, 261–262

for otitis externa, 282–283, 282t
Silymarin (milk thistle), 718–719, 735–736

dosage for, 676t–684t
Simethicone, 710

dosage for, 676t–684t
Simvastatin, 550–551
Single-twitch method, of neuromuscular blockade 

monitoring, 898
Sinus bradycardia, 542
Sinus secretions, drug concentration in, 197t
Sinus tachycardia, 540–541
Sinusitis

bacterial, 324–327
causative organisms in, 135t–137t
viral, 324

Sirolimus, 1173–1174
therapeutic monitoring of, 114t–115t

Sitaxentan, for pulmonary hypertension, 540
Skin

anatomy of, 848–849
biopsy of, 140b–141b
function of, 849
physiology of, 848–849
specimen collection from, 140b–141b

Skin diseases. See also specific disease
GH-responsive, 835–836
psychogenic

in cats, 928
in dogs, 926–927

treatment of, 848
systemic, 857–863
dosing regimens for, 858t, 861t
topical therapy in, 849–857
transdermal delivery in, 863–864

Skin infections, 286–301. See also specific infections
causative organisms in, 135t–137t

Skin lesions
adnexal, cyclosporine for, 1173
immune-mediated, 1185

Skin preparation, surgical, 430–431
Skin reactions, drug-related, 97–99

to cyclosporine, 1167–1168
to heparin, 590
hypersensitivity, 97, 97–98, 97f
implicated drugs in, 98, 98t
photosensitization, 98–99, 99b

Slowly adapting receptors (SARs), in respiratory system, 
746–747

Small intestine. See also under Gastrointestinal; 
Intestinal; Intestines

absorption in, 705
disorders of, 725–728

Smoke inhalation, 778
Smooth muscle, airway, control of tone of, 745–747, 

746f
Sneeze reflex, 747
Social behavior disorders, in cats, 928
Sodium

dietary, in renal failure, 648
in fluid balance, 600
for hyponatremia, 612
plasma osmolality and, 599–600

Sodium balance
disturbances of, 603–604. See also Hypernatremia; 

Hyponatremia
regulation of, 600

Sodium bicarbonate. See also Bicarbonate
for acid-base imbalances, 614–615
for acute renal failure, 642t
adverse effects of, 614–615
with amphotericin B, 378–379
dosage for, 784t–786t
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Sodium bicarbonate (Continued)
for ethylene glycol poisoning, 614–615
for hypercalcemia, 784t–786t, 801
for hyperkalemia, 613

in acute renal failure, 644
for metabolic acidosis, 614

in renal failure, 647t–648t
for renal failure, 649
for resuscitation, 546, 547t

Sodium bicarbonate–sodium carbonate, 614–615
Sodium bromide. See also Bromide

for seizures, 941t–943t
therapeutic monitoring of, 114t–115t

Sodium chloride
dosage for, 784t–786t
as emetic, 688

Sodium hypochlorite (bleach), 428, 430
for dermatophytosis, 869
dosing regimen for, 371t–374t
for wound antisepsis, 431

Sodium ions, in myocardial cells
nonpacemaker, 470–472, 470f–471f
pacemaker, 473

Sodium nitroprusside. See Nitroprusside
Sodium phosphate, as cathartic, 709
Sodium polystyrene sulfonate, for acute renal failure, 642t

for hyperkalemia, 644
Sodium stibogluconate, 445
Sodium sulfate

as cathartic, 709
dosage for, 676t–684t

Soluble epoxide hydrolase, inhibitors of, 1108
Solutions. See also Fluid

dialysate, 656–657
in fluid therapy, 609–611, 609b, 610t. See also Fluid 

therapy
oxygen-carrying, 610, 612

drug interactions with, 57t–59t
parenteral administration of, 31–32

Somatostatin, thyroid effects of, 100t–101t
Somogyi phenomenon, 807, 810–812
Sorbents, crosslinked polyelectrolyte, for acute renal 

failure, 643
Sorbitol

as cathartic, 709
dosage for, 676t–684t

Sorivudine, 402t, 405–406
Sotalol, 477, 517

dosage for, 484t–491t
Sparfloxacin, 231–232, 234
Spasmolytics, 900–901. See also specific drugs

for diarrhea, 705
pharmacology of, 901
physiology of, 900

Species differences
dosage extrapolation and, 43, 47–49
in dosing interval, 43
in drug disposition, 43–47
in drug-metabolizing enzymes, 44–46, 72
in MDR genes, 44
in target tissues, 47

Spectinomycin, dosage for, 199t–201t
Sphingosine-1-phosphate receptor antagonists, 1175
Spider bites, dapsone for, 301
Spinal analgesia, 31–32
Spinal cord injury, glucocorticoids for, 1140
Spinosad, as antiparasitic, 857
Spiral bacteria, in gastric flora, 332
Spiramycin, 199t–201t
Spironolactone, 632–633

adverse effects of, 633
for ascites, 636, 735
dosage for, 484t–491t, 628t, 784t–786t
for heart failure, 531–532
for hypertension, 835

in renal failure, 652
for hypertrophic cardiomyopathy, 537
indications for, 633
mechanism of action of, 632–633
structure of, 629f

Spironolactone/hydrochlorothiazide, dosage for, 
484t–491t

Sponge
absorbable gelatin, 583, 583f
collagen, gentamicin-impregnated, 304

Sporotrichosis, 385–386, 393
Sprays

antipruritic, 864
as vehicle for topical drugs, 850

Squalene, 853–854
Stains, Gram, 134, 138f
Stanozolol, 577, 577t

anabolic effects of, 577t, 578–579
dosage for, 570t
for renal failure, 647t–648t
structure of, 578f

Staphylococcal infections
antimicrobial resistance in, 291–292

to aminoglycosides, 225
to fluoroquinolones, 236–238
to macrolides, 257–258
to methicillin, 128–129, 213–214
multidrug, 163, 214

antimicrobial susceptibility in, 279, 280t
Staphylococcal protein A, 1178–1179

for feline leukemia, 420
Staphylococcus aureus, antimicrobial susceptibility of, 196t
Staphylococcus aureus phage lysate, 863
Staphylococcus intermedius, antimicrobial susceptibility 

of, 279, 280t
STAT proteins, 1158–1159
Statins, 550–551
Status epilepticus, 938. See also Seizures

management of, 973–974
Stavudine, for feline immunodeficiency virus infection, 

421
Stem cell factor, 1202–1204

preparations of, 1194b
Stereoisomers, disposition and, 15–19, 16f
Stereotypic motor behaviors, 924–925
Sterilization, 426b
Steroid(s). See also Glucocorticoid(s); 

Mineralocorticoid(s) and specific agents
gonadal, 873–874. See also specific drugs

commercial availability of, 875
inhibitors of, 874
commercial availability of, 875

Steroid arthropathy, 1140
Steroid myopathy, 1127
Stevens-Johnson syndrome, 97
Stewart approach, 602
Stimulant expectorants, 768
Stimulants. See also specific drug

for behavior modification, 921
respiratory, 770

Stomach. See also under Gastric; Gastrointestinal
bacterial overgrowth in, 332

diarrhea and, 333
normal flora of, 332

Stomatitis, 720
drug-induced, 90, 91t, 92
glucocorticoids for, 1141
in renal failure, 650–651

Stool softeners, 708–709
Stool specimens, collection of, 140b–141b
Stratum corneum, drug movement through, 849
Streptococcal probiotics, 713–716, 714t. See also 

Probiotics
Streptococcal toxic shock syndrome, 175
Streptococcus pyogenes, in bacterial vaccines, 1179
Streptodornase, 593–594
Streptokinase, 593–594

overdose of, aminocaproic acid for, 585
Streptomycin, 222

dosage for, 199t–201t
ototoxicity of, 96

Stress
in critical ill patient, 1036
response to, 998–999

Stress proteins, in inflammatory response, 1046t–1047t
Stress ulcers, 722
Subarachnoid administration, 31–32
Subcutaneous administration, 31

compounding and, 108
of fluids, 611

Substance P, in vomiting, 686–687
Succinylcholine, 895–896

dosage for, 896t
nondepolarizing neuromuscular blockers interaction 

with, 897t

Sucralfate, 699, 699f
for anorexia, in renal failure, 647t–648t, 650–651
as antacid, 699, 699f
dosage for, 676t–684t
for esophagitis, 720–721
for gastrointestinal ulceration, NSAID-induced, 1068, 

1068f
for septic shock, 341–342
structure of, 690f

Sufentanil, 1022
structure of, 1006f

Sugammadex, for neuromuscular blockade reversal, 900
Sulfachlorpyridazine, 248
Sulfadiazine, 248

adverse effects of, 250–251
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t, 249–250
serum concentration of, 197t
spectrum of activity of, 195t, 249

Sulfadiazine-trimethoprim, 437
for coccidiosis, 437–439
dosage for, 199t–201t
for hepatozoonosis, 448
for protozoal infections, 435t–436t
for pyothorax, 330
for urinary tract infections, 311–312, 315t, 316–319, 

319
Sulfadimethoxine, 248, 437

chemical characteristics of, 198t
for coccidioidomycosis, 727
for coccidiosis, 437–439
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
for protozoal infections, 435t–436t

Sulfadimethoxine-amprolium, for protozoal infections, 
435t–436t

Sulfadimethoxine-ormetoprim, 437
for coccidiosis, 437–439
dosage for, 199t–201t

Sulfadimethoxine-trimethoprim, 437
for protozoal infections, 435t–436t

Sulfaguanidine
for coccidiosis, 437–439
dosage for, 199t–201t
for protozoal infections, 435t–436t

Sulfamethazine, pharmacokinetics of, 190t–194t
Sulfamethazine/sulfamerazine, 199t–201t
Sulfamethoxazole, 248

dosage for, 199t–201t
serum concentration of, 197t

Sulfamethoxazole-trimethoprim
adverse effects of, 250–251
for coccidiosis, 437–439
dosage for, 199t–201t
prophylactic, 181
susceptibility to, 196t
therapeutic use of, 251
for urinary tract infections, 315t, 316–318

for prophylaxis, 319–320
Sulfaquinoxaline, 438
Sulfasalazine, 248

for diarrhea, 707
dosage for, 199t–201t
for inflammatory bowel disease, 731–732

Sulfisoxazole
dosage for, 199t–201t
for urinary tract infections, 315t

Sulfobromophthalein, 676t–684t
Sulfonamides, 247–251

for actinomycosis, 352
adverse effects of, 76, 87, 125, 250–251, 438
bronchial concentration of, 322–323
for C. difficile infections, 346
chemical characteristics of, 437
for coccidiosis, 437–439
drug interactions with, 251
hematologic disorders due to, 102–104
hepatotoxicity of, 89
hypersensitivity to, 87

genetic factors in, 76
mechanism of action of, 248–249, 248f, 437
metabolism of, species differences in, 47
neurotoxicity of, 93t
ocular toxicity of, 95t
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Sulfonamides (Continued)
pharmacokinetics of, 190t–194t, 249–250, 438
potentiated, 437–438

for actinomycosis, 352
for coccidioidomycosis, 727
for coccidiosis, 437–439
for nocardiosis, 352
for protozoal infections, 435t–436t

for pyoderma, 293
with pyrimethamine, for toxoplasmosis, 441
resistance to, 249
serum concentration of, 197t
skin lesions due to, 98, 98t
spectrum of activity of, 195t, 249
structure of, 1051f
structure-activity relationships of, 248, 248f
therapeutic use of, 251
toxicity of, 438

Sulfonation, 14f, 15
Sulfone, structure of, 1051f
Sulfonylureas. See also specific drugs

for diabetes mellitus, 796f, 813
Sulfur, topical, as antiseborrheic, 852
Sunflower oil, for canine seborrhea, 867–868
Superantigen genes

bacteriophage, fluoroquinolone induction of, 
243–244

lysogenic bacteriophage-encoded, 175
Superoxide dismutase (orgotein), 1102

in inflammatory response, 1046t–1047t
Supplements. See Nutritional supplements
Supraventricular premature contractions, 540. See also 

Arrhythmias
Supraventricular tachycardia, 540–541. See also 

Arrhythmias
Suramin, 402t, 410
Surfactant, 747–750

changes in, 750
Surgery

antimicrobial prophylaxis for, 181–183
bowel preparation for, 709
fluid therapy for, 620–621
glucocorticoids and, 724, 1142
ileus after, 724–725
mucous membrane preparation for, 431
pain control after, 1035–1036
red cell transfusions in, 620–621
skin preparation for, 430–431
vomiting after, 724

gastroesophageal reflux and, 699
Surgical antisepsis, 430–431
Susceptibility. See Antimicrobial(s), susceptibility to
Swimmer’s ear, 285
Swine flu, 416t–417t
Sympathomimetic drugs, 985
Synaptic vesicle protein, 937
Synbiotics, 710–711

for liver disease, 736
Synovial fluid, drug concentration in, 197t
Syrup of ipecac, 688

dosage for, 676t–684t
Systemic inflammatory response syndrome, 336

treatment of, 616
Systemic lupus erythematosus, 1186
Systolic blood pressure, regulation of, 476

T
T cells, 1151–1154

in asthma, 750–751
CD4, 1151–1153
cytotoxic, 1152–1153
gamma-delta, 1150–1151
helper, 1151–1153
in initiation of asthma, 750–751
memory, 1151, 1154

Tachycardia(s). See also Arrhythmias
supraventricular, 540–541
ventricular, 541–542

Tachyphylaxis, 4
Tacrolimus, 1173–1174

for canine perianal fistulae, 869
structure of, 1162f

Tadalafil
for pulmonary edema, 503–504
for pulmonary hypertension, 539

Tamoxifen, 874
commercial availability of, 875
for mammary gland carcinoma, 882

Tamulosin
for ureteroliths, 663
for urethral hypertonicity, 658t–659t, 662

Tannic acid, 583, 583f
Tapeworms, 453t

combination therapy for, 453t, 463–464
dichlorophen for, 462–463
epsiprantel for, 461–462
praziquantel for, 461
treatment of, 453t. See also Anthelmintics

Target concentration, 177
Target tissues, species differences in, 47
Taste disturbances, drug-induced, 91t, 92
Taurine, 716–717

for dilated cardiomyopathy, 535
dosage for, 484t–491t
for feline hepatic lipidosis, 733
for seizures, 941t–943t
structure of, 936f

Taxanes, 1224
Teeth. See also under Dental

discoloration of, 90–92, 253
Tegaserod

dosage for, 676t–684t
as prokinetic, 704

Teicoplanin, 221–222
dosage for, 199t–201t

Telazol, for anesthesia, 891
Telithromycin, 257, 260
Telmisartan, 502–503
Tendons, fluoroquinolone-induced injury of, 242–243, 

306
Tepoxalin, 1086–1088

dosage for, 1055t–1056t
for hepatozoonosis, 448
pharmacokinetic data for, 1060t–1061t
for pyoderma, 299
safety data for, 1065t–1066t
structure of, 1051f

Teramine
for copper hematotoxicosis, 734
dosage for, 676t–684t

Teratogens, 83
albendazole as, 458–459
oxfendazole as, 458

Terbinafine, 388
with azoles, 386
for dermatophytosis, 389, 389, 868–869
dosing regimen for, 371t–374t
for pyoderma, 298–299
for pythiosis, 394
structure of, 370f

Terbutaline, 754–755, 757t–758t
for bronchial disease, 774
dosage for, 484t–491t, 757t–758t
for pneumonia, 328
for premature labor, 879–880
thyroid effects of, 100t–101t

Terconazole, 383
Terfenadine, dosage for, 757t–758t
Testis, drug delivery to, 73
Testosterone, 577, 577t, 874

inappropriate use of, 883t, 884
ketoconazole inhibition of, 101
structure of, 578f
for urethral hypotonicity, 658t–659t, 660–661
for urinary incontinence, 882

Testosterone enanthate, dosage for, 570t
Testosterone propionate, dosage for, 570t
Tetanic stimulation, in neuromuscular blockade 

monitoring, 899
Tetanus, 346–347
Tetanus toxoid, for seizures, 941t–943t
Tetany, hypocalcemic, 796

treatment of, 797
Tetracaine, structure of, 1031f
Tetracycline(s), 251–253. See also Beta-lactam 

antibiotics and specific drugs
adverse effects of, 253
for brucellosis, 349–350
chemical characteristics of, 198t
for cutaneous discoid lupus erythematosus, 1186

Tetracycline(s) (Continued)
dosage for, 199t–201t, 1161t
drug interactions with, 57t–59t, 253
for ehrlichiosis, 355
for heartworm disease, 556
for hepatozoonosis, 448
mechanism of action of, 252
for ocular infections, 278
ocular toxicity of, 95t
pharmacokinetics of, 190t–194t, 252–253
resistance to, 252
for Rocky Mountain spotted fever, 356
serum concentration of, 197t
skin lesions due to, 98, 98t
spectrum of activity of, 195t, 252
structure of, 223f
structure-activity relationships of, 251–252
susceptibility to, 196t
therapeutic use of, 253
tooth discoloration due to, 90–92

Tetrahydropyrimidines, 459–460
Thalidomide, for amyloidosis, 1187
THAM (tries hydroxyl amino methane), for acid-base 

imbalances, 614–615
Theophylline

adverse effects of, 759
for cardiovascular disorders, 525
disposition of, 756–759
dosage for, 757t–758t
drug interactions with, 242, 759
for feline asthma, 775
pharmacologic effects of, 755–756, 755f
for pneumonia, 328
for pulmonary hypertension, 540
therapeutic monitoring of, 114t–115t, 121b, 125–127
toxicity of, 525

Therapeutic drug monitoring, 4, 112
case studies of, 118b–122b
dose modification and

with kinetic calculations in, 123–124
without kinetic calculations in, 124–127, 124f

drug selection for, 112, 113b
implementation of, 116–122
indications for, 112, 113b
interpretation in, 122–127, 123b
route of administration and, 118–119
samples for

number and timing of, 116–119
storage and handling of, 119–122
volume of, 119–122

therapeutic ranges in, 112–116, 113, 114t–115t. See 
also Therapeutic ranges

Therapeutic index, 3
effective concentration and, 82–83

Therapeutic ranges, 4, 114t–115t
extrapolation of, 113
variation in, 113–116

Thermoregulatory response, altered, opioid-induced, 
1010–1011

Thiabendazole, 369t, 386
for dermatophytoses, 855
for helminthic infections, 458
for otitis externa, 282t
skin lesions due to, 98, 98t

Thiacetarsamide, 462
for heartworm disease, 555–556

in cats, 558
hepatotoxicity of, 89
skin lesions due to, 98, 98t

Thiamin, dosage for, 676t–684t
Thiazide diuretics, 631–632. See also Diuretics; specific 

drugs
for calcium oxalate urolithiasis, 638
for diabetes insipidus, 839

Thiazide-like diuretics, 631
Thiazolidinediones, for diabetes mellitus, 796f, 813, 815
Thiethylperazine, dosage for, 676t–684t
Thiobarbiturates, redistribution of, 12–13
Thiocarbamates, 388
Thiopental

for anesthesia induction, 890
for pediatric animals, 41

Thiopurine Acetyltransferase
polymorphisms in, 75–76
species differences in, 45
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Thioridazine
antimicrobial effects of, 174
dosage for, 906t–908t

Thoracic drainage, for pyothorax, 329–330
Thoracolumbar disk extrusion, acute, 980–983

medical management of, 981–982
Thrombin time, in anticoagulation, 587–589, 589t
Thrombocytopenia, 102–104

canine cyclic, 356
drug-induced, 102–104
glucocorticoids for, 1143
heparin-induced, 590
immune-mediated, 1184
types I and II, 590
vincristine for, 577

Thrombocytopenic purpura
thrombotic, drug-induced, 102–104
vincristine for, 577

Thromboembolism
anticoagulants for, 585–593
antithrombotics for, 594–595
feline aortic, 504–506, 535–536, 591–592

aspirin for, 595
fibrinolytics for, 593–594
in glomerular disease, 655
heparin for, 570t, 579, 587t
in hypertrophic cardiomyopathy, 537
pulmonary

in cats, 558
glucocorticoid-induced, 1146
in heartworm disease, 552, 553–554, 556–558, 592
in cats, 558
prevention of, 592

warfarin for, 593
Thrombolytics, 593–594

overdose of, 585
Thrombopoietin, 1202–1204
Thrombotic microangiopathy, drug-induced, 102–104
Thrombotic thrombocytopenic purpura, drug-induced, 

102–104
Thromboxane, 594–595
Thromboxane synthetase inhibitors,  

for glomerulonephritis, 655
Thymosins, 1180
Thyroid disorders, 783–795

drug disposition in, 54
drug-induced, 99–102, 100t–101t

by NSAIDs, 1072
by phenobarbital, 954
by sulfonamides, 250

Thyroid hormones. See also specific hormone
disposition of, 789
drug effects on, 99–102, 100t–101t, 250
glucocorticoid effects on, 1145
synthesis of, 783–787, 786f–787f

Thyroid-releasing hormone
drug effects on, 100t–101t, 101–102
thyroid effects of, 100t–101t

Thyroid-stimulating hormone
dosage for, 784t–786t
drug effects on, 100t–101t, 101–102

Thyronine
drug effects on, 100t–101t, 101–102
therapeutic monitoring of, 114t–115t

Thyroxine
dosage for, 784t–786t
drug effects on, 100t–101t, 101–102
half-life of, 789
for hypothyroidism, 784t–786t, 789–790
phenobarbital effects on, 954
synthesis of, 783–787, 786f
therapeutic monitoring of, 114t–115t
thyroid effects of, 100t–101t

Ticarcillin
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
serum concentration of, 197t
spectrum of activity of, 195t

Ticarcillin-clavulanate
dosage for, 199t–201t
spectrum of activity of, 195t
susceptibility to, 196t

Ticlopidine, 594
Tigecycline, 252

Tilmicosin, 257
Time-dependent drugs, minimum inhibitory 

concentration of, 158–161, 159f
Timolol, ocular toxicity of, 95t
Tinidazole

for giardiasis, 727
for protozoal infections, 435t–436t, 444
for trichomoniasis, 447

Tiopronin, for cysteine urolithiasis, 637
Tirilazad mesylate, 1106–1108, 1107f, 1137

structure of, 1107f
Tissue factor pathway inhibitors, for septic shock, 

340–341
Tissue injury, lipid peroxidation in, 1104–1105, 1105f
Tissue plasminogen activator, 594
Tobramycin, 222

bone penetration by, 303t
for digestive decontamination, 545
for otitis externa, 282t
ototoxicity of, 96
penicillins and, 230
pharmacokinetics of, 226
for shock prophylaxis, 545
for urinary tract infections, 315t

Tobramycin-impregnated beads, 304
Tocainide, 510, 511

adverse effects of, 510
dosage for, 484t–491t

Toceranib, 1220t–1221t
Tolerance, 4

to opioids, 1011
Tolfenamic acid, 1076
Toll-like receptors, 1155
Tolnaftate, 388
Toltrazuril

for hepatozoonosis, 448
for protozoal infections, 444

Tonicity, 599–600
Topical administration, 32

classes of drugs in, 851–857
compounding and, 108
cutaneous drug movement in, 849
drug interactions in, 60
minimal inhibitory concentration and, 171
in pediatric animals, 38
principles of, 849–857
for pruritus, 864–865
routes of absorption in, 849
vehicles for, 849–851

Topiramate
ocular toxicity of, 95t
pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 970

Toxic epidermal necrolysis, 97, 97f
Toxic shock syndrome, 175
Toxicity. See Adverse drug reactions
Toxicology, 82–85

definition of, 82
terminology of, 82–85

Toxins, bacterial, 161–162
Toxoplasmosis, 435t–436t, 439, 440f

cyclosporine-related, 1167
Trachea

collapse of, 773
hypoplastic, 772–773

Tracheal disorders. See also specific disorder
drug therapy for, 772–776
structural, 772–773

Tracheitis, treatment of, 772
Tracheobronchial tree, secretions in, 747
Tracheobronchitis, 327–328

canine infectious, 413, 773
causative organisms in, 135t–137t
mycoplasmal, 327

Traditional kill hypothesis, 1211–1212
Train-of-four method, of neuromuscular blockade 

monitoring, 898–899
Tramadol

adverse effects of, 1028
disposition of, 1027–1028
dosage for, 1001t–1005t
drug interactions with, 1028
pharmacokinetic data for, 1014t–1016t
structure-activity relationship of, 1027

Tranquilization, definition of, 999

Tranquilizers, 1030
major. See Antipsychotic drugs
preanesthetic, 888
proconvulsant, 976t

Trans fats, 550
Transcortin, 1130
Transcription, glucocorticoids and, 1121–1123, 1122f, 

1175–1176
Transcription factors, in immune response, 1158–1159
Transdermal administration, 863–864
Transforming growth factor, 1152t
Transfusions

blood substitutes for, 580–582
erythropoietin pretreatment for, 576
for hypovolemic shock, 544
intraoperative, 620–621
plasma, for liver disease, 620
red cell, intraoperative, 620–621

Transient receptor potential (TRP) channels, in 
transmission of pain, 996

Transition metals, for diabetes mellitus, 815
Translocational hyponatremia, 603
Transmucosal administration, 32
Transplantation, renal, 657

immunosuppressants for, 657, 1160, 1170, 1173, 
1175

Transporters
bioavailability and, 8–10
breed differences in, 44
drug interactions and, 61, 63
P-glycoprotein. See P-glycoprotein transporter
species differences in, 44

Travoprost, ocular toxicity of, 95t
Trazodone, 917–918
Treprostinil, for pulmonary hypertension, 540
Tretinoin, 852, 852f
Triamcinolone, 1131t–1132t

adrenocortical effects of, 99–101
dosage for, 1132t–1135t
for feline eosinophilic granuloma complex, 720
structure of, 1129f

Triamcinolone acetate, 1132t–1135t
Triamcinolone acetonide, 1132t–1135t
Triamcinolone ophthalmic solution, 1132t–1135t
Triamterene, 628t, 632
Triazines, for protozoal infections, 444
Triazoles, 380–386. See also Azole derivatives
Trichomoniasis, 435t–436t, 447, 727
Triclosan, 429
Tricuspid valvular disease, 532
Tricyclic antidepressants. See Antidepressants
Trifluoperazine

antimicrobial effects of, 174
dosage for, 906t–908t
for vomiting, 690–691

Trifluorothymidine, for feline respiratory infections, 
415–418

Triflupromazine, for vomiting, 690–691
Trifluridine, 402t, 405

for feline respiratory infections, 417–418
ophthalmic solution, dosing regimens for, 403t

Triglycerides, 549, 548–549. See also Lipoprotein(s)
Triiodothyronine

dosage for, 784t–786t
drug effects on, 100t–101t, 101–102
half-life of, 789
for hypothyroidism, 784t–786t, 789–790
synthesis of, 783–787, 786f

Trilostane
dosage for, 784t–786t
for hyperadrenocorticism, in dogs, 784t–786t, 

831–833
Trimethobenzamide, 676t–684t
Trimethoprim, 437–438

mechanism of action of, 248–249, 437–438
pharmacokinetics of, 190t–194t
serum concentration of, 197t
spectrum of activity of, 195t
sulfonamides with, 437–438. See also Sulfonamides, 

potentiated and specific combinations
for urinary tract infections, 315t

Tris hydroxyl aminomethane (THAM), for acid-base 
imbalances, 614–615

Tris-EDTA, 428
for otitis externa, 283
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Tropicamide, 985
ocular toxicity of, 95t

Trough concentration, 4
in therapeutic drug monitoring, 114t–115t, 116–119

Trovafloxacin, 234, 238
for Rocky Mountain spotted fever, 356

Trypan blue
for babesiosis, 448
for protozoal infections, 435t–436t

Trypanosomiasis, 435t–436t, 446–447
Tryptophan, for dominance-related aggression, 924
Tuberculosis, 352–353
Tubular secretion, 15–16, 17f. See also Renal excretion

drug interactions and, 65, 65b
in renal disease, 50
species differences in, 47

Tularemia, 354
Tumor cell vaccines, 1177–1179, 1232

with bacillus Calmette Guérin, 1177–1178, 1180
melanoma, 1232

Tumor growth factors, chemokines as, 1201–1202
Tumor necrosis factor, 1152t

endotoxemia and, 336–337
in inflammatory response, 1046t–1047t

Tumor necrosis factor–alpha, 1152t, 1154
preparations of, 1194b

Tumor necrosis factor–alpha inhibitors, 1154
Tumor necrosis factor–beta, 1152t
Tylosin, 257, 259–260

for bacterial overgrowth, 726
chemical characteristics of, 198t
for cryptosporidiosis, 447
for diarrhea, 728
dosage for, 676t–684t
pharmacokinetics of, 190t–194t
for protozoal infections, 435t–436t

Tyrosine, iodination of, 783–787, 787f
Tyzzer’s disease, 726

U
Ubiquinone, for heart failure, 529
UDCA, 716–717
UDP-glucuronyl transferase, polymorphisms in, 75
Ulcer(s)

corneal, glucocorticoids and, 1143, 1146
esophageal, doxycycline-induced, 253, 721
oral

drug-induced, 90, 91t, 92
glucocorticoids for, 1141
in renal failure, 650–651

peptic. See Peptic ulcers
Ulcerative colitis, 729. See also Inflammatory bowel 

disease
Ultrasonic nebulizer, 770–771
Unsaturated fats/fatty acids, 550, 860
Upper respiratory infections

bacterial, 324–327
causative organisms in, 135t–137t
viral, 324

Urate calculi, 638
Urea, 629–630
Urecholine, for bladder hypocontractility, 657, 

658t–659t, 659
Uremia. See also Renal failure

extrarenal complications of, 644–645
Ureteral motility drugs, 663
Ureteritis, 306. See also Urinary tract infections
Ureteroliths, 663
Urethral obstruction

fluid therapy for, 617
functional, 658t–659t, 662–663

Urethritis, 306. See also Urinary tract infections
Urinary acidification, 637

for feline lower urinary tract disease, 664
for urinary tract infections, 320

Urinary alkalinization, for urate urolithiasis, 638
Urinary analgesics, for urinary tract infections,  

320
Urinary antiseptics, for feline lower urinary tract 

disease, 664
Urinary bladder. See Bladder
Urinary calculi. See Urolithiasis
Urinary catheterization

antimicrobial resistance and, 312
infection in, 310

Urinary elimination, inappropriate, 927–928
Urinary incontinence. See also Micturition, 

disorders of
bladder hypocontractility and, 657–659, 658t–659t
hormonal therapy for, 882
urethral hypotonicity and, 658t–659t, 660–662

Urinary retention, 657
bladder hypercontractility and, 658t–659t, 659–660
urethral hypertonicity and, 658t–659t, 662–663

Urinary tract
age-related changes in, 35
E. coli in, 138

Urinary tract crystallization, sulfonamide-induced,  
438

Urinary tract disorders
infectious. See Urinary tract infections
intravesicular agents for, 666–667
noninfectious, 640

Urinary tract infections, 306–321
catheter-related, 310

antimicrobial resistance and, 312
causative organisms in, 135t–137t, 276t
chronic, 313
culture and sensitivity in, 310, 313–315
dysuria in, 320
glucocorticoid-induced, 1145
occult, 310
pathophysiology of, 308–309
persistent, 313
predisposing factors in, 309–310
prevention of, 312–313, 319–320
prostatitis in, 321, 321f
pyelonephritis in, 320–321
recurrent, 309–310, 313
relapsed, 313, 318–319
superinfection in, 309–310
treatment of

adjuvant, 320
algorithm for, 314f
antimicrobial resistance in, 310–312, 311f, 

315–316
antimicrobial selection for, 315–318, 315t
antimicrobial susceptibility in, 308
clinical trials for, 319
dosing regimens for, 316
duration of, 318–319
empirical, 315–318
fosfomycin in, 221–222
microbial targets in, 306–308
need for, 312–313
pharmacokinetic/pharmacodynamic indices for, 

307t
probiotics in, 715
for relapse/recurrence, 318–319
sequelae of, 313
susceptibility data for, 309, 317t–318t

types of, 306
virulence factors in, 308–309

Urination. See Micturition
Urine

antimicrobial concentrations in, 315t
bacteria in, 306–307
discoloration of

from metronidazole, 246
from rifampin, 245

drug concentration in, 15–16, 173b
pH of, drugs affecting, 65, 65b, 637–638

Urine cortisol:creatinine ratio (UCCR), 822, 833
Urine culture, 310, 313

indications for, 313–315
quantitative, 313–315

Urine glucose, drug effects on, 109
Urine leakage, 657

bladder hypocontractility and, 657–659, 658t–659t
urethral hypotonicity and, 658t–659t, 660–662

Urine output
in acute renal failure, 641
in anuria, 616
diltiazem and, 494
fluid intake and, 600
monitoring of, 611–612
normal values for, 611–612
in oliguria, 616
in polyuria, 616

Urine specimens, collection of, 140b–141b

Urokinase, 593–594
overdose of, aminocaproic acid for, 585

Urolithiasis
calcium oxalate, 638
cysteine, 637–638
probiotics and, 320, 715
urate, 638

Ursodeoxycholic acid, 716–717
for chronic liver disease, 735
dosage for, 676t–684t
hepatotoxicity of, 89

Uterine infections, 321–322

V
Vaccines, tumor cell, 1177–1179, 1232

with bacillus Calmette Guérin, 1177–1178, 1180
melanoma, 1232

Vaginal hyperplasia, 879
Vaginal prolapse, 879
Valacyclovir, 402t, 406–407
Valproic acid

pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 970–971
structure of, 940f

Valvular insufficiency
mitral, 529–532

treatment of, 526–527, 530–532
tricuspid, 532

Vanadium, dosage for, 784t–786t
Vancomycin, 220–221

bone penetration by, 303t
for C. difficile infections, 346
chemical characteristics of, 198t
dosage for, 199t–201t
pharmacokinetics of, 190t–194t
resistance to, 220–221
serum concentration of, 197t
spectrum of activity of, 195t
structure of, 221f
susceptibility to, 196t, 220–221

Vardenafil, for pulmonary edema, 503–504
Vascular smooth muscle, physiology of, 475–476, 477f
Vasculitis, drug-induced, 97–98
Vasoconstriction

digoxin-induced, 521
endothelin in, 479
in heart failure, 481
pulmonary, digoxin-induced, 521
renin-angiotensin-aldosterone system in,  

477–479
Vasodilation, 475–476, 477f

bradykinin in, 479
calcium in, 475–476
nitric oxide in, 476, 477f, 479–480

Vasodilators, 482–500. See also specific drugs and drug 
classes

arterial, 483–491, 503–504
classification of, 482–483
for heart failure, 482–500, 503–504
for pulmonary edema, 503–504, 777–778
for pulmonary hypertension, 540
venous, 503–504

Vasogenic edema, of brain, 977
Vasopressin. See also Desmopressin (DDAVP)

adrenocortical effects of, 100t–101t
deficiency of, diuretics for, 628t
dosage for, 484t–491t
drugs affecting, 636–637
in fluid balance, 477–478, 600
for resuscitation, 547t, 548
secretion of, 837–838
for shock, 544–545

Vasopressors, for shock, 544–545
Vecuronium, 896

dosage for, 896t
Vedaprofen, 1083

dosage for, 1055t–1056t
pharmacokinetic data for, 1060t–1061t

Vegetable oil, as cathartic, 709–710
Vehicles

characteristics of, 849–850
ototoxicity of, 96–97
for topical drugs, 849–851
types of, 850–851

Veno-occlusive disease, drug-induced hepatic, 89
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Venous thromboembolism. See also Thromboembolism
anticoagulants for, 585–593
antithrombotics for, 594–595
fibrinolytics for, 593–594
heparin for, 579, 587t

Ventricular arrhythmias, 541–542. See also Arrhythmias
defibrillation for, 548
resuscitation for, 548

Ventricular fibrillation, 548
Ventricular tachycardia, 548
Verapamil

adverse effects of, 493
for arrhythmias, 517

atrial fibrillation, 541
dosage for, 484t–491t
metoprolol and, 511
as vasodilator, 469–474

Very low density lipoproteins, 548–549
Vesnarinone, 525–527
Vestibular disease, vomiting in, 689–690
Veterinary hospital disinfection, 430. See also 

Disinfectants
Vidarabine, 402t, 406

dosing regimens for, 403t
for feline respiratory infections, 417–418

Vinblastine, 1176, 1220t–1221t, 1223–1224
with danazol, 1176
dose for, 1161t
for immune-mediated thrombocytopenia, 1184
ototoxicity of, 96

Vincristine, 577, 1176, 1220t–1221t, 1223–1224
dose for, 1161t
for immune-mediated thrombocytopenia, 577, 1184
neurotoxicity of, 93t
ototoxicity of, 96

Vinegar, for otitis externa, 281
Vinorelbine, 1220t–1221t, 1223–1224
Viokase, 676t–684t
Viral enteritis, 725–726
Viral infections, 398

biological response modifiers for, 1159–1160
canine, 411–413
feline, 413–422
immune response in, 399–400
replication in, 399–400, 404f
treatment of, 411–422. See also Antiviral agents

Virulence factors, 161–162
antibiotic resistance and, 161

Viruses
classification of, 399, 400t
DNA, 399–400, 400t, 401f, 410
replication of, 399–400, 401f
RNA, 399–400, 400t, 401f, 410
structure of, 399, 401f

Vision disturbances, azole-induced, 384–385
Vitamin(s)

drug interactions with, 57t–59t
hepatic effects of, 719

Vitamin A
dosage for, 676t–684t
for pancreatic insufficiency, 738

Vitamin B, drug interactions with, 57t–59t
Vitamin B1, dosage for, 676t–684t
Vitamin B2, dosage for, 676t–684t
Vitamin B6, for calcium oxalate urolithiasis, 638
Vitamin B12

absorption of, 569, 571f
dosage for, 570t, 676t–684t
in hematopoiesis, 569–571
hepatic effects of, 719–720
for pancreatic insufficiency, 738

Vitamin C
for chronic liver disease, 735
dosage for, 676t–684t
for feline hepatic lipidosis, 733

Vitamin D
in calcium balance, 795–796, 796f
for hypoparathyroidism, 797–798
immunomodulatory effects of, 1159
toxicosis of, 799

Vitamin E
for cutaneous discoid lupus erythematosus,  

1186
dosage for, 676t–684t, 1161t
for generalized demodicosis, 868
hepatic effects of, 719

Vitamin K
in coagulation factor synthesis, 583–584, 584f
for feline hepatic lipidosis, 733
as procoagulant, 583–584
for rodenticide poisoning, 584, 593
skin lesions due to, 98, 98t

Vitamin K antagonists, 592–593
Vitamin K1, dosage for, 570t, 676t–684t
Vitamin K2, as procoagulant, 583–584
Vitamin K3, as procoagulant, 583–584
Voiding. See Micturition
Volume of distribution (Vd), 11–12, 11f

apparent, 26b, 27–28
calculation of, 19, 27–28, 123–124
clearance and, 18–19, 28
in compartmental analysis, 26b, 27–28, 28f
dose and, 19–20, 25, 26b, 28
in renal disease, 50b
in therapeutic drug monitoring, 123–124

Volvulus, gastric, 723
obstructive shock and, 615

Vomiting, 723–736
acute, fluid therapy for, 618
chemotherapy-induced, 723–724, 1217
chronic, fluid therapy for, 618–619
in chronic renal failure, 647t–648t, 650–651
cyclosporine-induced, 1167–1168
dacarbazine-induced, 1223
drug-induced, 91t, 92
hypochloremia due to, 604
induced, 688
in liver disease, 734
metabolic alkalosis in, 607
morphine-induced, 1017
in motion sickness, 689–690
nitrosurea-induced, 1222
opioid-induced, 1010
physiology of, 686–688, 686f–687f
postanesthesia, 724

gastroesophageal reflux and, 699
psychogenic, 686–687
in vestibular disease, 689–690

Von Willebrand’s disease
desmopressin for, 584–585
recombinant Factor VIIa for, 585

Voriconazole, 380–386. See also Azole derivatives
adverse effects of, 384–385
for aspergillosis, 393
dosing regimen for, 371t–374t
drug interactions with, 383–385
for intestinal histoplasmosis, 726–727
minimum inhibitory concentration of, 369t
pharmacokinetics of, 382–383, 382t
spectrum of activity of, 380–381
therapeutic use of, 385–386

W
Warfarin, 592–593

chemistry of, 592
clinical use of, 593
disposition of, 592–593
dosage for, 570t
drug interactions with, 593
with heparin, 593
preparations of, 593
toxicity of, 593

Water. See also Fluid(s)
body, physiology of, 599–600
free, 600
intake of, 600
loss of, 600
as vehicle for topical drugs, 850

Water deprivation test, for diabetes insipidus,  
838

Water-soluble drugs
characteristics of, 48b
dose extrapolation for, 48
for geriatric animals, 35–37
for pediatric animals, 38

Weight. See also Body composition
age-related changes in, 35–37, 37f
allometric scaling and, 30
appetite regulation and, 672–673, 685
fluid therapy and, 609

Weight loss, cachexic, 675–684
Weight management, anti-obesity drugs for, 684–686
Whipworms

combination therapy for, 453t, 463–464
milbemycin for, 461
treatment of, 453t. See also Anthelmintics

White blood cells
drug accumulation in, 170
in immune system, 1150–1151

Withdrawal, drug, 4
Wound(s)

biopsy of, 140b–141b
bite, 300–301
healing of, glucocorticoid effects on, 1145
management of, 299–301

antiseptics in, 300, 431
dressings in, 300
topical agents in, 300

microbial colonization of, 299–300, 300
surgical

antimicrobial prophylaxis for, 181–183
classification of, 182
pathogens contaminating, 182

Wound infections
bacterial, causative organisms in, 135t–137t
prevention of, 431

X
Xerostomia, drug-induced, 91t, 92
Xylazine, 688

dosage for, 676t–684t, 1001t–1005t, 1013t
preanesthetic, 889

Xylene, neurotoxicity of, 93
Xylitol, hepatotoxicity of, 89

Y
Yeast infections, 390–391
Yin-yang balance, of prostaglandins, in hemostasis, 

1053–1054, 1054f
Yohimbine

for amitraz toxicity, 93
dosage for, 1001t–1005t
for resuscitation, 547t

Z
Zafirlukast, 762–763, 1088

dosage for, 757t–758t
for inflammatory bowel disease, 731

Zalcitabine, for feline immunodeficiency virus infection, 
421

Zero-order elimination, 19b
Zidovudine, 402t, 408–409

dosing regimens for, 403t
for feline immunodeficiency virus infection, 420–421
for feline leukemia, 419–420
structure of, 404f

Zileuton, 1086
Zinc

for copper hepatotoxicosis, 734
for feline hepatic lipidosis, 733

Zinc acetate, dosage for, 676t–684t
Zinc insulin crystals (regular insulin), 803

for diabetes mellitus, 784t–786t, 805
Zinc sulfate, dosage for, 676t–684t
Zonisamide

pharmacokinetics of, 944t–945t
for seizures, 941t–943t, 971–973
structure of, 940f
therapeutic monitoring of, 114t–115t, 125

Zoonoses. See Protozoal infections
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